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Abstract

Supramolecular gels are complex materials which have an expanding scope of industrial
and biomedical applications, due to their unique viscoelastic properties, high
biocompatibility and possibility of functionalisation. The hierarchical structure of
molecular materials combines domains with drastically different degrees of ordering and
molecular mobility. This makes their full characterisation a significant methodological
and experimental challenge. The focus of this work was therefore the understanding of a
variety of supramolecular semicrystalline gels in which very rigid solid components co-
exist with a dynamic and highly mobile solution phase. Using the examples of amino acid
and urea-derivatives gelators, control of the self-assembly processes was successfully
gained and tuning of the mechanical properties of the resulting materials by incorporating
molecular structure modifications or introducing a variety of structurally diverse
additives was achieved. Modification of the structure of the gel fibres was observed,
which modulated the dynamic properties of the gel/solution interfaces and dictated the
overall behaviour of the system, an aspect which is not commonly investigated in

molecular gels.

The resulting single and multi-component gels were used as model materials for the
development of an NMR-based general strategy capable of probing the several
hierarchical levels present. The multiphasic character of molecular gels required the
combined use of solid, solution-state and HR-MAS NMR methods. This project has
expanded the understanding of saturation transfer difference NMR experiments, with
special focus in their applicability and limitations for the study of supramolecular soft
systems. This approach was validated using complementary techniques, more
specifically, rheology, microscopy, X-ray diffraction and computational methods. By
combining molecular level understanding and measurements of the bulk properties, a
methodology which can be applied to other soft materials used in pharmaceutical,
biomedical and food science applications was developed. Moreover, this approach might
have a generic impact in different fields of science and technology, enabling one to direct
the recognition and host-guest properties of soft solids, which is essential for their

targeted applications.
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minimum occurs when w0zc = 1. Adapted from reference 7. 101

Figure 2.11. Energy conserving “flip-flop” interaction between two like spins occurs since oIl = l2.71103
Figure 2.12. Energy conserving “flip-flop” transitions cannot occur between two unlike spins since Il >
®S. 171 104
Figure 2.13. Representation of preferential orientation of the ellipsoidal electron cloud of a carbonyl carbon

with respect with the external magnetic field, with the corresponding values of chemical shift tensors, a) 611,

b) 522 and c) 633. Adapted from reference 174 106
Figure 2.14. Representation of a rotor spun at the magic-angle spinning (8 = 54.74°).177 107
Figure 2.15. Energy differences between the transitions of the I and the S spins can be made equal in a
doubly rotating frame when the nutation frequencies on both spins are equal (ol = ®S).77* 109
Figure 2.16. HR-MAS stator with a magic-angle gradient (Gmas) along the rotor spinning axis.’_____ 111

Figure 2.17. a) Representation of the gradient produced along the magic-angle of the rotor. b) Typical decay
of 'H-peak intensity with increasing gradient strength in a PFG HR-MAS experiment.135 112
Figure 2.18. Energy levels for a two-spin system upon saturation of spin S. Adapted from reference 1%, _ 114
Figure 2.19. Example of 1D NOESY difference spectrum. When spin S is irradiated (as indicated by the
negative peak intensity), peak intensity of spin I is increased due to cross-relaxation from spin S, which is
more evident in the difference (A) spectrum. It has been assumed that the cross-relaxation rate is positive, so
the nOe enhancement is positive. Adapted from reference 165, 114

Figure 2.20. Dependence of nOe peak intensity and signal with correlation time (tc). The cross-over point is
characteristic of medium-sized molecules and corresponds to the absence of nOe enhancement (occurs
when w0tc = 1.12). Adapted from reference 6. 115
Figure 2.21. Evolution of nOe enhancement with mixing time (7). The nOe grows linearly initially, reaches

a maximum and then decreases back to equilibrium as the equilibrium population differences are restored
through relaxation. Adapted from reference 171, 117

Figure 2.22. Schematic representation of an STD NMR experiment. a) Protein-ligand complex. b) Off-
resonance (STDof) and on-resonance (STDon) spectra, and the STD difference spectrum resulting from the
subtraction of STDon to STD.f.1% 119
Figure 3.1. Schematic representation of parallel plate and cone and plate geometry setups, with the gel being

placed between both surfaces, adapted from reference 1%, 123

Figure 3.2. Representation of a single pulse experiment. The n/2 pulse converts equilibrium magnetisation of
the I nuclei into transverse magnetisation. During the acquisition time, chemical shifts and spin-spin
couplings develop in the x,y-plane.’”? 124

Figure 3.3. Representation of a single pulse experiment pulse sequence using high-power decoupling of the 1

spins during acquisition of the S spins. 125
Figure 3.4. Representation of an I-S CP/MAS NMR pulse sequence. The first /2 pulse brings equilibrium
magnetisation of the I nuclei along the x,y-plane. This magnetisation is locked by a ramped spin lock pulse on
I, in which the spin lock power is changed from 70 to 100 % during the spin lock time. Under MAS, the
Hartmann-Hahn condition splits into a set of matching sidebands. With a ramped contact pulse, the
Hartmann-Hahn is swept over these possible match conditions and becomes insensitive to minor miss-
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settings, instrumental instabilities or different MAS rates. Simultaneously, a spin lock pulse on S assures the
same precession frequency for the S spins, to satisfy the Hartmann-Hahn condition (described in Chapter 2,
section 2.3.14.3, page 110). During this CP period, I and S spins can exchange energy in their respective
rotating frames, which transfers polarisation to the S spins from the large energy bath of the abundant I.
High-power decoupling of the I spins is applied during acquisition of the S spins. The repetition time of the
pulse sequence is governed by I relaxation.72 174 125

Figure 3.5. Representation of an "H-PF-3C double CP/MAS NMR pulse sequence. The experiment uses two
consecutive cross-polarisation steps that involve the sequential transfer of polarisation among three spins.16
198 127
Figure 3.6. Representation of a 1D F-'TH HOESY NMR pulse sequence. The first /2 pulse creates °F
magnetisation on the x,y-plane. In the evolution period, a x pulse is located in the middle of t1, during which

BF chemical shifts evolve and the m pulse on 'H eliminates J(F,H) couplings. This creates negative z-
magnetisation for 'Hs. Afterwards, the second n/2 pulse changes F transverse magnetisation into the
negative z-direction. At the beginning of the mixing time, w, both spins are in the —z-directions so the F
signal is modulated with this chemical shift information. During the mixing time, the spins undergo cross-
relaxation. The final /2 pulse realigns the vectors into the x,y-plane and creates 'H transverse
magnetisation. Heterenoculear decoupling of the °F spins is applied during acquisition of the 'H spins.172 19

127
Figure 3.7. Representation of a PFG experiment with stimulated echo and longitudinal eddy current delay

diffusion-filtered pulse sequence. Smoothed-square gradients with horizontal stripes correspond to pulsed-
field gradients whose strength is varied during the experiment. Field gradients are short periods during
which the applied magnetic field is made spatially inhomogeneous. All gradient pulses are trapezoidal shaped
to compensate for the inability of instrumentation to generate perfect rectangular gradients. The gradient
pairs are applied as bipolar gradients of opposite sign and separated by 7 r.f. pulses, an approach which
reduces gradient artefacts, eddy currents and allows stronger overall gradients. The first a2 pulse aligns all
I magnetisation into the x,y-plane. The = pulse changes the direction of precession and refocuses chemical
shifts, which is important in the presence of chemical exchange or spin diffusion. During the two = delays,
the magnetisation is transverse, and therefore it is subject to T2 relaxation. The second gradient of equal
magnitude cancels the effects of the first and refocuses all spins, provided there was no change of position
with respect to the direction of the gradient. During the © period, the magnetisation is aligned along the z-
axis, and thus it is subject to Ti relaxation. After the second /2 pulse, the spins are in the z-axis so
additional short gradient pulses, gsoi, are added to destroy transverse magnetisation due to pulse
imperfections. Eddy currents are generated in surrounding conducting surfaces by the rapid rise and fall of
the gradient pulses. To prevent these effects a delay is necessary between the end of a gradient pulse and the
start of spectral acquisition. During this eddy current delay (=), magnetisation is stored in the z-direction
and the eddy currents are allowed to decay. This sequence is less prone to T2 artefacts because during the
diffusion time (A) the magnetisation is in the z-axis. The stimulated echo sequence is also the method of
choice for macromolecules. 35 168,172,186, 200 129

Figure 3.8. Representation of an excitation sculpting pulse sequence. It consists of a solvent-selective
excitation profile (z pulse) embedded between two pulsed-field gradients. By applying the filter sequence
twice with Gi1 and Gz not being correlated to each other, a flat baseline can be obtained.?* 131
Figure 3.9. Representation of an inversion-recovery pulse sequence. The first m pulse inverts the
magnetisation so that it lies along —z-axis. Relaxation is then allowed to occur during the delay t. The /2
pulse converts it into transverse magnetisation for detection. During the set of experiments, the delay time T
is varied, which enables the remaining magnetisation to be plotted as a function of time delay.?% 131
Figure 3.10. Representation of a 2D 'H-'H NOESY NMR pulse sequence using WATERGATE?% 3-9-19
selective spin echo. The first w2 pulse aligns all I magnetisation into the x,y-plane. During the evolution
period, t1, chemical shifts and spin-spin couplings evolve. The second /2 pulse aligns the y components of
the two vectors, which are now labelled with their individual chemical shifts, into the z-direction. During the
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mixing period, tw, I spins are allowed to relax, show cross-relaxation and magnetisation is transferred. The
final 2 pulse realigns the vectors into the x,y-plane and creates transverse magnetisation for detection.
WATERGATE?% 3-9-19 is a pulse train of symmetric pulses in the form 3 o—r-9 1901909 o =
3awith 26 ¢ = wused for solvent suppression. The first sine-shaped gradient dephases all the resonances that
have been excited by the first /2 pulse. Then, the selective pulses reverse the sense of precession of all the
spins of interest but not that of the solvent. The second sine-shaped gradient refocuses the I spins of interest
whereas the solvent resonances dephase even further.172 19 132
Figure 3.11. Representation of a 2D 'H-'H COSY NMR pulse sequence. The 7/2 purge pulse, indicated by
the purple square pulse, consists of a long period of spin locking. Magnetisation not aligned along the spin

locking axis will precess around the spin locking field and will dephase, as this purge pulse is used to
suppress contributions from zero-quantum coherence. The first m2 pulse transforms z-magnetisation into
transverse magnetisation. The chemical shift and [-coupling develop during the evolution period, ti. The
chemical shift of the direct dimension, f2, is modulated by the J-coupling of the indirect dimension, fi. Two
gradient pulses of different strengths or durations are applied before and after the second /2 pulse to select
particular coherence transfer pathways. 6% 172 133
Figure 3.12. Representation of a 2D 'H-13C HSQC NMR pulse sequence. The sequence starts with an
INEPT transfer (insensitive nuclei enhanced by polarisation transfer) from I to S, which results in anti-phase

magnetisation of S with respect to I. The editing period has the purpose of attributing different signs to CH
and CHs, in comparison to CH: signals, and it is characterised by Gi, the 7 pulse and the = delays. During
the evolution period, t1, anti-phase magnetisation develops the S chemical shifts. The = pulse on I in the
middle of t1 applied over a period of time symmetrically distributed eliminates the J(I,S) heteronuclear
couplings in the fi dimension, when t1 = 1/(4]is). Afterwards, a reverse INEPT transfer converts S
magnetisation into in-phase I magnetisation. Unconventionally, there is the addition of a second reverse
INEPT block in order to select both orthogonal components of the magnetisation present during ti and
improve sensitivity. G1 and Gz are gradients for echo/anti-echo selection. Being an echo/anti-echo pulse
sequence, the intensity of the refocusing gradient Gzis inverted on alternated scans to obtain the N-
(negative) and P-type (positive) data separately, which allows phase-sensitive spectra to be obtained.
Acquisition is conducted with GARP2% decoupling.'”? 134
Figure 3.13. Representation of an STD NMR pulse sequence using WATERGATE?® 3-9-19 selective spin
echo. During the saturation time, ts, I magnetisation is selectively saturated either on (STDon) or off-

resonance (STDog) by a train of Gaussian pulses, indicated by the orange Gaussian-shaped pulse in brackets.
The band-width of these 50 ms pulses is approximately 20 Hz, applied in a loop with n = 40, which results in
a narrow-band irradiation. For every set of scans, the pre-irradiation frequency is changed from STDon to
STDf (interleave mode) and the two spectra are stored separately. G1 is a pulsed-field gradient that ensures
that only z-magnetisation remains.158 172,19 135

Figure 3.14. 2D NMR experiments start with the preparation time, in which the sample is excited. The
resulting magnetisation is allowed to evolve during the evolution time, t1. During the mixing time, tm, there
is modulation of magnetisation detected in f2 by the evolution of the frequency of the second spin, fi. Finally,
during the detection period, the signal is recorded as a function of the second time variable, t2. This pulse
sequence is repeated cyclically and an free induction decay is recorded as a function of t2 for increasing ti
values.'6 136

Figure 4.1. a) Electron-diffraction pattern of a single Phe fibril.2” b) Ladder-like structure of Phe aggregates

obtained by molecular dynamics simulations conducted at high pH in the presence of counterions (yellow
spheres).207 140
Figure 4.2. a) Monoclinic unit cell of Phe. b) Proposed interactions involved in the stabilisation of Phe

fibres, composed of a bilayer of hydrophobic/hydrophilic interactions.c 141

Figure 4.3. a) Lowest energy nanotubular structure (-8434 kJ mol-') of Phe proposed by German et al.”* and
b) crystal structure of Phe monohydrate from reference 214. Green atoms represent carbon, blue represent
nitrogen, red represent oxygen and white represent hydrogen.’* 142
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Figure 4.4. Representative structures of single, double and tetra-tube models.??? 143
Figure 4.5. Top-view snapshot of a small-scale defect (circled in white) in a DPPC film from molecular
dynamics simulations. DPPC molecules are coloured blue with terminal methyl groups coloured yellow.
Water molecules are red and white and Phe molecules can be seen by their light blue aromatic rings.?7 __ 144
Figure 4.6. a) Kinetics of hydrogel formation of Phe from dynamic light scattering studies, with a
photograph of a self-supporting gel (300 mM). The initial lag-phase might be due to nucleation events where
molecules associate to form productive nucleus for further elongation into mature fibres, or the associated
molecules are insensitive to light scattering. b) Variation of 'H chemical shift of aryl protons with
concentration of Phe and c) rate of change of 'H chemical shift with respect to change in concentration

(A0/AC) for all Phe protons. d) Molecular structure of Phe with assignment.208 146
Figure 5.1. a) Molecular structure of L-phenylalanine, with numbered carbons. b) Hydrogel of Phe (303
mM). 150

Figure 5.2. a) Frequency sweep and b) stress sweep experiments for different concentrations of Phe
hydrogels. Lines between points were added to help guide the eye. Hot solutions (ca. 0.5 mL) were pipetted
into a 150 um gap (cone and plate geometry). All samples were subjected to frequency sweeps in the range of
0.1 to 100 Hz and applied stress of 700 Pa, as well as stress amplitude sweeps in the range of 500 to 10000
Pa. 150
Figure 5.3. a) AFM image of the dry hydrogel of Phe, highlighting the entanglement of a fibrous network. b)

Histogram of measured widths in AFM experiments for the hydrogel of Phe, with an average width of 437 +
16 nm. 151
Figure 5.4. The determination of the hydrate structure of the hydrogel allows for a) the morphology of the

fibres by TEM to be confirmed and b) the molecular packing in these fibres determined by electron
diffraction. Zone axis electron diffraction of the fibres indicates the growing direction to be the [010]
crystallographic direction. 152
Figure 5.5. Unit cell of Phe monohydrate shown along the a axis (CCDC Number 1532251). The unit cell
presented monoclinic metric symmetry, with the following refined parameters: a = 13.112(14) A, b =5.409(5)
A, c=13.849(14) A, p = 102.985(4) A, (V = 957.11(17) A3) and Z = 4. The space group was assigned as
P22 153
Figure 5.6. a,b) BFDH crystal morphology calculation indicated a needle habit of Phe monohydrate.

Analysis of the crystal structure indicated that c) the electrostatics (shown here as the electrostatic potential
Hirshfeld surface) are a significant interaction for the stacking of Phe in this anisotropic manner, with 7=rx
stacking, hydrogen bonding and van der Waals interactions complementing the +/—/+/- stacking in the [010]
direction. Figure c) shows the structure viewed down [010] and d) is shown viewed down the [001] with b
axis coloured green, a axis red and c axis blue. 154

Figure 5.7. Calculated energy landscape of Phe. Z'=1 and Z'=2 predicted crystal structures are indicated as
grey circles and black diamonds, respectively. The known forms I, 1 and 11, as well as a number of ordered
versions of form IV, are indicated. Also highlighted is the structure resulting from in silico dehydration of the
monohydrate form found in the hydrogel. 156

Figure 5.8. Packing of dimers of Phe shown down the b axis, with water molecules removed for clarity.
Dimer stacks are interacting with each other except via hydrogen bonding and = interactions. What is also
clear is that the dimer stacks are anisotropic with the hydrophilic section shorter than the hydrophobic region.

157
Figure 5.9. 'H-3C CP/MAS solid-state NMR spectra of anhydrous Phe and Phe hydrogel acquired with
MAS rates of 10.5 or 8 kHz and 2048 or 8192 scans, respectively. All experiments were conducted with a
recycle delay of 20 s and n2 pulse lengths of 3.2 us ("H) and 3.0 us (3C), using a 400 MHz solid-state NMR
spectrometer. Asterisks represent spinning sidebands. 158

Figure 5.10. Experimental 3C chemical shift values for Phe hydrogel derived from the spectra acquired at an
MAS rate of 8 kHz vs. calculated chemical shifts for the Phe monohydrate that give best agreement with both
NMR and PXRD data from the hydrogel. 158
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Figure 5.11. 'H solution-state NMR spectra of a solution and hydrogel of Phe. The high intensity peak at 4.7
ppm is due to residual water and exchangeable protons. Experiments were conducted with a recycle delay of
2 s, using a 500 MHz solution-state NMR spectrometer. 159
Figure 5.12. a) Variation of 'TH NMR chemical shifts () with concentration of Phe in water. b) Dependence
of 'TH NMR peak intensity on the concentration of Phe in D:0. Three different stages during the gelation

process can be identified based on intensities of the peaks, i.e. solution, supersaturated solution and gel phase.
The orange line indicates the NMR-determined CGC. All experiments were conducted with a recycle delay of
10 s, using a 500 MHz solution-state NMR spectrometer. 160
Figure 5.13. Kinetics of gelation of Phe monitored by the acquisition of H solution-state NMR spectra over

time, immediately after cooling down a hot solution of Phe (measured at 298 K). All experiments were
conducted with a recycle delay of 10 s, using a 500 MHz solution-state NMR spectrometer. 161
Figure 5.14. a) Evolution of 'Hsolution-state T relaxation times of different regions of Phe as a function of
concentration in D:0. b) 'H T1 times of hydrogels of Phe (303 mM), recorded from 298 to 353 K. All
experiments were conducted with a recycle delay of 10 s, using a 500 MHz solution-state NMR
spectrometer. 163

Figure 6.1. Zwitterionic structures of the amino acids in study with the corresponding solubilities in water
at 298 K. Tyr is less soluble than Phe since the additional hydroxyl group interacts with nearby hydroxyl and
carboxylate groups, resulting in stronger Tyr-Tyr than Tyr-water interactions.?? 165

Figure 6.2. Storage (G and loss (G”) moduli at a) increasing frequency sweeps and b) increasing stress
sweeps for the hydrogels of Phe, Phe/Ser (5:1), Phe/Leu (5:1), Phe/Trp (5:1) and Phe/Tyr (5:1).
Measurements of storage and loss moduli of supramolecular hydrogels were reproducible with an error of
10.7 %. Lines are guides for the eyes. Hot solutions (ca. 1.5 mL) were pipetted into a 300 um gap (cone and
plate geometry). All samples were subjected to frequency sweeps in the range of 0.1 to 100 Hz and applied
stress of 700 Pa, as well as stress amplitude sweeps in the range of 500 to 10000 Pa. 167
Figure 6.3. PXRD patterns of the hydrogels of Phe, Phe/Leu (5:1), Phe/Ser (5:1), Phe/Trp (5:1) and Phe/Tyr
(5:1) and reference solid powders of the anhydrous form I of Phe and the commercially available Tyr (CSD
ref. LTYROS02)*. 168
Figure 6.4. Polarised light microscopy images of hydrogels of a) Phe and b) Phe/Tyr (5:1) (303 mM), and c)
polarised light microscopy images of the commercially available Tyr (CSD ref. LTYROS02)?. SEM images
of the dry hydrogels of d) Phe and e) Phe/Tyr (5:1) (303 mM). Insoluble white needle-like crystals of Tyr can
be seen immersed in a network of entangled thin fibres. 168
Figure 6.5. 'H-13C CP/MAS NMR spectra of a) wet and b) dry hydrogels of Phe, Phe/Leu (5:1), Phe/Ser
(6:1), Phe/Trp (5:1) and Phe/Tyr (5:1) acquired with MAS rates of 8.5 kHz and 8192 scans (wet gel samples)
or 10 kHz and 2048 scans (dry gel samples); and reference solid powders of the commercially available Trp
(CSD ref. QQQBTO03)?? and Tyr (CSD ref. LTYROS02)?? acquired with MAS rates of 10.5 kHz and
2048 scans. All experiments were conducted with a recycle delay of 20 s and 7/2 pulse lengths of 3.2 us (1H)
and 3.0 ps (BC), using a 400 MHz solid-state NMR spectrometer. Rectangles and triangles highlight the
presence of rigid elements of Trp and Tyr, respectively. Spectra of reference solid powders of commercially

available Leu and Ser are not shown since insoluble components of Leu or Ser were not observed in the mixed
materials. Asterisks represent spinning sidebands. 170
Figure 6.6. Evolution of 'H PFG HR-MAS NMR normalised peak intensity with increasing gradient
strength of hydrogels of Phe, Phe/Leu (5:1), Phe/Ser (5:1), Phe/Trp (5:1) and Phe/Tyr (5:1), acquired with
MAS rates of 1 kHz at 298 K. Tyr presented poor signal-to-noise, preventing accurate determination of peak

intensity. All experiments were conducted with 5 to 95 % of the maximum gradient intensity (Gmax = of 49.5
G cm™), a diffusion delay of 70 ms and a diffusion gradient of 1 ms, using a 400 MHz HR-MAS NMR probe
head. 172
Figure 6.7. Kinetics of gelation monitored by the acquisition of 'H solution-state NMR spectra over time,
immediately after cooling down hot solutions of Phe, Phe/Leu (5:1), Phe/Ser (5:1), Phe/Trp (5:1) and Phe/Tyr
(5:1) (303 mM) (measured at 298 K). Phe, Trp and Tyr peak 'H become broader as a consequence of gelation,
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whereas Leu and Ser 'H peaks remained sharp even after the hydrogel is formed. All experiments were
conducted with a recycle delay of 10 s, using a 500 MHz solution-state NMR spectrometer. 174
Figure 6.8. 'H solution-state NMR spectra of hydrogels of Phe, Phe/Leu (5:1), Phe/Ser (5:1), Phe/Trp (5:1)
and Phe/Tyr (5:1) acquired 24 h after quenching hot solutions (303 mM) measured at 298 K. Tyr peaks
displayed much lower intensities than expected according to the composition, as Tyr precipitates under the
experimental conditions. All experiments were conducted with a recycle delay of 10 s, using a 500 MHz
solution-state NMR spectrometer. 175
Figure 6.9. 2D 'H-'H NOESY spectra of hydrogels of Phe, Phe/Leu (5:1), Phe/Ser (5:1), Phe/Trp (5:1) and
Phe/Tyr (5:1) acquired with a mixing time of 0.5 s (measured at 298 K). Negative nOe enhancements (blue),

characteristic of large molecules, indicate that free gelator molecules contain properties from the fibrous
network. Blue dashed lines highlight intermolecular correlations between Phe and b) Leu, d) Trp and e) Tyr,
which are absent in hydrogels of Phe/Ser (c). Positive nOe enhancements (green), characteristic of small
molecules, are highlighted by green dashed lines and correspond to correlations between Leu molecules in
solution (b). All experiments were conducted with a recycle delay of 2 s and 32 scans, using a 500 MHz

solution-state NMR spectrometer. 177
Figure 6.10. 'H solution-state NMR Ti times of Phe, Leu, Ser, Trp and Tyr in hydrogels of Phe, Phe/Leu
(5:1), Phel/Ser (5:1), Phe/Trp (5:1) and Phe/Tyr (5:1), recorded from 298 to 353 K. All experiments were
conducted with a recycle delay of 10 s, using a 500 MHz solution-state NMR spectrometer. 179
Figure 6.11. Build-up curves of fractional STD response (nstp) in hydrogels of a) Phe measured at 298 K. b)
Initial slope values recorded from 298 to 338 K upon saturation of the network in the hydrogel of Phe (STDon
= 0 ppm and STDoy = 40 ppm). STD parameters in these studies were reproducible with a mean error of 9.6
% as a result of three independent measurements. All experiments were conducted with a total experiment

time of 6 s, using a 500 MHz solution-state NMR spectrometer. 181
Figure 6.12. Build-up curves of nsto in hydrogels of Phe/Leu (5:1), Phe/Ser (5:1), Phe/Trp (5:1) and Phe/Tyr
(5:1), measured at 298 K (STDon = 0 ppm and STDoff = 40 ppm). 183
Figure 7.1. Molecular structure of the zwitterionic form of Phe with numbering of aromatic carbon atoms
and the halogenated derivatives under study. 188
Figure 7.2. Photographs of hydrogels of Phe and its halogenated derivatives. 189
Figure 7.3. SEM images of dry hydrogels of a) Phe, b) F-Phe, c¢) 2F-Phe, d) 5F-Phe, e) Cl-Phe and f) 2Cl-
Phe (100 mM). 190

Figure 7.4. Evolution of storage modulus (G’) in frequency sweep experiments for Phe, F-Phe, 2F-Phe, 5F-
Phe, Cl-Phe, 2CI-Phe and Br-Phe. Hot solutions (ca. 1 mL) were pipetted into a 500 um gap (parallel plate
geometry). All samples were subjected to frequency sweeps in the range of 0.1 to 100 Hz and applied stress of
500 Pa. 191
Figure 7.5. Packing motif of the a) Phe, b) F-Phe, c¢) 2F-Phe and d) Cl-Phe fibres. a) Packing of dimers of
Phe shown down the b axis and with water guests removed for clarity. b) A (hydrophobic) and B

(hydrophilic) layers are indicated, # is highlighting the dimer formation between the zwitterionic groups.
Dimer stacks are not interacting with each other except for some hydrogen bonding and 7 interactions. It is
also clear that the dimer stacks are anisotropic with the hydrophilic section shorter than the hydrophobic

region. 192
Figure 7.6. Electrostatic potential Hirshfeld surfaces of the a) F-Phe and b) Cl-Phe derivatives with the
asymmetric unit (ASU) of the respective monohydrate crystal structures. Halogenation of the aromatic ring
resulted in increased polarisation of the hydrophobic groups and this could be viewed by the blue “hue” of the
hydrogen edges of the aromatic groups and the red “hue” of the central carbon rings. The “sigma” hole of the
chloro (circular “white” region of the red area) could be viewed in both molecules of the Cl-Phe ASU.
Electrostatic potential Hirshfeld surfaces of the c¢) I-Phe and d) Br-Phe derivatives. The halogen-halogen
interactions are shown clearly with the “sigma hole” indicated by the blue area surrounded by white at the
tips of the halogen groups. The sigma hole interacts with the electrostatically negative regions of the halogen
groups perpendicularly, as expected for a type 11 halogen-halogen interaction. 193
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Figure 7.7. SEM images of dry hydrogels of a) Phe, b) Phe/F-Phe (1:1) and c) F-Phe (303 mM). 195
Figure 7.8. Evolution of storage (G’) and loss (G"*) moduli in frequency sweep experiments for Phe, Phe/F-
Phe (5:1), Phe/F-Phe (2:1), Phe/F-Phe (1:1), Phe/F-Phe (1:2), Phe/F-Phe (1:5) and F-Phe hydrogels (303
mM). Hot solutions (ca. 1 mL) were pipetted into a 500 um gap (parallel plate geometry). All samples were

subjected to frequency sweeps in the range of 0.1 to 100 Hz and applied stress of 500 Pa. 195
Figure 7.9. PXRD patterns of Phe, Phe/F-Phe (5:1), Phe/F-Phe (2:1), Phe/F-Phe (1:1), Phe/F-Phe (1:2),
Phe/F-Phe (1:5) and F-Phe hydrogels. 196

Figure 7.10. Unit cell parameters (normalised to the F-Phe monohydrate phase) determined from the PXRD
patterns of Phe, Phe/F-Phe (5:1), Phe/F-Phe (2:1), Phe/F-Phe (1:1), Phe/F-Phe (1:2), Phe/F-Phe (1:5) and F-
Phe hydrogels utilising a Pawley fit. The mixtures do not indicate the presence of two components but rather
a mixed solid solution with related changes to the unit cells of the structures. 197

Figure 7.11. Overlay of the molecular packing of Phe?’3 and F-Phe?®! crystal structures shown along the b
axis of the unit cell of the monohydrate forms, which shows their isostructurality. The Phe structure has been
transformed to match the F-Phe by moving the origin of the unit cell one half the length of the a axis along
the a axis direction. The unit cell of the monohydrate form of Phe (CCDC Number 1532251) presented
monoclinic metric symmetry (space group P21), with the following refined parameters: a = 13.112(14) A, b =
5409(5) A, ¢ = 13.849(14) A, p = 102.985(4) A, (V = 957.11(17) A%) and Z = 4.3 The unit cell of the
monohydrate form of F-Phe presented monoclinic metric symmetry (space group P21), with the following
refined parameters: a = 13.303(14) A, b = 5.443(6) A, ¢ = 14.015(15) A, B = 104.048(5) A, (V = 988.02(18)
A3)and Z= 4. 197
Figure 7.12. 'H-3C CP/MAS NMR spectra of Phe, Phe/F-Phe (5:1), Phe/F-Phe (2:1), Phe/F-Phe (1:1),
Phe/F-Phe (1:2), Phe/F-Phe (1:5) and F-Phe hydrogels (303 mM), acquired with an MAS rate of 8.5 kHz
using a 400 MHz solid-state NMR spectrometer. 199
Figure 7.13. Amplification of the aromatic and aliphatic regions of 'H-3C CP/MAS NMR spectra of Phe,
Phe/F-Phe (5:1), Phe/F-Phe (2:1), Phe/F-Phe (1:1), Phe/F-Phe (1:2), Phe/F-Phe (1:5) and F-Phe dry
hydrogels, acquired with an MAS rate of 10 kHz, using a 400 MHz solid-state NMR spectrometer. ____ 199
Figure 7.14. "F NMR spectra of Phe/F-Phe (5:1), Phe/F-Phe (2:1), Phe/F-Phe (1:1), Phe/F-Phe (1:2), Phe/F-
Phe (1:5) and F-Phe wet and dry hydrogels, acquired with MAS rates of 1 or 10 kHz, respectively, using a
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Chapter 1

1. Introduction

Gels are a fascinating class of functional soft materials. They are present in everyday life
as contact lenses, food stuff, photography, cosmetics and pharmaceuticals, to name a few.!
Gels have a recognised potential for a wide range of industries due to their adaptability to
the environment.? These are also used for industrial purposes, such as templates for
nanofabrication, pollutant removal from waste water and as catalysts for organic
reactions. But the growing interest in the research and development of gel materials lies
on their wide range of biomedical applications, such as membranes for biosensors,
scaffolds for wound healing, self-supporting architectures for cellular growth, networks

for tissue engineering and vehicles for advanced drug delivery.>*

1.1. A historical overview

Hydrogels have drawn the scientific community’s attention since 1960. Even though the
first reference made to hydrogels was recorded in 1892, it was only in the last two decades
that considerable investment was made in the field (Figure 1.1).> The first paper
mentioning these systems for medical applications, published in 1936, introduced
hydrogels composed of synthetic poly(2-hydroxyethylmethacrylate), which were later

improved by Wichlerte and Lim and commercialised as soft contact lenses in 1960.°
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Figure 1.1. Number of publications per year under the research topic of “hydrogel” in the Web of Science™

between 1965 and 2016. Adapted and updated from 3.

There has been a marked increase in the interest in the field of hydrogels since 2000,
which is reflected by an exponential growth of the curve. The total number of papers on
“hydrogel” was 37681, from which 22 % were on the topic of drug delivery. Gel-based
drug delivery systems are currently commercially available for a variety of routes of
administration and targets in the human body.® Some examples include solid-moulded
forms (e.g. silicone-based contact lenses and intraocular lenses), microparticles (e.g.
bioadhesive hydrogels with long-term adhesion for oral application), cationic hydrogels
(e.g. pH-sensitive hydrogels with swelling properties for the gastrointestinal tract),
solutions (e.g. temperature-sensitive hydrogels for subcutaneous injection) or membranes

(e.g. wound dressings and easily interrupted transdermal patches).?

1.2. Definition of gel

A gel is a two-component colloidal dispersion in which a gelator is dispersed (the solid,
continuous phase) within a solvent (the liquid, dispersed phase).” ¢ In this heterogeneous
system, the typical particle sizes range from 1 nm to 10° nm.”° The three-dimensional (3D)
continuous network is supported by covalent or non-covalent interactions, with high

levels of solvent entrapped by capillary forces and surface tension.* °

Gels are not solids nor liquids, but semi-solid materials. Real soft materials as gels possess

the elastic properties of ideal Hookean solids and the viscosity properties of Newtonian
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liquids.® 1 12 It is the co-existence of high contents of solvent with solid structures that
distinguishes gel materials from ordinary liquids and solids, being responsible for their

unique viscoelastic properties.? 8 1315

The existence of an extremely large interface between the continuous and dispersed
phases pre-empts for a thermodynamically unstable system, since a single solid phase
would have lower energy.” 1® Hence, gels (and other colloidal materials) represent a state
of higher free energy than that of the material in bulk.” In physics, a system will tend to
transition to a state of lower free energy spontaneously, unless there is a substantial
energy barrier that separates the state of higher free energy (gel) from the lower
equilibrium state (solid), called the free energy of activation (Ea).” When the available
thermal energy is not sufficient to overcome this activation barrier into a stable lower-
energy state, the reaction is under kinetic control, and a gel product is obtained.!> 1”18 The
presence of such a barrier traps gels in a state of metastability.” Therefore, the gel state is
considered kinetically trapped.'” Colloid dispersions are not thermodynamically stable,
but they are considered to exhibit kinetic stability (depending on the time frame) due to
the presence of this energy barrier.'® 2 Only an increase in the energy of the system will

allow it to overcome this energy barrier.”

The presence of long gel fibres results in an excess of interfacial free energy.” * The
interface affects the global thermodynamic state of the system, as the properties of the
interfacial molecules have a different contribution to the thermodynamic properties of the
system than those in the bulk phase.” Henceforth, why do these less favourable systems
exist? Making a parallel with colloidal materials, according to the DLVO (Derjaguin and
Landau, Verwey and Overbeek) theory, the stability of supramolecular gels arises from
the combined effect of attractive and repulsive forces at the interfaces between the
electrically charged continuous and dispersed phases.” 20 The stabilising structural
interactions are the repulsive surface forces, thermal motion of particles and
hydrodynamic resistance of the medium.?* Contrarily, attractive surface forces encompass

the low surface elasticity, gravity and other external destabilising factors.?!
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1.3. Advantages and disadvantages of gel systems

Gels are preferred over conventional systems due to their great resemblance to
viscoelastic human tissues, unparalleled by any other class of biomaterials.> # 22 These
materials present the advantage of confinement to the intended site, overcoming the side
effects associated with systemic distribution, due to mouldability (Figure 1.2),
adhesiveness and availability in variable dimensions (from nano to macroscales).®
Moreover, they have highly tuneable features, with the possibility of functionalisation by
the insertion of functional groups, enabling the delivery of drugs to an intended site with
optimum pharmacokinetic profiles.? More importantly, their responsiveness to their
environment is the foundation for their use in targeted and controlled drug delivery, i.e.
small environmental changes can trigger modifications in the gel’s structure.® Not only
can these modifications lead to drug release, but also degradation or dissolution of the 3D
network, induction of sol-gel transitions or alteration of shape.?> Consequently, a simple
phase transition can promote in situ gel formation, an unmatched advantage for injectable

purposes.®

Nonetheless, hydrogels present certain limitations that often condition their development.
While ease of application can be problematic for stiff hydrogels, mainly for injectable
purposes, soft hydrogels present low mechanical strength that poses significant
difficulties in handling.> >* Sterilisation of hydrogels for intravenous administration is very
challenging due to their elevated water content?. In addition, the amount of drug loaded
in hydrogels may be limited in the case of hydrophobic drugs and the homogeneity of the

dispersed drugs is still difficult to guarantee.?

Figure 1.2. Human-shaped hydrogel of nanocellulose showing gels mouldability.
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1.4. Classification of gels

Since there is a variety of gel forming molecules with a diverse range of properties, it
became important to classify these according to the nature of the cross-links that sustain

the network — chemical or physical interactions (Figure 1.3).
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Figure 1.3. Classification of gels by the nature of interactions (physical and chemical) sub-divided according to

the nature of the solid phase (gelator), with some common examples.

1.4.1.Chemical gels

Chemical or permanent gels are formed by covalently cross-linked networks, which is
behind their strong resistance to external mechanical stress and consequent long-term
stability.? These systems are characterised by their capability of absorbing high amounts
of solvents and swelling whilst maintaining their shape.?® Their swelling levels are

dictated by the cross-linking density.>

These hydrogels can be formed through the addition of small molecules, named cross-
linkers, or through polymer-polymer interactions between modified functional groups.?.
Small-molecule cross-linkers, as periodate-oxidised sodium alginate, can promote gelation
when cross-linked with proteins, such as gelatin, for the delivery of anti-tuberculostatics
with minimal cytotoxicity.”> In some cases, the drug itself can act as the cross-linker, as
primaquine, which has been cross-linked with periodate-oxidised gum arabic to produce
an hydrogel by Nishi and Jayakrishnan (2007).2” Moreover, the active ester form of tartaric
acid has been cross-linked with human serum albumin for controlled release of

doxorubicin from a tissue adhesive hydrogel.”> Polymers can also be pre-functionalised
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with reactive functional groups to prevent the release of potentially toxic small
molecules.?> Hyaluronic acid was functionalised with hydrazine bonds to promote a
double effect of prolonged-duration local anaesthesia, controlled release of budesonide
and tissue plasminogen activator.?> Also, poly(aldehyde guluronate), a functionalised
product from oxidised alginic acid, formed an hydrogel with adipic acid dihydrazide and
could be used as an injectable matrix for effective delivery of osteoblasts and growth

factors.z

Safety, simplicity and cost-effectiveness of this type of hydrogel are very dependent on
the type of precursors used. In comparison with physical gels, these systems are less
tolerated by the human body, since there is the possibility of release of toxic precursors
throughout the administration processes.* 2 Also, their non-reversible interactions are

responsible for undesired reduced rates of degradation and clearance times.?

1.4.2.Physical gels

Physical or reversible gels are formed by molecular entanglements and non-covalent
interactions induced by aggregation due to the low solubility of the gelator molecules.?
The driving forces (hydrophobic interactions, charge condensation, hydrogen bonding,
stereocomplexation or supramolecular chemistry) lead to formation of hydrophobically or

ionically-associated domains, contributing to their heterogeneity.> 42>

Even though physically cross-linked hydrogels show lower resistance to mechanical
stress, the use of biocompatible and safe precursors grants supramolecular gels a
recognised potential in the biomedical field.> % These systems can be tailored at the
monomer level, which opens specific properties and release profiles that suit the intended
application.?* Moreover, their fast degradation rates and ability to alter their shape are
important reasons for their continuous application.? However, the weak nature of such
interactions means these gels suffer from rapid erosion and fast release of the entrapped
drug, and usually break at lower strains than chemical gels.?* ?® Since their mechanical
properties are determined by the primary fibre thickness and length, as well as the
number and type of entanglement points or cross-links, gels can be manipulated for the

intended use according to the type of gelator employed.?
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1.4.3.Stimuli responsiveness of smart materials

The use of physical gels in targeted and controlled drug delivery is based on their stimuli
responsiveness,”® which enables the introduction of environment-dependent
functionalities, therefore receiving the designation of smart materials.** Due to the weak
nature of the sustaining interactions, physical gels are capable of responding to
physiological (temperature, pH, ionic strength, chemical or biological compounds) and
external stimuli (vibration, light, ultrasounds, radiation, magnetic field or electric
current).* 3 Some of the stimuli described are shown in Figure 1.4. These triggers may
induce changes in the structural and physicochemical properties of smart hydrogels
leading to drug release, degradation or dissolution of the 3D network, induction of phase

transitions, alteration of shape, melting and/or reforming.? 28
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Figure 1.4. Chemical (black) and physical (red) stimuli.>

Thermoreversible hydrogels are the most developed type of environmentally-responsive
systems, due to their ease of preparation.* The majority of natural gelators form hydrogels
upon cooling below an upper critical solution temperature.* However, a less common
event has been reported for cellulose derivatives, which gelate upon heating above a

lower critical solution temperature, gaining the denomination of reverse thermogelators.*
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Since pH varies considerably inside the human body, it enables a site-specific controlled
drug delivery.3! pH-sensitive gels result from the presence of ionisable groups (e.g.
carboxylic or sulphonic groups) with modifications triggered by differences in ionisation.*
pH dependence can be monitored by the addition of glucono-d-lactone (GdL) that
hydrolyses slowly to gluconic acid and gradually and uniformly decreases the pH of the
solution.® This is considered enzyme-assisted self-assembly and allows fine, bottom-up
fabrication as gelation is spanned over a period of hours, enabling more homogeneous

materials to be obtained.?” 33

Chemical substances (e.g. glucose-responsive systems), ionic species (e.g. calcium-
responsive bioerodible systems) or biological compounds (e.g. enzymes, antigen or
microbial infection-responsive systems) can also promote structural modifications of the
gel networks.* Since certain diseases produce characteristic alterations in their local
environment, these modification can be targeted to control and trigger drug release.®!
Recent biomedical advances discuss the sustained release of anticancer drugs (docetaxel,*
doxorubicin® and monoclonal antibodies®) which release the drug content only when in
contact with tumour receptors.® Pinhassi et al. (2010) developed an hydrogel based in the
natural polysaccharide arabinogalactan conjugated with folic acid and methotrexate, an
anticancer anti-folate drug.®® These drugs are released only after the hydrogel contacts
with malignant tumour cells, which overexpress folate receptors.®* Upon recognition and
penetration into the tumour cells due to the folic acid group, methotrexate finally
eliminates them.* Another fascinating application is the co-delivery hydrogel based on
two complementary anticancer drugs, taxol and hydroxycamptothecin (HCPT),
developed by Mao et al. (2012).>” The hydrogel of Dex-FFFK(Taxol/HCPT)E-ss-EE (Figure
1.5) can be converted to Dex-FFFK(Taxol/HCPT)E by the cleavage of a disulfide bond
(black-red). Dexamethasone (Dex) (blue), an anti-inflammatory and immunosuppressant,
and tripeptides of phenylalanine (F) (black) were incorporated to promote self-assembly.
Diglutamic acid (E) (black) was used to improve the solubility of the precursors of
hydrogelators. The stability of the drugs was improved significantly through this
formulation and these molecules exhibited a controlled release profile via the hydrolysis

of the connective ester bonds (pink).%
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Figure 1.5. Chemical structures of precursors of hydrogelators of Dex-FFFK(Taxol/HCPT)E.2

1.5. Supramolecular gels

The current project focuses on the smallest molecular building blocks of physical gelation,
designed low molecular weight gelators. The resulting supramolecular gels are semi-solid
colloidal materials which contain a 3D entangled network with a fine structure that is
defined by non-covalent interactions between molecules with a molecular weight up to
2000 Da.* 103 Typically, a very small amount of gelator (ca. 0.1 to 10 % (w/v)) is required

to entrap large amounts of solvent.* 10

In 1841, Lipowitz reported a case of failed crystallisation of lithium urate in water. Little
did he know he was reporting the first case of supramolecular gelation.* This case
reflected the still commonplace reality of the serendipitous nature of the discovery of new
gelator molecules. The first small molecule hydrogelator studied extensively was
dibenzoyl-L-cystine (1) (Figure 1.6), reported in 1892 by Brenzinger* and found to form
strong gels by Hoffman 1921.#8 When advanced experimental methodologies became
available (e.g., X-ray crystallography, light and electron microscopy, rheology and
calorimetry), Menger (1978) investigated the resulting hydrogels systematically to gain
fundamental understanding of the design principles to create effective hydrogelators.*?
Consequently, Menger’s long journey focused on the development of derivatives of aroyl-
L-cystines.®* Currently, the fastest gelating molecule with the lowest concentration is the
aroyl-L-cystine derivative 2 (Figure 1.6), able to rigidify aqueous solutions at 0.25 mM, ca.
0.01 % (w/v), in less than 30 s. To date, N,N'-dimethylurea (3) (Figure 1.6) is the smallest
molecule known to form supramolecular organogels, described in 2005 by Weiss’s

group.*
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Figure 1.6. Molecular structures of 1) the first supramolecular gelator dibenzoyl-L-cystine*! developed, 2) the

fastest gelating aroyl-L-cystine derivative* and 3) the smallest gelator N,N'-dimethylurea*.

1.5.1.Biomedical applications of supramolecular gels

In 1988, a Nobel Prize was awarded to Cram, Lehn and Pedersen in 1988 for their
pioneering work in supramolecular chemistry, which caught the attention of many
research groups.® At the moment, molecular gels have more potential applications than
proved ones.* The reason behind this is their limited stability at room temperature, as
they need to be kept sealed to avoid solvent evaporation and degradation.* Moreover, if
used in the human body, they need to be approved by a regulatory health agency, such as
Food and Drug Administration or European Medicines Agency.* Despite this, self-
assembled supramolecular materials are strong candidates as delivery vehicles as they

display many of the criteria required.?

The first supramolecular structures used as drug matrices were lipids and their
importance and current popularity as commercially available liposomes and micelles
should be acknowledged.?* These hold the leading position for the delivery of
hydrophobic drugs.?* Peptide-based hydrogels have also been successfully used as
matrices for drug delivery.?* Zhang et al. (2006) developed the RADA16 peptide,* later
used by Schneider et al. to encapsulate and deliver the epidermal growth factor, with the
purpose of accelerating cutaneous reepithelialisation for wound repair.# The success of
this study granted this peptide a variety of applications, being developed as a vehicle for
platelet-derived growth factor BB, stromal cell derived factor-1 and insulin-like growth
factor I to the myocardium.?* Other peptides have also demonstrated their capability for
encapsulation and delivery of growth factors, with some showing selective hydrogelation

according to the surrounding proteins.?

Furthermore, there are several examples of supramolecular gels as tridimensional cell
cultures for tissue regeneration.?* One of the most successful examples was a

cytocompatible peptide hydrogel, MAXS8, developed by Schneider’s group, and used as a
Yy p pep yarog P y group
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matrix to encapsulate mesenchymal stem cells.* Folding and self-assembly was triggered
by the addition of cell culture media. This reversible gel possessed shear-thinning and
recovery properties, allowing the gel-cell constructs to be delivered with a syringe. The
cells remained alive during and after delivery, and the injectable solution remained

localised at the injection site.*

1.5.2.Classification of supramolecular gels

Depending on the nature of the solvent, these materials are named hydrogels, in which
the solvent is water, or organogels, composed of any organic solvent.# Many
experimental procedures require the use of dry gel samples. When the solvent is removed
by solvent evaporation at room temperature (under vacuum or compression) leading to
shrinkage of the network and collapse of the delicate internal structure, a xerogel is
obtained (Figure 1.7c). Removal of the solvent by lyophilisation leads to formation of a
cryogel, whereas drying under supercritical conditions prevents shrinkage and the solid
network remains intact, giving rise to a highly porous material, termed aerogel (Figure

1.7b).5 47

Figure 1.7. Representation of a) a gel, b) an aerogel and ¢) a xerogel.?

1.5.3.Low molecular weight gelators

Low molecular weight gelators (LMWG) are the building blocks of supramolecular gels.3
To rationally design new molecules it is essential to be aware of the several molecular
features that make compounds good candidates as building blocks for supramolecular

gelation:S, 19, 22, 28, 47, 48
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¢  The existence of both solvophilic and solvophobic functional groups that impart
solubility and stabilisation of solvent molecules, but also prompt aggregation. A
delicate balance between the solvophilic and solvophobic regions needs to allow the
formation of the nanostructures that remain stabilised within the solvent. A
molecule that is too solvophilic will not have a driving force for aggregation and the
small aggregates will remain in solution, whereas a molecule that is too solvophobic

may precipitate or crystallise.

¢  The potential to create non-covalent interactions, such as hydrogen bonds, n-n
stacking, electrostatic interactions, hydrophobic forces, van der Waals and dipole-
dipole interactions. The combination of different types of non-covalent interactions

is the most efficient approach.

¢  The presence of anisotropic interactions that favour unidirectional assembly,
leading to formation of structures with large surface energy (e.g., fibres, sheets,

vesicles), as chiral molecules and molecules with hydrogen bonding potential.

Nowadays there is a huge structural diversity for LMW gelators.* Such molecules include
amino acids, peptides, carbohydrates, lipids, nucleotides, dendrimers, urea derivatives
and other amphiphilic molecules.' 28 %51 The structures span from very simple motifs, as
long alkanes, and very small molecules, as N,N'-dimethylurea, to complex and elegantly
designed ones.* Hence, the diversity of attractive and repulsive forces that can be formed
between gelator and solvent molecules is enormous.** As claimed by Shapiro in 2011, “the
spontaneous self-assembly of amphiphilic compounds is a consequence of the synergy of

a number of weak forces in a delicate balance” .5

1.5.4.Amino acids, small peptides and peptidomimetics

Amino acids are naturally abundant molecules that show great potential for
hydrogelation due to their amphiphilic character — the hydrophilic moieties create
opportunities for hydrogen bonding and stabilisation of water molecules, whereas the
hydrophobic moieties may prompt aggregation.® Weak interactions between
complimentary amino acids occur in nature and their importance has been demonstrated
in many biological processes, such as protein folding.? 4 5% Amino acids have inherent

biocompatibility and biodegradability, and their use in supramolecular gels facilitates
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incorporation of bio-functionality.® Moreover, the abundance of side chains (hydrophobic
vs. hydrophilic, polar vs. apolar, charged vs. neutral, aromatic vs. aliphatic and linear vs.
branched) makes available a vast library of functional groups and molecular properties
that contribute for the synergism and cooperativity between various non-covalent

interactions.*

Currently, there is a diverse pool of recognised amino acid based gelators. An excellent
review on the topic was recently published by Tomasini and Castelucci (2013).#” Fuhrhop
et al. (1993)* were the first group to report the hydrogelation ability of L-lysine. Initially,
the development of peptide-based gelator molecules was focused on derivates of L-lysine,
which became very popular due to its efficiency in hydro and organogelation.*
Hydrogelation of phenylalanine also captured some attention recently and some groups
focused on understanding the solid, gel and solution states of phenylalanine, as well as
early stages of its aggregation. Since this molecule is the core of the project, Chapter 4

(page 138) provides a literature review on this topic.

Nowadays, the bulk of investigation covers amino acid residues and dipeptides coupled
to a protective head group. The addition of a bulky aromatic capping group to drive
gelation due to the hydrophobic effect and n-n stacking interactions is a common practice
when designing new hydrogelator molecules.?® 55 Despite a variety of groups being
available, as anthracene, carbazole, naphthalene, perylene and pyrene, the most popular
group is 9-fluorenylmethoxycarbonyl chloride (Fmoc).* The Fmoc residue is very well
recognised for its supramolecular hydrogelation ability, with excellent capacity to
promote self-assembly by enhancing intermolecular hydrogen bonding of small molecules
in water.?® 5 © Fmoc-phenylalanine derivatives have been extensively studied by Ulijn’s
group and have recently been proposed as matrices for 3D cell culture® and as advanced
drug delivery vehicles of a model drug (salicylic acid).®? Other successful examples of
protected peptides include Boc-Leu-Val-Phe-Phe-Ala-OMe, Py-Phe-Phe-Ala-OMe and
Nap-L-Phe-L-Phe-OH.#

In solution, peptide molecules naturally attract, repel and accommodate each other. They
are able to adopt specific secondary conformations, such as (3-sheets, 3-hairpins, a-helixes
and coiled-coil like structural motifs.>® Peptides and peptidomimetics follow a rational

conjugation and ordering like Lego® pieces, since amino acid residues are strategically
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positioned to create cooperative interactions. This enables the design of gelator molecules
with desired structure, properties and chemical function.#” The tendency of peptides to
self-assemble, the nature of the nanostructures formed and overall properties of the
hydrogel are dependent on several factors, such as amino acid sequence, starting peptide
concentration, pH and type of electrolyte in the medium.® The use of peptides with
alternating hydrophobic and charged amino acids was pioneered by Zhang et al. (2002).64
Dipeptides and tripeptides of phenylalanine self-assemble into hollow nanotubes or plate-
like nanostructures, respectively, and both show 3-sheet conformations.®> The importance
of this arises from the fact that the majority of amino acid residues in amyloidogenic
peptide fragments contain such aromatic groups that promote pathologic amyloid
formation.® Recently, Frederix et al. (2015) have summarised the rules for self-assembly of
tripeptides, in which they covered selection and positioning rules for optimum gelation

outcome.®”

1.5.5.Self-assembly of low molecular weight gelators

Association of small molecules into large tridimensional networks depends on a
hierarchical self-assembly process (Figure 1.8)."” % To understand the relationship
between molecular structure and gel properties, the hierarchical process of self-assembly
should be broken down according to the length scales present.®® The process starts with
formation of highly specific, multiple, unidirectional non-covalent interactions that allow
molecules to self-assemble into larger supramolecular structures. The nanoscale
organisation (angstrom to nanometre scale) is determined by the molecular level
recognition events that promote this anisotropic aggregation in one or two dimensions of

the gelator molecules.®® Hence, molecular interactions control nanostructure.?

The anisotropy of the interactions favours self-assembly in one dimension and leads to the
formation of fibrils, which grow, entangle and create nanoscale bundles, referred to as
fibres. Microscopic organisation (nano- to micrometer scale) is defined by the morphology
of these aggregates, e.g. micelles, vesicles, fibres, ribbons, sheets or any structures with a

large/high aspect ratio, and it is directly influenced by the molecular structure.> %

Elongation of these fibres leads to thicker and longer structures, which interact with each

other and entangle. The entanglement of fibres gradually entraps the totality of the
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solvent by capillary forces and surface tension to form a self-supporting self-assembled
fibrillar network (SAFiN).# 10 52 The resulting supramolecular network is insoluble in the
solvent.’® At this larger scale, the mesoscopic organisation of the gel (micro- to millimetre
scale) involves the interaction of individual fibres. It is the interaction between these
structures that is ultimately decisive whether a gel is formed or, instead, fibres precipitate

out of solution.®
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Figure 1.8. Process of hierarchical self-assembly of LMW gelators into larger complex supramolecular

structures. 17

1.5.6.Gelation vs. crystallisation

Crystallisation and gelation can be viewed as alternative outcomes of the same self-
assembly process. These phenomena were broken down to molecular level events for a

better understanding of their differences.

When solute molecules are dissolved in a solvent, crystallisation rarely occurs
spontaneously, since a driving force is required.'® A common stimulus is a concentration
gradient from the solution to the surface of the growing solute crystal, which occurs
under supersaturation conditions, because such solutions are metastable.®® Crystals are

then formed via aggregation-nucleation-growth pathways.>> Even though nucleation and
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crystal growth occur in parallel, these will be described as consequent events to facilitate

understanding.'®

Self-assembly starts with molecular aggregation as a consequence of Brownian
encounters, which is followed by a very dynamic supramolecular rearrangement.”
Nucleation follows with the generation of the smallest particles of a stable phase capable
of growing, formed within the metastable mother phase.!® Critical nuclei sizes vary from
less than ten to several hundred molecules, depending on the substance.'® Simultaneously,
the small crystal surfaces in contact with the supersaturated solution promote crystal
growth.’® Solute molecules or ions diffuse through the solution to the growing crystal.
Upon reaching the surface, molecules or ions may be accepted and incorporated into the
crystal lattice.'® Crystal growth happens when the rate of deposition of molecules or ions
exceeds the rate of dissolution.’® Unfortunately, mechanistic understanding of nucleation
processes is still limited.”” Some defend that classical nucleation theory is an
oversimplification as there is growing evidence for two-step nucleation processes.'” 7!
Even though a number of studies support the two-step nucleation theory, this is not a

fully validated theory yet.

Gelation resembles crystallisation, having the common starting point in solution of
nucleation followed by crystal (fibre) growth (Figure 1.9a).*> 7> In contrast to
crystallisation, gelation is a unidimensional self-assembly process.?® During the growth of
fibres, thermal fluctuations prompt the growth of new layers with a deviated orientation
with respect to the surface structure of the parent fibre, designed as crystallographic
mismatch branching (CMB).”? The daughter fibres contain a certain degree of structural
mismatch with respect to the crystallographic orientation of the parent fibre (Figure
1.9b).2 The key mechanism governing crystal network formation is sequential growth,
branching and merging.’> 28 Fibre branching and merging occur at the junction zones.
Crystallographic mismatch nucleation and growth is controlled by thermal fluctuations,
thermodynamic driving forces, impurities, kinetics of surface integration and by specific

free energy.!?
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Figure 1.9. a) Formation of a fibre network based on the nucleation-growth-fibre branching mechanism. b)
Fibre growth is usually followed by branching at the surface of parent fibre tips, which occurs due to

crystallographic mismatch branching.1> 27

Even though gelation is a phenomenon comparable to crystallisation at the molecular
level, the resulting products display very different physical properties.?> 2 4 7 To date,
two approaches have been proposed to describe the thermodynamic nature of the gel

state.l?

In the first scenario, the crystalline state is considered an organised molecular
arrangement over large distances with well-ordered packing and it is the
thermodynamically most stable product.'® # The tridimensional extended structure of
crystals is considered more stable as it allows a higher number of stabilising interactions
in comparison with the unidimensional structure of the gel fibres.!” Therefore, the gel state
is considered metastable, and the metastability of gel products arises from the presence of

long gel fibres which results in an excess of interfacial free energy.'?

Quenching a hot solution fits into this initial interpretation of gelation. A decrease in
temperature produces a condition of reduced solubility with consequent supersaturation
and crystal growth.’® However, rapid cooling does not provide enough time for
crystallisation to occur, being anticipated by a gel transition.” This gel phase can hinder
the evolution of crystals within the solution.” Gelation is therefore colloquially termed as
incomplete or frustrated crystallisation.!” Formation of such thermoreversible gels follows
a multi-step evolutionary process.” As temperature is increased, the energy of the system
increases, which promotes Brownian encounters between particles. The solubility of the
gelator in the solvent is promoted by raising the temperature, increasing the entropy of
the system and culminating with full dissolution of molecules and formation of a clear
solution.®? Upon cooling of the solution, particles are forced to overcome the solubility

boundary and supersaturation drives aggregation via stochastic nucleation. During self-
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assembly processes, entropy is expected to decrease but quenching overcomes this
entropic cost.”* Particles start experiencing stronger attractive interactions, which
gradually strengthen their attraction and lead to the formation of growing clusters with
reduced solubility in the solvent.”” Under such conditions, anisotropic driving forces
dominate aggregation processes, and preference is given for gel formation over
crystallisation.'> 22 SAFiNs are therefore formed as a consequence of the delicate balance
between crystallisation and solubilisation.*” The processes involved in formation of this

kinetically trapped phase are represented in Figure 1.10.224

This scenario is supported by the observation of gel-crystal transitions in several
systems.* The reversibility of the non-covalent interactions involved can be exploited to
maintain the delicate balance of the interfacial tension at the fibre/solvent interface that
prevents crystallisation of the metastable gel, or to produce thermodynamically stable
crystals.?® 7 Depending on the depth of the activation barriers surrounding the gel state,
transition to the crystal state can be promoted and has been observed systematically.4 76-80
Some examples include the transition of an organogel of diphenylalanine in toluene into a
flower-like microcrystal by introducing ethanol,” and the transition of a hydrogel of a
pyridinium derivative into macroscopic crystals over time (hours to days).” With the
increasing awareness that gelation can be considered a kinetically-trapped phase,
functional groups began to be used as a means to manipulate the solubility parameters of
gelators, in an attempt to access this metastable state and take advantage of modified

solute-solvent interactions.8!
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Figure 1.10. Free energy diagram comparing the gel and crystal states. In this scenario, the crystalline state is
considered the thermodynamically most stable product, whereas the gel phase is considered arrested at a
metastable state that anticipates crystallisation when quenching thermoreversible gels. Energy of activation

(Ea), Gibbs free energy (AG). Adapted from references 2 45,
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The previous hypothesis is not always valid, and an alternative approach considers the
unidimensional structures formed in the gel state as the thermodynamic minimum." 4
Tuttle et al. (2016) argued that such products represent deep local minima surrounded by
high activation barriers, severely hindering the access to the global minimum (the crystal
state), as illustrated in Figure 1.11." Molecular dynamics studies backed-up their
hypothesis, showing preferential formation of 1D nanostructures.”” Indeed, when
molecules have well-defined solvophobic and solvophilic sections, there is preferential
formation of unidimensional structures over tridimensional crystals.’” Recently, they
developed a simple packing model that regards amphiphilic hydrogelator molecules
(Fmoc-Phe-Phe) as prisms, instead of the conventional spherical representation, and
showed that gel fibres did represent the thermodynamic equilibrium.”” Some examples
include the preferred packing of a naphthalene derivative hydrogel into columns, rather
than the crystal state, having close energies to the global energy minimum.* According to
Tuttle et al., self-healing gels are experimental evidence that gels are at the
thermodynamic equilibrium, but they accept also that such systems can represent a state
that can be reversibly accessed.! Their model is a significant contribution to the molecular
understanding of the hierarchical events that lead to formation of a nanofibrous network,
as it embraces both scenarios. They concluded that the thermodynamic minimum can be
either the gel or the crystal state, depending on the delicate balance between solvophobic

and solvophilic forces, the tendency to solubilise or crystallise and the molecular shape.”
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Figure 1.11. Schematic diagram of the free energy of gel and crystal states proposed by Tuttle et al., showing

that fibres can represent the thermodynamic minimum when surrounded by high activation barriers.'
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1.5.7.0ther gelation theories

Due to the complexity of the processes involved in crystallisation and considering how
challenging these are to be probed experimentally, other theories of crystallisation and
gelation have been developed.” Instead of regarding these processes as sequential, where
crystallisation follows gelation, Dixit et al. (2003) separate both events in terms of the
degree of rearrangement, as an attempt to rationalise the gel-crystal equilibrium in
proteins.!” 7 They argued that it is the rate of molecular aggregation and dissociation that
determines the outcome. When the rearrangement of particles is complete and particles
diffuse to locations where their energies are minimised, crystals are formed and the result
is an insoluble ordered network.” In contrast to the above, gelation is the product of
particles entrapped in non-equilibrium configurations. When the rearrangement of
particles is incomplete, instead of acquiring positions where their energy is minimised,
particles get trapped in amorphous aggregates or gels.” Clusters of particles trapped in
amorphous locations continually aggregate through strong and anisotropic interactions.
This is not always valid, as highly crystalline gels, resulting from extended well-ordered

interactions, have been frequently reported.'* 2

1.5.8.Gel aging

The metastability of supramolecular gels implies their evolution over time.® Besides their
high interfacial energy, these systems are also unstable due the constant balance between
molecular aggregation and the tendency to form solubilising gelator-solvent
interactions.” Gel aging can occur via a variety of processes.®® Over time, gels can undergo
Ostwald ripening, where smaller fibres are lost in preference for larger and more stable
structures, leading to a more robust gel, since the gel state is inherently less stable than its
macrophase separated state.®® In other cases, gel-crystal transitions can occur, as the
gelator molecules crystallise directly from the gel and the network is weakened or
collapses completely as a result of the growth of the new crystalline phase.® Similarly, gel-
gel transitions are also possible with gel systems becoming more homogeneous and

leading to more robust materials.”
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1.5.9.The importance of self-assembly pathways

It is increasingly recognised that a single molecular structure may give rise to various
superstructures making non-equilibrium kinetically controlled molecular assembly a topic
of significant current interest.®* 8 In kinetically governed self-assembly processes, the
outcome of self-assembly is dictated by the pathway rather than the free energy of the
final assembled state.® The final structure expresses the preferred self-assembled state
that reflects its preceding environmental conditions. Since nucleation and growth
mechanisms affect the microstructure of the gel matrix, Raeburn ef al. (2013) have showed
that kinetics and pathways of self-assembly dictate rheological properties of a variety of
supramolecular gels.® Gaining the control of the microstructure can be achieved
fundamentally by changing the method of assembly (pH, temperature, heating/cooling
rate) and therefore, tuning the gel material for the desired applications.? Hence, the
pathway dependence of the outcome of gelation should not be underrated when

developing gel materials.

1.5.10. The role of solvent

The importance of solvent properties is often disregarded when developing gelator
molecules. Roger’s group predicted the gelation behaviour of 12-hydroxystearic acid in a
variety of solvents and proved how the prediction of gelation behaviour can only be
successful if the chemical structure of the solvent and the solvent-gelator interactions are
taken into account.’” Solvent properties play a central role in determining free energy and
gelation efficiency, and in mediating aggregation and self-assembly of molecular
gelators.®> 72 Hence, solvent molecules affect nucleation and growth of fibres.” Moreover,
solvents” properties, as pH of the solution (which affects the competing solvation between
donor and acceptor sites of hydrogen bonds), salt effects, type of salt ion and ionic
strength (impacting on the strength of electrostatic interactions) have a huge influence on

the solvation effect.4 5272

To illustrate the importance of solvent in dictating gelation outcome, numerous attempts
have been made trying to correlate the solubility parameters of solvents with the gelation
ability of molecular gelators.”> 8% Amongst the most promising, and hence most

frequently used, are the Hansen solubility parameters.*> 7> These are a multi-parameter
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solubility term that accounts for dispersion forces (d4), dipolar intermolecular forces (0p)
and hydrogen bonds (6n) between molecules, and an associated Hansen distance (Figure
1.12).%6 48 These reflect the solvent’s ability of solvating and interacting with solutes and

are means to predict whether a certain solvent has the ability to dissolve a certain solute.*
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Figure 1.12. Schematic representation of Hansen solubility parameters (dispersion forces — 64, dipolar
intermolecular forces — dp and hydrogen bonds — on) in the 3D Hansen space and their correlation with
gelation outcome.” Dien et al. (2014) noticed a correlation between Hansen solubility parameters and the
ability of a sorbitol derived organogelator to gelate in various organic solvents. The results followed a pattern
of concentric spheres with the central solubility sphere being surrounded by spherical regions corresponding
to slow gelation, instant gelation and insolubility cases. This pattern highlights that gelation requires a balance

between solubility and insolubility.

Another predictive approach is the determination of the components of the molar Gibbs
free energy, enthalpy and entropy, for the dissolution of molecular gelators in certain
solvents, which can also be used to define the influence of the solvent on a chemical

equilibrium.# 72

1.5.11. Multi-component gel systems

Multi-component gel systems are composed of two or more molecules.>” 2 The
introduction of co-gelators or non-gelating additive molecules has been reported

previously to create an additional level of control and therefore allow tailoring the
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physical properties of gels through modifications to their supramolecular structure
(Figure 1.13a).°" %2 They can form gels only when combined, gel independently (Figure

1.13b) or have their properties modified in the presence of non-gelling additives (Figure

1.13¢) 5!
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Figure 1.13. a) Low molecular weight gelators form complex supramolecular structures through non-covalent
interactions. The introduction of additive molecules can either modify the physical properties of the hydrogel
(left) or prevent its formation (right). b) Supramolecular co-assembly and self-sorting processes can occur
when both molecules are low molecular weight gelators. ¢) When the additive is a non-gelling molecule, the

physical properties of the resulting gel material might be modulated. Adapted from reference .

When both molecules form gel networks on their own (Figure 1.13b), the resulting mixed
material is named multiple gelator system. It may be formed by interpenetrated structures
of the pure gelators, termed self-sorting, where the different gelator molecules do not
exhibit any interaction with each other and self-assemble separately.!” 5 % Moffat and
Smith (2009) reported a two-component system formed of dramatically different
morphologies of pure gelators, and showed that one of the fibres could be selectively
polymerised with the other fibre being subsequently washed away, giving rise to a porous
nanostructure.”® At the other end of the scale, gelators give rise to new intimately blended
mixed architectures, a process designed as co-assembly, where gelator molecules are
strongly coupled. 7 ' The resulting mixed fibres form new tridimensional structures or

one of the structures can act as the structural template for the mixed fibre.**

When weak interactions occur between gelator molecules, a range of interesting possible
behaviours arise.'” Furthermore, self-sorted and co-assembled structures might be present

on varying length scales, and the presence of each component can influence the outcome
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of the assembly of the other one. Since solubility constraints and kinetic factors dictate the
rate of formation of each process, there might exist temporal, as well as spatial separation
of the different assemblies.!” Self-sorted and co-assembled orthogonal materials may be
physically entangled only at longer length scales.”” Buerkle and Rowan (2012)
hypothesised that gelators with different molecular structure, size, chirality and/or self-
assembly properties would show a tendency for self-sorting, whereas similar molecules
should present a thermodynamic preference to form mixed assemblies.>® They also

accepted the co-existence of self-sorted and co-assembled structures in a delicate balance.*!

Self-assembly in the presence of non-gelling additives can equally impact gel properties
(Figure 1.13c).5" Such molecules can be added with the purpose of fine tuning of the
thermo and mechanical properties of the resulting system, modifying the morphology of
supramolecular assemblies, introducing functionalisation, stabilising the gel matrix
and/or preventing gel-crystal transitions.” Occasionally, the addition of these molecules
can interfere with self-assembly processes and fully prevent gelation.5' It was found that
some drugs (diclofenac and methotrexate) hinder or retard gel formation of a gemini

imidazolium-based amphiphile, in contrast with ibuprofenate and indomethacin.”

For these reasons, multi-component materials exhibit more sophisticated functionality
and morphology. Generally, the introduction of molecules into single gelator materials
provides greater level of control of the outcome, whether these have themselves gelling
properties or not. Therefore, understanding at the molecular level the structure of multi-

component hydrogels provides opportunities for the design of customised soft materials.

Despite the theoretical understanding of multi-component gel materials, Draper and
Adams (2016) defend that, at the moment, the scientific community is still not able to
“directly image multi-component self-sorted networks on a longer scale, and show clearly
whether the self-sorting is just a local phenomenon or rather that the assembly is truly
made of two distinct fibrous networks. The properties of the resulting gel will also greatly
depend on how the two networks co-exist; are they present as a genuinely
interpenetrated, distinct two-network system, or, for example, does one network template
the other? Do the fibres formed from one gelator prefer to entangle with themselves, or is
there no discrimination at that step? These are questions that have until now been beyond

our capability to answer.”.%
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Kumar and Steed stated in 2014 that “thermodynamic self-assembly has been used to
construct complex self-assembled architectures, given access to nanoscale molecular
containers and, in some cases, functional molecular devices such as shuttles, rotors and
switches. Crucially, however, systems produced by equilibrium self-assembly are ‘dead
ends’ as far as exhibiting complex, emergent or adaptive behaviour. Nature relies on
equilibrium self-assembly. However, Nature’s systems are much better characterised as
being self-organised, exhibiting dynamic and adaptive properties that are far from
equilibrium”.”? Here, Kumar and Steed described the dynamic behaviour of

supramolecular gels and defended their development.
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1.6. Characterisation techniques

Supramolecular self-assembled materials are hierarchical structures that combine
domains with drastically different degrees of ordering and molecular mobility, making
their full characterisation a significant methodological and experimental challenge.!? 6 %
Whereas some techniques can probe local assembly, giving an insight into the packing of
the individual building blocks, it remains a challenge to determine longer length scales of
organisation.” Hence, the combination of a wide range of methods is needed, as
microscopy, rheology, diffraction and nuclear magnetic resonance (NMR) (Figure 1.14).%%
%7 These are combined to provide a more complete understanding of the physical
properties of these heterogeneous materials, including their thermal behaviour,
mechanical stability, packing motifs, intermolecular interactions and molecular

environments.%”
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Figure 1.14. Characterisation techniques able to investigate the hierarchical organisation of supramolecular

gels, highlighting the presence of several length scales of organisation.

1.6.1.Wet vs. dry gel samples

For supramolecular gels, preference is usually given to the techniques that do not require
processing the sample over techniques that require solvent removal, freezing or staining.*
Drying/staining artefacts may be incorporated and profoundly modify the physical state

of the material, which is an object of study.**® During drying processes, gelator molecules
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and fibres have time to diffuse and rearrange, resulting in fibre bundling and changes in
morphology.* Moreover, removing the solvent changes local concentrations and therefore
modifies solubility equilibrium. Methods that rapidly freeze the sample — as cooling
under cryogenic conditions or with supercritical carbon dioxide — avoid the incorporation
of morphological changes at the intermolecular and interfibrillar length scales and retain

the original SAFiN structure with relative good confidence.*

Furthermore, some cases have been reported in which the removal of solvent promotes
crystallisation.* Dastidar and co-workers showed that the molecular packing of the gel
fibres based on imidazole derivatives was affected by drying and promoted a transition to
a different polymorph.” Consequently, some authors defend that observations acquired
on dried samples are not reliable as they do not provide information regarding the real
(native) morphology of the aggregating structures.” However, valuable information can
still be obtained if experiments conducted in the dried state are validated by

complimentary techniques performed in the fully solvated sample.#

1.6.2.Macroscopic determination

The initial characterisation of a gel is frequently performed by visually assessing whether
the material is able to withstand its own weight when inverting a vial, named vial
inversion test.5 ¢ This methodology can be used to determine the concentration that
prompts spontaneous fibril formation, termed critical gelation concentration (CGC), and
the temperature above which a thermoreversible gel loses its self-supporting ability (or
structural integrity), designed as the gel-to-solution transition temperature (Tge1).” Tget can
also be determined using the “dropping ball” experiment (the temperature at which a
small metal ball breaks through the gel), differential scanning calorimetry (the heat of gel
melting or formation), circular dichroism and rheology.® Differential scanning
calorimetry provides information on the thermodynamics of the system, mainly clarifying
the thermal energy associated with certain phase transitions.®® Besides this,
thermogravimetric analysis can be applied for quantification of the mass lost by solvent

evaporation or degradation.

Different techniques will detect different transitions, hence reflecting a broad scope of

processes that occur at different temperatures. The combination of results from these
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different methodologies provides useful information.®® Despite the straightforward
interpretation of such measurements, these can give only an initial indication of fibre
strength and stability of intermolecular interactions, as their determination is highly
dependent on the measurement protocol (i.e., sample volume, vial diameter, heating rate

and history of the gel).4 7

1.6.3.Rheology

A more quantitative determination of gel strength is the determination of its dynamic
mechanical properties using rheology studies. According to Piepenbrock et al. (2009),
viscoelasticity might be the most important defining feature of a supramolecular gel, as
rheology is the only reliable method of determining whether a material is a gel.> * More
importantly, rheological properties are crucial in determining whether a biomaterial is

potentially suitable for biomedical uses.

This methodology determines the deformation and flow of the material in response to an
applied force, determining the viscoelasticity of the system.®® The mechanisms by which a
gel rearranges to accommodate external stress are influenced by the microstructure of the
gel which, in turn, is reflected by a macroscopic rheological response.* To fully correlate
viscoelastic parameters with internal structure it is necessary to probe the different time
scales of mechanical deformation present.” * For many soft materials, the typical time it
takes the material to adjust to an equilibrium stress after an applied deformation lies
between milliseconds and minutes.!' Therefore, oscillatory measurements are performed
with frequency and amplitude sweeps. The most common setups are parallel plates and

cone and plate geometries (Figure 1.15a,b).

Real soft materials as gels possess the elastic properties of ideal solids and the viscosity
properties of Newtonian liquids (Figure 1.15c).'" 12 Due to this intermediate mechanical
behaviour,!" # their phase angle (9) values range between 0° and 10°.> ¥ Kramer and co-
workers” rheological description of gels claims that the loss modulus (G") should be

considerably smaller than the storage modulus (G') in the plateau region.!® For robust

gels, an order of magnitude difference between G’ and G” values is expected,i;—, ~0.1.11,284
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Figure 1.15. Schematic representation of a) parallel plate and b) cone and plate geometry setups. The sample is
placed between both surfaces and while the top plate or cone rotates the bottom plate remains stationary. c)
Schematic stress response to oscillatory strain deformation for an elastic solid, a viscous fluid and a

viscoelastic material, where Jis the phase angle. Adapted from reference ',

1.6.3.1.  Relationship between viscoelasticity and mesoscopic organisation

Knowledge of the relationship between viscoelastic properties and nanostructure allows
one to finely engineer gel stiffness according to intended applications.'> 2 Raeburn et al.
(2013) reviewed the relationship between nano and microscale organisation of a
supramolecular gel network and the resulting mechanical properties.?® Their main
findings showed that rheological properties were mainly determined by fibre thickness,
degree and distance of fibre branching (correlation length, &) and number and type of

non-covalent cross-links between fibres (Figure 1.16a,b).28 97,102

Cross-links at the junction zones can arise either from entanglement or branching of
fibres.? Lan ef al. (2015) defended that junction zones and branching of fibres serve as the
“glue” that combine fibres into tridimensional networks and are therefore responsible for
the rigidity of the microstructure of gel networks.>? Junction zones break and reform
before the bulk of the fibres when a mechanical strain is applied, hence Weiss (2014)
attributed to them great importance when designing gels that are desired to melt at high

temperatures, are thixotropic or rheologically strong.t Even though junction points
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represent only a small fraction of the gel network, the importance of studying them lies in
the fact that these are considered more disordered and less elastic than the rest of the
fibre.** The mode of molecular packing at the junction zones remains a piece of missing
information, due to the lack of useful methodologies that directly study these intersection
points.“ However, elasticity is dominantly affected by the number of permanent junctions
as branching points, because transient fibre interpenetration has a much less marked
role.?® Overall, these features dictate gel dynamics, which is influenced by the strength
and lifetime of bonds between gelator molecules and is therefore responsible for

accommodating external stress.”” 1%

The distribution of the gel fibres at larger length scales, designated as gel microstructure,
was also shown to be determinant.'> 2 Moreover, since self-assembly processes dictate
primary nucleation and hierarchical growth of fibres, it was consistently reported that
supramolecular organisation (and, consequently, mechanical properties) is conditioned by
the process (and primarily kinetics) of self-assembly.'> ¢ Since nucleation centres occur
simultaneously, the majority of gel materials are formed by individualised multi-domains.

The level of interpenetration between domains is known to affect gel strength.'> 73
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Figure 1.16. a) Factors that determine gel strength, adapted from reference 7. Raeburn et al. (2013) found that

rheological properties were mainly determined by fibre width, degree and distance of fibre branching and
degree of fibre interpenetration. b) Transmission electron microscopy image of a freeze-dried sample

prepared from a a-manno/p-xylene gel, highlighting the same features in a real fibre.
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Li et al. (2005) found a strong correlation between rheological properties and correlation
length (&) for a model small molecule organic gelator, N-lauroyl-L-glutamic acid di-n-
butylamide, in isostearyl alcohol (Figure 1.17a).7> 12 A higher G' value resulted from
increased density of branching points or smaller £.7 Later, in 2009, Shi et al. showed that
G' increased monotonically with the junction density (number of junctions per network
area) (Figure 1.17b).12 The importance of these factors could be visualised in Figure 1.18,
where they showed the processes of stress distribution in the gel networks with variable

fibre lengths (and therefore, different &).
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Figure 1.17. a) Maximum of storage modulus (G'max) as a function of correlation length (&) for N-lauroyl-L-
glutamic acid di-n-butylamide gels in isostearyl alcohol.” b) Simulation of storage modulus (G') as a function

of junction density for N-lauroyl-L-glutamic acid di-n-butylamide gels in isostearyl alcohol.'®

Figure 1.18. Stress distribution in networks with a) long fibre length (long &) and b) short fibre length (short
€). From red to blue, the stress distribution varies from maximum to minimum, respectively. When the fibre
length is long (a) the stress is distributed over a large area, while, whereas when the fibre length is short (b)

the stress distribution occurs mainly along several radii.!”
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1.6.4.Morphology of self-assembled fibrillar networks

Gel morphology encompasses fibre shape, surface, width, length and entanglement, and
can be characterised by a variety of microscopic techniques.”” Polarised light microscopy
images have the unparallel advantage of being recorded on solvated samples, avoiding
the introduction of drying or staining artefacts. In these studies, several fundamental
processes can be monitored, such as formation of macroscopic centres of fibre formation,
fibre growth and branching and birefringence'®* (intimately linked with molecularly
ordered materials). When these instruments are coupled to a temperature unit, hot stage
microscopy can be performed and allows to follow dissolution/melting processes and to
determine Tg. Their resolution is however limited by the limit of the wavelength of

visible light, having a resolution at the micrometre level.®

Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) have
nanometre and sub-nanometre resolutions, respectively, but require drying and/or
staining of the gel samples.” Drying might allow nanoscale reorganisation, whereas
coating molecules have the potential of interacting with the gel molecules, potentially
leading to distortion of the original assemblies.®® 7 Cryogenic SEM (cryo-SEM) and cryo-
TEM enable the analysis of soft materials in a pseudo-native state, since the samples are
quickly frozen to prevent molecular rearrangement.?”” Cryo-tomography methods are also
being developed to investigate the structure of cells with a depth resolution lower than 10
nm and may be soon possible for the study of molecular gel samples.* Nevertheless, in
order to allow visualisation of the gel fibres without sample processing, environmental
SEM was developed, but the cost of the instruments still prevents its widespread

utilisation.%”

Atomic force microscopy (AFM) produces high resolution images of structures that can
range from nano- to submillimetre length scales.” This technique does not require sample
coating and can be performed with solvated samples, although analysis is facilitated upon
drying.®® Nonetheless, this is a contact microscopy technique and the soft surface of these
materials may be modified (apparent flattening, change of shape, distribution or
connectivities between fibres) when interacting with the cantilever during AFM

measurements.?> 7 An alternative has been performed in materials immersed in a liquid
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by Whitten and co-workers, in which they successfully monitored in situ aggregation and

fibre formation of a steroid gelator in octanol.!%

Therefore, the selection of the microscopic technique strongly depends on the physical
properties of the gel sample and the type of information required. However, complete
understanding of gel morphology usually requires the combination of the available
microscopic techniques.” Development of future instrumental and sample preparation

techniques should make imaging of gel networks using cryo-techniques more routine.
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Figure 1.19. Overview microscopy images of nanocellulose samples acquired using a,d,g) atomic force

microscopy, b,e,h) cryo scanning electron microscopy and ¢,f,i) transmission electron microscopy.!%

1.6.5.Circular dichroism spectroscopy

Circular dichroism (CD) spectroscopy is based in the differential absorption of left and
right circularly polarised light by chiral structures, giving rise to a spectrum. It is a very
sensitive and quick instrumental method, being more powerful than other absorption
spectroscopies (as UV, VIS and IR).” 17 CD can provide an insight into the nanoscale

assembly of supramolecular chiral structures. This information is usually “encoded”
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within the chirality of the gelator molecule and then conditions the orientation of the
supramolecular assemblies.”” 17 This is expressed at larger scales in the morphology of the
self-assembled fibres. Each supramolecular assembly has a characteristic wavelength,
making it is possible to conclude on the conformation of macromolecules. The wavelength
range typically examined for supramolecular gels is between 200 and 600 nm. This
technique also allows monitoring kinetics and thermodynamics of self-assembly,
conformation and structural changes and enables concluding on the interactions
responsible for molecular stacking. As molecular chirality favours unidirectional

assembly, many gelator molecules contain chiral centres.?” 107

1.6.6.Powder X-Ray diffraction

Powder X-ray diffraction (PXRD) enables the elucidation of crystal structures forming gel
networks.?> ¢ This knowledge can contribute for identifying the main supramolecular
interactions (synthons) responsible for SAFiN formation, enabling the rational design of

gelator molecules.??

This technique gives information on the long range ordering of materials.®® Crystals with
precise periodicities over long distances give rise to sharp and clear diffraction peaks in
PXRD patterns. Crystals with defects (such as impurities, dislocations, planar faults,
internal strains or small precipitates) also have distinct diffraction patterns, but display
broadened, distorted and weakened diffraction peaks. Contrarily, the absence of an
ordered arrangement in amorphous materials results in considerably broad peaks. Some
supramolecular self-assembled networks are amorphous, and their lack of a well-defined

tridimensional organisation makes structure determination very challenging.!2 108 109

Independently of how ordered the fibres are, PXRD is an effective method of finding out
the structural packing motifs of the gelator molecules in the solid state.”” But growing
single-crystals of a gelator molecule is extremely difficult. Recording good quality
patterns of gel fibres in the native form suffers from the scattering contribution of the
solvent molecules and from the inherent disorder of the less crystalline nature of the gel
fibres.!® Hence, Weiss and co-workers developed a method of obtaining PXRD patterns in
the wet state of gels, overcoming the issues associated with drying and the scattering

contribution of the solvent molecules.! To better discern the PXRD peaks that arise from
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the molecular packing of gelators, they subtracted the amorphous PXRD background
from the solvent with neat liquid to the pattern acquired on a wet gel sample,
PXRDwet get = PXRDsolvent = PXRDsibres (Figure 1.20).1° The remaining signals were used to
obtain information about the molecular packing of fibres and indexed to produce unit cell

parameters.*
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Figure 1.20. Powder X-ray diffraction patterns of “gel — sol” (which corresponds to the subtraction of the
diffraction pattern of the neat solvent to the diffraction pattern of the wet gel, as described by Weiss!\), wet
gel, xerogel, bulk reference solid and simulated pattern from single-crystal data of an imidazole derivative,

highlighting the difference between the supramolecular organisation of the gel and the neat crystals.*

Adams and co-workers defend that “an important question is the relationship between
the tridimensional packing of the gelator molecules in a crystal and the (possibly) less
ordered aggregates leading to gels”.* Similarities between the packing arrangement of
gels and crystals have been reported and are described below, suggesting a close
relationship between both states.!> 22 4 18 Ostuni et al. (1996) were able to indirectly
determine the molecular packing within the gel fibres, because of the good agreement
found between the PXRD pattern of the fibres and the powder pattern simulated from the
single-crystal data.?> 1" Moreover, it was reported that a sugar-biphenyl metastable gel in
a water/dioxane mixture phase transitioned into a crystalline state with similarities to the

single-crystal.""" In addition, Trivedi et al. (2005) found identical PXRD patterns for the
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xerogel, the bulk solid as well as that simulated from the neat crystals of
secondary ammonium salts (Figure 1.21)."2 The correlation between the crystal structure

of molecules and their ability to gelate is especially important for crystal engineering.?

Dastidar disagreed with Adams and defended that “the crystal structures of the neat
gelator and the gel fibres in the native (gel) state do not need necessarily to be identical
and therefore, such a correlation between the neat crystal structure and gelation ability
may not be that relevant.”.?2 There are some examples in literature where the structure of
the gel formed does not correspond to any of the known crystals.?> 8 Dastidar and co-
workers obtained a gel from imidazole derivatives in nitrobenzene, with the crystal
packing of the gel fibres in its native environment being different from that present in the

neat crystal and the bulk solid (Figure 1.20).%
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Figure 1.21. Powder X-ray diffraction patterns of the xerogel, bulk reference solid and simulated from single-
crystal data of a secondary ammonium salt, highlighting the similarity between the supramolecular

organisation of the gel and crystal structure.!1?

Sub-nanometer resolution might be achieved in the near future for structural
characterisation of molecular gels, as it has been demonstrated recently that it is possible
to obtain synchrotron-derived data on multiple, unoriented, sub-micrometer-sized
crystals.® Also, cryocrystallisation techniques can be conducted using sub-micrometer-
sized crystals, overcoming current issues with the small sizes of the gel crystals.
Moreover, pulsed X-ray free electron lasers are currently being used to attain near atomic

resolution of structures in micrometre-sized crystals. Although these approaches have

63


javascript:popupOBO('CHEBI:47704','B504969E','http://www.ebi.ac.uk/chebi/searchId.do?chebiId=47704')
javascript:popupOBO('CHEBI:47704','B504969E','http://www.ebi.ac.uk/chebi/searchId.do?chebiId=47704')

focused on molecules with biological relevance, they should be soon applicable to
investigate fibres of molecular gel networks. This is a step closer to getting atomic-level

resolution and detailed structural packing of fibres.*

1.6.7.Computational techniques

Computational approaches are currently used to simulate molecular and atomic
behaviour based on fundamental descriptions of orbitals (ab initio quantum mechanics),
experimental data (a priori molecular mechanics) or these use a combination of both (semi-
empirical methods).” Computational approaches play an important role in the
investigation of interactions between the gelators, which considerably helps
understanding gelation mechanisms.” Moreover, possible modes of aggregation for
gelators can be identified by using high level energy minimisation and molecular

dynamics calculations.””

Determining gelation of small molecules is still an empirical science, so molecular
modelling hopes to overcome this obstacle.’ The main goal of crystal engineering is to
understand intermolecular interactions in the context of crystal packing and the
application of such understanding in the design of new molecular solids with desired
physical and chemical properties.? It is important to identify supramolecular spatial
arrangements of intermolecular interactions that are frequent enough to ensure generality

and predictability of the resulting solid.??

1.6.7.1.  Crystal structure prediction

Crystal structure prediction (CSP) methods calculate the preferred solid state assembly of
organic molecules using a global search of the lattice energy surface. % This global
optimisation approach explores the molecular packing possibilities and predicts low
energy crystal packing arrangements by sampling all possible crystal packing motifs with
different molecular conformations, unit cells and space group symmetries.* It seeks to
locate and assess the relative stabilities of all possible ways of packing molecules into
ordered crystal structures, taking no account of the required kinetic pathways to form

these structures.'® In the end, it generates an energy ranked list of the most favourable
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crystal packing possibilities of a molecule, designed as the crystal energy landscape.*> 1%
This is a powerful approach for exploring the solid state structural landscape of molecules
and can give an insight into possible polymorphism, as well as hydrate formation and

gelation.

These calculations have recognised accuracy in building the structural landscape for
small, rigid molecules, but some groups have extended recently the applicability of these
methods to more complex, flexible molecules.* CSP methods are currently very efficient
in predicting structures of molecular solids.!®* Even though CSP calculations have been
applied to challenging molecules, due to the size and possible conformational
flexibility of complex molecules, the extent to which their crystal packing
possibilities can be sampled is limited.!®® Moreover, CSP generates perfect
crystalline arrangements of the molecules, which might not correspond to the true

packing motif that is present in the gel fibres.!%

Since computational approaches yield hypotheses that must be proved experimentally,
CSP calculations are usually followed by simulating a PXRD pattern and comparing it
with the observed pattern of the xerogel.* ¥ Additional information on the molecular
packing of gelator molecules at the atomic resolution level can then be obtained if the
theoretical PXRD pattern of a single crystal of the gelator matches the diffraction pattern
of the gel.# Currently, solving the crystal structure of gel fibres ab initio from its

polycrystalline PXRD data is not routine yet and requires use of synchrotron beam line.?

To fully characterise gelation it is important to study how molecules associate at the
different stages of their self-assembly processes.?® As CPS solely studies the final
assemblies, density functional theory, molecular dynamics and other types of calculations
are being used to discern the details of association between molecular gelators at earlier

stages of their aggregation.#

1.6.7.2.  Molecular dynamics

Considering the existing conformational changes during time-dependent self-assembly,
molecular dynamics (MD) simulations are more favourable than simple energy
minimisations to study self-assembly of gelators."* Besides providing atomistic

information on kinetics, thermodynamics and time evolution of molecular conformations,
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MD can also remove unfavourable interactions that remain after energy minimisations.
Therefore, MD overcome the minimisation’s inadequacy in predicting the entropically
favoured conformations and therefore has been widely used in self-assembly studies. Mu
et al. (2013) applied MD calculations to study the self-assembly of a Fmoc-dipeptide and
they showed that Fmoc-Ala-Ala molecules assemble into well-defined fibril structures
independently of the starting conditions. These computational data were validates by

PXRD experimental findings.!

1.6.8.NMR spectroscopy

Nuclear magnetic resonance (NMR) provides structural and dynamic information about
molecular and supramolecular structures, based on short range interactions between
nuclear spins.** > Detailed description of the fundamentals of NMR spectroscopy can be
found in Chapter 2 (section 2.3, page 89). This is a minimally invasive technique, yet very
powerful, that allows the study of samples in their native state with negligible effects on

the original supramolecular organisation.>

1.6.8.1.  Timeline of NMR techniques in the study of soft materials

There has been significant interest in the characterisation of gels using NMR spectroscopy
in the last decades, so only the pioneering and most important applications are described
here (Figure 1.22).# These discoveries came hand in hand with the interest and
subsequent investment in the field of gels, which started in the 60s but only grew
exponentially after the year of 2000.% The field saw its evolution limited by technological

and instrumental advances of NMR spectroscopy.
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Highly resolved '*C solid-state NMR spectra of swollen polymeric gels by
Schaefer

Solid-state 'H NMR relaxation studies conducted at variable temperature and
concentration of agarose gels by Child and Pryce

Solid-state measurements of self-diffusion coefficients at variable temperature
and concentration of agarose gels by Derbyshire and Duff

Calculation of correlation times from solid-state *C NMR T;, T, and nOe
measurements of cross-linked polysterene gels by Yokotaet al.

Solid-state ZH NMR experiments of wet poly(DL-lactide-co-glycolide) gel by
Schmitt et al.

Highly resolved 'H-PC CP/MAS spectra obtained when spinning swollen
polystyrene gel by Ford et al.

Combination of 'H-?*C CP/MAS and PSI/MAS to identify dynamics on
poly(vinyl alcohol) gels by Kobayashi et al.

Well-resolved 'H-1*C CP/MAS solid-state NMR spectra on wet supramolecular
gels of 1,2-bis-urea benzene derivatives by Schoonbeek et al.

2D H-'H NOESY spectra of supramolecular gels of geminal bis-urea by
Behanna et al.

STD NMR experiments of supramolecular hydrogels of glutathione by
Mahajanet al.

'H PFG HR-MAS NMR experiments of supramolecular gels by Iqbal et al.

Figure 1.22. Pioneering studies on the characterisation of gels using NMR spectroscopy conducted by
Schaefer,!'¢ Child and Pryce,!”” Derbyshire and Duff,"'® Yokota et al.,""® Schmitt et al.,’®® For et al.,’*' Kobayashi et

al.,'?2 Schoonbeek et al.,'? Behanna ef al.,'** Mahajan et al.,'? and Igbal ef al.."'5

NMR spectroscopy was firstly used in the study of gels after being well established in the
characterisation of biological systems, due to their similar viscoelasticity and high water
content.* At an early stage, 'H NMR experiments were not useful for the characterisation
of polymeric networks, since their rigid fibres gave rise to broad signals.® In 1971,
Schaefer swelled the network of polymeric gels with solvent and C peaks became

sufficiently resolved to obtain structural information from high-resolution pulsed *C
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NMR spectra.’’® After Schaefer established C NMR as an alternative to 'H NMR

experiments, these studies dominated the field of investigation of polymeric gels.'?

In 1972, Child and Pryce relied on '"H NMR spectroscopy, monitoring molecular motions
throughout the sol-gel transitions by measuring 'H NMR relaxation times of water and
polymer chains of agarose hydrogels.!” This study introduced the idea of understanding
gelation mechanisms (which are very dynamic and environment-dependent) by varying
experimental conditions. This prompted numerous measurements of 'H NMR relaxation
times and self-diffusion coefficients at variable temperature, concentration, field strength
and/or hydration level of agarose gels, used as model materials to investigate the role of
water in soft materials, namely in biological systems."® 27 Consequently, these authors
identified the presence of exchanging water molecules between bulk water and bound to

macromolecules and started trying to quantify these fractions.!® 127

With this goal in mind, 2H NMR solid-state experiments became more popular for
identification and quantification of water in polymeric networks.’? 2H NMR spectroscopy
allows for distinguishing between different types of molecular motions by observing the
variation in the typical pattern that arises from quadrupolar interactions.*® Despite being
complex, quadrupolar interactions convey valuable dynamics information.*> When D20
molecules are free, the quadrupolar interactions are averaged to zero as a result of rapid
molecular motions and narrow singlets are observed, whereas anisotropic water
molecules interacting with a solid have their molecular rotation hindered, which results in
a doublet.’> 120 Since decreasing the mobility of a sample results in the typical Pake
Pattern, different types of molecular motions can be distinguished by observing the
variation of the typical pattern as a function of temperature.*® Using D20 as a probe for
investigating water environments was imported by Schmitt et al. (1994) from McCall’s
studies in solids.’?® They successfully quantified the two types of water present: bulk
water with free rotation (narrow signal) and bound water with hindered rotation (broad

signal) (Figure 1.23a).120
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Figure 1.23. Solid-state 2H NMR spectra acquired on poly (DL-lactide-co-glycolide) 50:50 containing a) 1.17 %
of 2H20, b) dried under vacuum and c¢) dried further under high vacuum, using a 300 MHz solid-state

spectrometer.'?

The different segmental motions in cross-linked polymeric hydrogels were fully
characterised by Yokota et al. (1978), in order to understand the various factors that
determine chain mobility in gels."’” With this in mind, they calculated rotational
correlation times from the measurement of 3C Ti, T> and nuclear Overhauser effect (nOe)
at variable hydration, temperature and cross-linking degree, according to the equations
developed by Doddrell et al. (1972).1° 1% This is the first example in the literature of the

application of nOe in the study of gels.

With the purpose of improving resolution in the solid-state, Ford et al. later attempted to
obtain 'H-*C CP/MAS NMR spectra from CDCls-swollen polystyrene gels spinning at 2
kHz using conventional Kel-F rotors, but they encountered several practical challenges,
such as leaking of the solvent.?! After several unsuccessful attempts with sealed glass
tubular inserts, they decided to fuse the Kel-F cap to the insert to prevent leakage.’?! In
1985, they successfully demonstrated it was possible to acquire high-resolution "H-3C
CP/MAS solid-state NMR spectra when spinning swollen polystyrene gel at an MAS rate
of 4 kHz (Figure 1.24).1!
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Figure 1.24. First highly-resolved 'H-3C CP/MAS NMR spectrum acquired on CDCls-swollen polystyrene gels

using an MAS rate of 4 kHz and a 25 MHz solid-state spectrometer (**C line widths < 15 Hz).!2!

This was followed by Ginter et al. (1989) work, who improved the previously reported
approach using conventional MAS rotors sealed by endcaps containing O-rings instead, to
overcome the difficulties in obtaining axisymmetry distribution and avoid using non-
reusable sealed inserts.’® They obtained highly resolved C and *Si peaks for
poly(ethylene oxide) gels in water, comparable to a liquids probe.’*! They were the first
authors to report the presence of two sets of superimposed peaks, with sharper
resonances overlapped with a broader one, attributed to the presence of two distinct
components in the gel, mobile and immobile.’3! Similarly, Kobayashi et al. (1995) focused
on the study of mobile and immobile structures. They investigated the amount of
hydrogen bonds between interchains of poly(vinyl alcohol) gels to determine dynamics of
polymer chains using the complementarity of C CP/MAS and *C pulse saturation
transfer (PST) MAS at variable concentration. In PST/MAS, nOe enhances 3C
magnetisation for the mobile components, whereas in CP/MAS strong heteronuclear
dipolar couplings are responsible for enhancing *C peaks from rigid structures. They
established the potential of 13*C CP/MAS experiments in the detection of immobile and less

rigid components in soft materials.'??

Studies conducted on polymeric gels formed the basis for the investigation of many
molecular gels.’®? Solid-state NMR studies of molecular gels is not a straightforward
task.!® Recording CP/MAS NMR spectra of supramolecular self-assembled materials is
difficult due to centrifugal disintegration of the sample, low crystallinity and very low
gelator concentration.’®? In 2000, Schoonbeek et al. showed that supramolecular gels can
be studied in their native state. They successfully acquired well-resolved 'H-°C CP/MAS

NMR spectra on gels composed of 1,2-bis-urea benzene derivatives in toluene, avoiding
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introducing drying artefacts, hence establishing the potential of this technique in the
tield.'?% 133 Even though the spectra acquired in the native state had poor signal-to-noise
ratio, they found a very good agreement between the solid and the gel spectra.'? Since
CP/MAS relies on strong dipolar couplings, typical of rigid components, these
experiments probe exclusively the gel fibres.*® Kolehmainen’s group followed by
combining solid state '"H-3C CP/MAS NMR, PXRD and thermo analytical techniques, and
they managed to find out the packing pattern of molecules within the gel fibres of esters
of cholic acids.'”” Consequently, this unlocked several advanced and multidimensional

solid-state experiments that can now be conducted in the gel state of molecular gels.
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Figure 1.25. First 'H-*C CP/MAS NMR spectrum acquired on a wet supramolecular gel of a 1,2-bis-urea

derivative toluene-ds, using an MAS rate of 1.8 kHz and a 400 MHz solid-state spectrometer.!

The potential of nOe-based experiments in the characterisation of molecular gels was
recognised by Stupp’s group.’** They performed 2D NOESY experiments in gels of
amphiphilic peptides and the presence of negative nOe enhancements at very low mixing
times proved the presence of aggregates and showed close contacts between protons of
different amino acids, supporting the conclusion that these molecules co-assembled
within the same nanofibre.’?* Consequently, this enabled more advanced NMR studies on
supramolecular gels to be performed, such as 2D "H-"F HOESY.!* Afterwards, Mahajan et
al. (2005) imported into the gel field a ligand-based experiment conducted during protein
studies, namely saturation transfer difference (STD) NMR spectroscopy.'?> They proved
the applicability of the technique to molecular gels by determining site-specific
interactions between water and the rigid network of supramolecular hydrogels of

glutathione.'?
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Some of the studies described before contributed to recognition of MAS in increasing
resolution in materials that are not strictly solids by averaging differences in magnetic
susceptibility and residual dipolar couplings.’® Consequently, a hybrid probe started
being developed especially for soft materials in the mid-90s.1> It was named high-
resolution magic-angle spinning (HR-MAS) NMR spectroscopy. As this powerful
methodology was developed, its potential to gain insight into gelation of supramolecular
gels was identified in 2008.1% Brand et al. found a clear relationship between the variation
of the diffusion coefficients acquired at variable temperature and the sol-gel transition.!3
However, they struggled to accurately determine the relaxation times for the different
species, mainly due line broadening upon gelation.’®* Two years later, Igbal et al. (2010)
successfully studied the role of the solvent’s polarity in the process of supramolecular
assembly to unravel the network’s mobility.!"> In order to overcome the problems initially
encountered by Brand et al., their approach involved the use of pulsed-field gradient
(PFG) experiments.!> The application of a diffusion filter in the pulse sequence enabled
the elimination of undeniable signals from free gelator molecules."”> The comparison
between the spectra obtained with and without the diffusion filter therefore allowed the
identification of flexible and semi-solid structures.’® The intensity of the signals decreased
considerably after the application of the diffusion filter (Figure 1.26a) indicating that the
signals observed before (Figure 1.26b) corresponded mainly to free non-aggregated
gelator molecules."® The reduction of peak intensities was more evident for the aromatic

protons, suggesting that aliphatic groups were grafted onto the fibres.!s
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Figure 1.26. '"H HR-MAS NMR spectra acquired on supramolecular gels a) with a 50 % diffusion filter and b)

without a diffusion filter, using an MAS rate of 4 kHz and a 500 MHz spectrometer.!!>
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This timeline highlighted the metamorphic nature of NMR spectroscopy. The progress in
NMR methods and techniques (high field, fast magic-angle spinning (MAS), pulse
sequences for high-resolution, sensitivity enhancement techniques for faster acquisition)
has given access to the resolution and visibility of structural features, even for complex
(soft) materials.'’” Currently, NMR characterisation of supramolecular gels is very well-
established, with the hierarchical levels of self-assembly and the different length scales of
organisation being fully described utilising solution, solid-state and HR-MAS NMR
spectroscopy. It is the combination of an extended library of NMR experiments that
reveals the hidden structure, dynamics, exchange and interactions between gelator,

additives and solvent molecules in supramolecular gels.

1.6.8.2. Solid-state NMR Spectroscopy

Solid-state NMR has the ability of probing mobility of molecular regions of gels, since 1*C
experiments are modulated by molecular motions. It is commonplace to combine findings
from "H-3C CP/MAS and single-pulse *C excitation MAS NMR to investigate motionally

heterogeneous materials.

'H-13C CP/MAS signals arise from carbons strongly dipolar coupled to protons, typical of
rigid structures. Intermediate molecular motions, as those encountered in gels, can affect
the cross-polarisation transfer efficiency via the motional modulation of 'H-*C dipolar
interactions (ca. 20-30 kHz), leading to reduction of signal intensity. This loss of signal can
provide important information about changes in the local dynamics of the materials,

traditionally studied through CP kinetics build-up curves.

Contrarily, single-pulse *C MAS NMR involves direct excitation of *C spins combined
with high-power decoupling of protons. Molecular motions 'H-*C dipolar interactions
through partial uncoupling of protons from the field. Hence, motions on a similar time
scale to the 'H r.f. decoupling field (50—100 kHz) can reduce the efficiency of heteronuclear
dipolar decoupling. This is manifested as line broadening of carbon signals and reduced

spectral resolution of both 'H-'*C CP/MAS and *C MAS NMR spectra.

Regarding fast motions (tc < 0.01 ps), these can lead to the complete loss of 'H-3C
CP/MAS NMR signals, as they interfere with the cross-polarisation transfer step, and lead

to the observation of sharp *C resonances in *C MAS NMR spectra. Since CP becomes
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inefficient in the case of the weak dipolar couplings from mobile components,
Ramamoorthy and co-workers recently developed an approach to overcome this
limitation, combining CP with heteronuclear Overhauser effect (CP-NOE).!* They
demonstrated enhancement in the signal-to-noise ratio of mobile components, without
affecting the signals from rigid structures. This experiment is of high importance for

multiphasic and heterogeneous systems, as supramolecular gels.3

1.6.8.3.  Effect of sample spinning

The use of high spinning speeds during MAS measurements has the potential to cause
undesirable effects.’® The friction between a spinning rotor and the bearing gas produces
localised heating effects on the sample, with the rise in temperature being proportional to
the MAS rate.’® 1314 Therefore, the temperature dependence of self-diffusion
coefficients** and of longitudinal relaxation times'¥> becomes a complication. Frictional
heating also affects molecular motions, consequently weakening 'H-'H dipolar couplings,
which is reflected by sharper peaks.> These effects should to be compensated for by

thorough temperature regulation.'s

Samples also experience high centrifugal forces (inner pressure), which can cause sample
turbulence and structural and motional changes'¥? due to vortex effects in higher volume
rotors, therefore being preferential the use of smaller volume rotors for semi-solid
samples.'#: 143 Rotor geometry also determines the grade of such effects, hence spherical
rotors are preferred.'* Moreover, variation of chemical shielding is produced by sample
spinning due to induced atomic displacements and consequential change in electron

density distribution.0 141

Depending on the nature and physical properties of the sample, namely its intrinsic
mobility, molecular dynamics and proton density, these effects can be more or less
marked.'¥ 14 For example, the magnitude of their effects are enhanced in soft materials,
whereas granular materials can have the stress fields distributed uniformly through the
sample.!*! Since the samples studied throughout this project were mainly soft materials,
these artefacts are important to account for. Viel et al. (2008) studied thoroughly the effect
of MAS on diffusion measurements of liquids, which are considered model systems to

understand the impact of centrifugal forces on soft materials.'* They showed how rotor
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volume and spinning rate affected the self-diffusion coefficient, with more accurate and
reliable results being achieved with small active volume rotors (12 uL) and MAS rates in

the range of 3 and 4 kHz.4

1.6.8.4.  High-resolution magic-angle spinning

The popularity of HR-MAS rapidly rose for biological and biomedical applications, due to
the heterogeneous nature of cells and soft tissues, being currently highly recognised in
metabonomic studies and identification of abnormal tissues (i.e. cancerous tissues).’® The
potential of HR-MAS NMR spectroscopy in material science, especially for the analysis of
soft materials, was recognised by Shapiro and Keifer.> 14 Its application was focused
initially on the analysis of solvent swollen solid-phase synthesis or combinatorial solid-

phases, by increasing mobility of the attached ligands.!*

However, it were Igbal et al. (2010) who successfully showed the ability of HR-MAS in
differentiating molecular mobility regimes in supramolecular gels.!”> Despite being
mainly used to determine apparent self-diffusion coefficients, PFG HR-MAS experiments
can also take advantage of selective filtering to remove unwanted signals (as for solvent
suppression) or to separate motional regimes due to their different translational
diffusion.'> 135 Igbal et al. applied this filter to "H HR-MAS experiments to eliminate
signals from isotropic free gelator molecules overlapped with broad lines from the gel
network (Figure 1.26).1518 This is called diffusion-filtered HR-MAS NMR and enables
direct observation of the slower diffusing components grafted onto the network.15 140
Hence, PFG HR-MAS can be used to probe semi-solid components at the interfaces

between the hydrogel fibres and the pools of water.

1.6.8.5. Effect of MAS on diffusion measurements

HR-MAS D values differ from those calculated from solution-state experiments, since
diffusion of molecules is affected by sample rotation and frictional heating.'’ Viel et al.
(2008) thoroughly studied the effect of MAS on diffusion measurements of liquids, which
are considered model materials to understand the impact of centrifugal forces on gels.'*

They showed how rotor volume and spinning rate affected the self-diffusion coefficients,

75



having more accurate and reliable results with small active volume rotors (12 pL) and
MAS rates in the range of 3 and 4 kHz. They also concluded that these effects were
dependent on the viscosity and physicochemical properties of the sample, without a
linear correlation.!* Hence to achieve quantitative measurements, calibration of the MAS
rate should be performed with a substance of known diffusivity using pulse sequences

with rotor synchronisation.!4

1.6.8.6. Solution-state NMR spectroscopy
1.6.8.7. NMR “visible” vs. “silent” molecules

NMR is sensitive to local molecular environments and conformational variations,
frequently translated by changes in chemical shifts. Hence, "H NMR spectral variations,
i.e. differences in peak intensities, line broadening (quantified through the measurement
of full peak width at half maximum) and chemical shifts, can serve as an indication of the
degree of incorporation of free molecules into the rigid components of gels.%
Supramolecular gelation starts with aggregation of fast isotropic molecules into larger and
less mobile structures, resulting in gradual formation of rigid components which are
“silent” in 'H solution-state NMR spectra, due to their short transverse relaxation times,
strong dipolar couplings and chemical shift anisotropy.'¥” 48 As gelation occurs, very
sharp and intense peaks (from the averaging of homonuclear dipolar interactions in
isotropic environments) gradually become broader and less intense.!” Since gelator
molecules can keep enough thermal motion in the gel to provide a "H NMR signal, spectra
of molecular gels have characteristic features, as decreased peak intensity, broadened

peaks and chemical shift variation in comparison with the corresponding solutions. 147

'H NMR is a quantitative analytical method and hence it allows determining the ratio
between molecules dissolved in solution and molecules forming the rigid gel network, by
measuring peak intensity and consequently determining the concentration of NMR
“silent” vs. “visible” gelator molecules in solution-state NMR spectra. Peak intensities
from 'H NMR spectra can be correlated with the concentration of diluted species when
long enough recycle delays are applied. This can be used to derive the ratio between
gelator molecules in the isotropic phase and solution-state NMR “silent” molecules

forming the rigid fibres of supramolecular hydrogels.’*® The information obtained can
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only give a rough idea of the ratio between isotropic and rigid molecules, as exchange
occurs between both states.!¥” 4 This dynamic behaviour has been described by Escuder
et al. (2006) for valine-based organogels (Figure 1.27).4” The authors discussed various
equilibria between free gelator molecules and oligomeric aggregates in solution, in the
light of the time scales of different NMR experiments.!¥” Peak intensity is therefore highly
dependent on the rate of exchange being faster or slower than the NMR frequency time
scale.®® The phenomenon of solution-state NMR spectra containing information from the
hydrogel fibres due to fast molecular exchange between solution and gel states has been
described previously.!% 14 The dynamic character of supramolecular hydrogels is an
advantageous feature, as molecules bound onto the surface of the fibres carry information

from the network when returning to solution.

"solid-like phase" "solution”
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, fast on NMR relaxation time scale
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Figure 1.27. Distinction between observable and non-observable species on the different solution-state NMR

time scales.!#”

Conventionally, NMR studies of gels focus on the study of chemical shifts, intensity of
signals and relaxation times at variable composition, concentration or temperature.*
These titration experiments provide information regarding the involvement of functional
groups in intermolecular interactions through the degree of variation of their chemical

shift throughout aggregation processes.®
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1.6.8.8.  Determination of thermodynamic parameters

Van't Hoff treatment of solubility data, determined from 'H NMR peak intensities
acquired at variable temperature, allows the derivation of thermodynamic parameters,
such as enthalpy of dissolution, a value which reflects the enthalpic cost of disrupting the
favourable gelator-gelator interactions and the enthalpic gain from newly formed solvent-
gelator interactions.* 4 1% For an ideal solution, the solubility (sol) at a given temperature

can be expressed by the van’t Hoff equation:

In(sol) = (— %) + (— %Riss) Equation 1.1

where AHyjss is the molar enthalpy and ASgiss is the molar entropy for the dissolution
process (i.e., gel-to-solution transformation), T is the equilibrium temperature and R is the

ideal gas constant. The resulting van't Hoff plot of In(sol) vs. % can be used to calculate

Hgiss and ASgjss, therefore the solubility at different temperatures can be determined.'®
The analysis of these parameters allows determining and comparing whether self-
assembly of a certain gelator molecule in a certain solvent is an energetically favourable
process. As a fraction of the solute is NMR “silent”, the concentration calculated from
NMR parameters corresponds to the maximum solubility of the gelator with
temperature.’™ This analysis should be conducted at concentrations higher than CGC and
temperatures lower than Tge in order to circumvent initial stages of aggregation.®® A
limitation of this approach is assuming that an ideal solution is obtained, which is not
totally accurate, as increasing temperature leads to a sol with dispersed aggregates.
Moreover, peak intensity of these dynamic materials is highly dependent of the rate of
gel/solution exchange. As a result, significant differences have been noted between NMR

and calorimetry determined thermodynamic parameters.5 1%

1.6.8.9. NOESY

NOESY solution-state NMR experiments are able to provide reliable information on
spatial connectivities between molecular regions of supramolecular gels, mainly
regarding the gel structure.’? This technique relies on the nuclear Overhauser effect
(nOe), which is a through-space manifestation of the dipolar coupling between protons in

close proximity (< 5 A).1 Quantitative measurements have been optimised for organic
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molecules tumbling isotropically in non-viscous solvents, ie. in the fast tumbling
regime.'® Hence, the nuclear Overhauser effect can be used to measure interproton
distances, but its accuracy suffers from the contribution of spin diffusion in
macromolecules.!® In the case of supramolecular gels, strong 'H-'H dipolar couplings
lead to spin diffusion, making these slow tumbling, small molecules acquire the kinetic
features of medium-to-large molecules (therefore appear as negative cross-peaks in
NOESY spectra), which transfer magnetisation efficiently through dipolar interactions.!#s
To overcome these limitations, the initial rate approximation approach is applied to
derive quantitative information from kinetic nOe measurements (this topic is discussed in
Chapter 2, section 2.3.16.3, page 116). It is important to note that, even in the case of large

molecules, the present tendency is to use NOESY data more quantitatively.!4s

1.6.8.10.  Saturation transfer difference NMR spectroscopy

In 1999, Mayer and Meyer described a technique capable of not only identifying ligands
bound to a protein, but also to construct the ligand’s binding epitope, a method they
termed STD NMR.'** In 2005, Mahajan et al. reported the use of STD NMR in the study of
supramolecular gels with the purpose of identifying molecular moieties affected by
gelation processes in hydrogels of glutathione upon saturation of the water peak.'?
Currently, the potential of STD NMR in the studies of supramolecular gels has been

recognised.HS, 149, 155, 156

For amino acid-based hydrogels, the network is considered as the supramolecular entity
that can be saturated selectively. Such saturation might then be transferred via nOe
throughout the network and finally intermolecularly passed over to the bound gelator
molecules. Dissociation of the weakly bound molecules from the network into the pools of
water results in accumulation of saturation in the isotropic solution phase for molecules
that exchange faster than their relaxation rates (Figure 1.28). This accumulation occurs
due to the much longer longitudinal relaxation times for unbound fast tumbling
molecules than for bound slow tumbling molecules.!™” In this way, the STD difference
spectrum will only exhibit signals of protons of gelator molecules that, being in solution,

have been in contact with (and hence received saturation from) the fibrous network.'*
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This relationship can be reflected when considering an analogous dependence of the

fractional STD response with concentration as in the case of protein-ligand (PL) studies:

Istp [PL] [Net-G] :
Nerp = SILOD ASTD 7= ASTD (5~ Equation 1.2

where 1. is the fractional STD response, Istp is the signal intensity from the difference
spectrum and I is the signal intensity from the off-resonance spectrum. It was considered

that the concentration of the network-bound gelator, [Net-G], and the total gelator
concentration, [G];, were equivalent to the concentration of protein receptor-ligand

complex, [PL], and the total ligand concentration, [L];, respectively.!
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Figure 1.28. Proposed mechanism for transfer of saturation in STD NMR experiments performed with
supramolecular hydrogels. Gelator molecules forming the network (bound state, left) are in fast exchange
with those in the bulk solution phase (free state, right), allowing accumulation and detection of saturation in

solution.

1.6.8.11. Summary

Only the combination of solution, solid-state and HR-MAS NMR experiments is capable
of providing the in-depth understanding of such complex, multiphasic soft materials
(Figure 1.29). CP/MAS solid-state NMR experiments can be used to detect the solid-like
fibrous components, whereas PFG HR-MAS NMR experiments may be performed in
order to investigate molecules at the fibre-solution interfaces with intermediate
frequencies of motion. Furthermore, characterisation of spectral variations from solution-

state NMR experiments and longitudinal relaxation measurements throughout the gel-to-
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solution transitions can be carried out to describe structure and dynamics of species in
solution. Finally, STD NMR experiments assess exchange phenomena at the gel/solution
interfaces, with particular potential for the identification of the role of each molecule in

the processes of self-assembly of multi-component materials.

Gel Solution

™
Solution-state
Solid-state HT,
CPMAS Intensity
Single pulse Peakline shape

‘visible" vs. “silent”

time scale of motions

Figure 1.29. Schematic representation of the application of NMR methods to probe different time scales of

motions and self-organisation in supramolecular materials at variable length scales.

1.6.9.NMR crystallography

Since the year of 2000 there has been rapid progress within the field of NMR
crystallography.'® This methodology encompasses the combination of diffractrometry,
NMR spectroscopy and first-principles calculations (Figure 1.30). It achieves a more
efficient structure search and provides a more accurate structural model than using these
techniques independently.'?” Structure determination encompasses the sequential steps of
determining unit cell parameters of one (or a set of) space group in agreement with the
observed reflections, building an approximate model from these data and, finally, refining
the developed model.’® Accurate knowledge of the structure of crystalline materials is

essential for better understanding and monitoring of their properties.!'3

The nature of molecular and supramolecular interactions in the solid state is often
investigated using isolated diffraction techniques, as single-crystal and powder X-ray

powder diffraction, small-angle X-ray scattering or small angle neutron scattering
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analysis.’®? Since for single-crystal XRD measurements it is required to have large, stable
and good quality crystals, when this not possible, structure determination is conducted on
polycrystalline powders, named powder XRD.!¥ Unfortunately, the presence of an
ensemble of small crystals with their own orientation is a major disadvantage for the
determination of crystal structures from the resulting data set.!”” Regarding
supramolecular gels, their inherent disorder fails to form suitable crystals and gives rise to
broader diffraction peaks, which makes structure determination considerably more

challenging.!3

Solid-state NMR spectroscopy overcomes these requirements of strict periodicity and
crystal size and provides a unique opportunity to study crystals that are not necessarily
periodic, that might have local disorder or mobility. Examples include less crystalline
materials, amorphous powders and gels, making it an emerging and highly
complementary technique to diffraction studies.!'> 13 137 Currently, solid-state NMR is
used to refine diffraction results, occasionally enabling the solving of crystal structures
with minimal diffraction data.’® As NMR spectroscopy is sensitive to the local
environment of atoms, the same atom in different molecules of an asymmetric unit will
display different chemical shift values. Hence these values can immediately show the
number and multiplicity of crystallographically non-equivalent positions in the
asymmetric unit."'* 1% 190 NMR also provides information on intermolecular distances,
through-space proximities or through-bond connectivities.!® The possibility of correlating
chemical shifts and tensor components with the crystallographic location of atoms in the
unit cell transformed NMR into an essential technique in accurate structure

determination.!13 1%

Molecular modelling created a bridge between diffraction techniques and NMR. Rietveld
refinement consists on performing small variations of the atomic coordinates in order to
provide the best match to powder diffraction patterns.’” The strength of NMR
crystallography comes from allying the previous techniques to first-principles
calculations, which altogether provide accurate calculation of NMR parameters and
enable linking structural data to solid-state NMR observables.¥ 16! In order to calculate
NMR parameters of a solid a 3D model of a structure is necessary, from which the

fundamental NMR interaction tensors can be derived. These models can be generated
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from diffraction data. This is particularly important for materials that are disordered, lack

periodicity or present dynamic behaviour.!®

Single molecule density functional theory (DFT) calculations are performed to
investigate the electrostatic potential around molecules which can be mapped on the
Hirshfeld surface.’? 1% Henceforth, the molecular geometry of each molecule can be
optimised with DFT.1% CASTEP'® is a quantum mechanical software program based on
DFT with a plane wave basis set able to calculate NMR parameters from crystal
structures, hence generating *C chemical shift values.!% 1% These are mostly used as a
validation step from diffraction data or from CSP methods."'® The isotropic NMR
shieldings computed with CASTEP are converted to chemical shifts using the following
equation, Ogqic = Oiso — Orep, Where oy, is the isotropic chemical shielding generated
from first-principles calculations and o, is chosen as the zero intercepts of the fits of the
calculated shieldings vs. experimental chemical shifts plot.®> The software uses the
information from these chemical shielding tensors to test simulated trial structures from
DFT calculations for compatibility. If a good agreement is found between the calculated
and experimental data, this is a great contribution for confidently determining crystal
structure. Even though first-principles computations are most accurate when calculating
precise structures, this approach has proven successful in surfactant-templated silicate
frameworks without 3D periodicity.'e' DFT calculation of NMR parameters of molecular

solids is becoming a well-established technique.'?”

Reference Xerogel
gelator + Compare resonance spectra
powder Gel + Define number of non-equivalent
Solidstate NMR molecules in an asymmetric unit

Rietveld

NMR parameters

=
Structure

NMR CASTEP

Structure
determination

+ Compare diffraction patterns
Determine unit cell and space

+  Optimise structure " Reference Xerogel .
; Pattern group
+ Assign the best structure : . gelator +  Perform Reitveld refinement
based on experimental vs. simulation powder Gel ] °

calculated data

Figure 1.30. Complimentary techniques used in NMR crystallography studies of supramolecular gels, adapted
from references 3> 1%7. Reitveld refinement consists of performing small variations of the atomic coordinates in

order to provide the best match to powder diffraction patterns.'”
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1.7. Aims of the project and associated challenges

Currently, it is still difficult to predict whether a molecule will give rise to a gel, crystallise
or precipitate. The field of supramolecular gelation is still an empirical science because of
the challenges associated with their full characterisation, which pose a significant
methodological and experimental challenge. Furthermore, this is an inter-disciplinary
field that requires expertise in supramolecular chemistry, crystallisation theory, advanced
characterisation methodologies, rheology and crystallography. The current work
addresses an important knowledge gap in the field, as it attempts to optimise the existing
analytical tools and utilise them for less conventional applications, with the purpose of
understanding structure and dynamics of soft fibrillar materials at different length scales

and mobility regimes.

The serendipitous nature of the discovery of new gelator molecules can also be explained
by the fact that other factors besides molecular structure condition the outcome of
gelation (similarly to crystallisation), as self-assembly pathways and solvent properties.
To gain control of the properties of the gel materials and to tune them for specific
applications, fundamental wunderstanding of the mechanism of formation of
tridimensional molecular networks is essential. Due to their biomedical relevance as
matrices for cellular growth, tissue engineering and targeted drug delivery, I proposed
myself to study the consequences of incorporating modifications to the molecular
structure or introducing a variety of structurally diverse additives on the self-assembly
mechanisms and bulk properties of the resulting gels. The presence of several molecules
(gelator, solvent and additives) co-existing in multi-component gels entails complex and

dynamic interaction patterns.

In addition, supramolecular gels are not conventional solids or liquids. From a
characterisation point of view, these materials are challenging to analyse due to their
heterogeneous nature, in which very rigid solid components are in equilibrium with a
dynamic and highly mobile solution phase. Henceforth, gaining complete understanding
of morphology, dynamics and supramolecular organisation of these systems requires the
use of several complementary analytical techniques able to probe the existing time scales
of molecular motions. While bulk properties can be assessed using rheology and

differential scanning calorimetry, morphologic features may be examined using
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microscopy, and supramolecular packing motifs of the fibres can be investigated using X-

ray diffraction and computational techniques.

In the present project, more emphasis is given to NMR spectroscopy, due to its proven
ability to detect a wide range of mobility regimes. The heterogeneous character of these
materials requires the application of solid, solution-state and HR-MAS NMR techniques.
The existence of solid structures in the gel matrices (which are anisotropic and strongly
dipolar coupled) entails the use of magic-angle spinning. Centrifugal forces can introduce
changes to these soft materials; the degree of modification being dependent on the
strength of the intermolecular interactions and the viscoelastic properties of the gel. In
order to avoid the introduction of spinning artefacts, solid-state NMR experiments can be
performed on dry gel samples, which enable faster acquisition and detection of well-
resolved spectra. However, any conclusions drawn have to be validated by measurements
conducted on wet gel samples, as drying might lead to collapse and reorganisation of the
network, variation of the dissolved/non-dissolved equilibrium and modification of
molecular mobility. Moreover, careful interpretation of the NMR data is required due to
the dynamic character of supramolecular gels, characterised by the exchange processes
occurring at the fibre/solution interfaces. Depending on the gel properties and on the time
scale of the experiment, this exchange might lead to the observation of an averaged value
that reflects a variety of motionally-averaged molecular environments. In summary,
interpretation of the NMR data acquired on molecular gels is expected to be challenging,
but the presence of a wide range of motionally diverse environments opens opportunities

to conduct more advanced NMR experiments.

In conclusion, the main purpose of this work is to gain molecular level understanding of
model single and multi-component supramolecular materials, in parallel with the
development, validation and optimisation of NMR-based protocols for the complete
characterisation of supramolecular soft materials. The applicability and limitations of each
technique in the study of this particular type of dynamic multiphasic soft solids will be
assessed. Common gelation factors relevant to several gel systems are expected to be
identified and to contribute to the elucidation of some of the fundamental intermolecular
interactions associated with the formation of supramolecular fibrillar gels. These findings
might help determine which factors favour gelation over crystallisation, which is

particularly important when predicting the outcomes of self-organisation processes.

85



Chapter 2

2. Characterisation techniques

This chapter summarises the theory behind the various analytical techniques used to
characterise supramolecular gels, solids and solutions. The experimental conditions used

for each technique are discussed in Chapter 3 (page 120).

2.1. Rheology

Rheology is the study of the response of materials when shear stress deformation is
applied.’ 1 Upon the application of mechanical stress, the material can flow or resist,
depending on its inelastic or elastic nature, respectively. According to Newton’s law, the

relationship between stress (o), strain (y) and viscosity (7) is given by

n= % Equation 2.1

where stress is the force (F) applied per unit of surface area (A), o= F/A, and strain is a

unitless parameter quantifying the extent of deformation after the application of stress.!!

Since viscoelastic materials show time dependence, dynamic (sinusoidal) deformation is
used to study their viscoelastic behaviour by the application of an oscillatory strain with a
frequency ®.'®® The dependence of stress and strain in these oscillatory experiments can be

expressed as
Strain, y = y,sin («wt) Equation 2.2
Stress, o= opsin (ot + 0) Equation 2.3

where t is time.! The angle formed between the phases of stress and strain is referred to
as the phase angle, d (Figure 2.1), and reflects the viscoelasticity of the material.’” # Purely
elastic materials, as ideal Hookean solids, have stress and strain in phase, therefore
creating a phase angle of 0°.! 4 Contrarily, ideal Newtonian liquids exhibit values of
90°.1 43 The relationship between stress and strain is dependent on the complex modulus

(G™), a quantitative measure of the material’s stiffness or resistance to deformation,
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oc=G"y Equation 2.4
The complex modulus is composed of the storage (G') and loss (G") moduli,
G"=G"+iG" Equation 2.5

where i is the imaginary number v—1.1 The storage modulus reflects the elasticity of the
material, while the loss modulus reflects the amount of energy lost from the system by
non-elastic behaviour.*> % These moduli components can be conveyed in terms of the

phase angle as
G' = G"cosd Equation 2.6
G" = G"sind Equation 2.7

therefore the tangent of the phase angle can give the ratio of loss to storage moduli

"

tand = = Equation 2.8

For robust gels, an order of magnitude difference between G'and G'"'values is expected,

G”
—_— ~ 11, 28, 49
- ~0.1,

Elastic solid Viscous fluid Viscoelastic material
Strain Wv Strain \_//\ Strain
Stress | Stress \( Stress
L ans —»

=0 6=80

Figure 2.1. Schematic stress response to oscillatory strain deformation for an elastic solid, a viscous fluid and a

viscoelastic material, where Jis the phase angle. Adapted from reference ',

2.2. Elastic scattering techniques

Scattering techniques allow indirect measurement of the tridimensional organisation of
materials as a result of the scattering of an incident wave by the electrons of a crystal.
Depending on the wavelength and the angle of incidence, information on local or long
range ordering can be achieved.'* ®> Atomic periodicities with long repeat distances
cause diffraction at small angles, while short repeat distances from small interplanar

spacings cause diffraction at high angles (X-ray crystallography).16+ 165
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2.2.1.Wide-angle scattering and X-ray crystallography

X-ray crystallography measures the scattering of an incident wave to wider angles
(usually 26 values higher than 5°), which implies they are caused by sub-nanometer-sized
structures. From the angles and intensities of these diffracted beams, a picture of the
density of electrons within the crystal can be determined, which in turn can help the
precise definition of unit cell parameters to solve crystal structures (single-crystal X-ray
diffraction) or to identify different crystalline or amorphous materials (powder X-ray

diffraction).”

X-rays have wavelengths in the range of 0.01 to 10 nm, therefore they induce movement
of electrons in the electronic clouds due to their nanometre scale size. Electrons diffract
and re-irradiate X-ray waves that have the same frequency, giving rise to scattering of the
original wave (Figure 2.2).%7: 164165 Constructive or destructive interference can occur along
different directions as waves are scattered by atoms of different types and positions.
There is a profound geometrical relationship between the directions of waves that
interfere constructively, which comprise the diffraction pattern, and the crystal structure
of the material. A crystal can be thought of as an infinite 3D lattice of atoms (points)
repeating periodically in all three dimensions. Atoms aligned in a particular pattern can

be seen as forming small boxes, designed as unit cells, of which the lattice is comprised.””

164, 165

A crystalline solid can be defined by its symmetrically arranged plane surfaces,
intersecting at characteristic angles. Crystalline materials have a 3D disposition of atoms
that gives rise to constructive interference through satisfaction of the Bragg’s model of
diffraction. Bragg’'s Law treats crystals as built from planes of atoms acting as semi-

transparent mirrors (Figure 2.2),
2dsinf = ni Equation 2.9

where n is the order of the beam, 1 is the wavelength of the X-ray beam, d is the distance
between adjacent planes and 6 is the angle of incidence of the X-ray beam. d-spacings are
calculated using known values of 4 and 6.%7 164 1% The resulting diffraction pattern of X-
rays typically contains many distinct peaks, each corresponding to a different interplanar

spacing, d. This unique pattern is a “fingerprint” for that solid.”
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Figure 2.2. Geometry for interference of a scattered wave, needed to derive Bragg’s Law. The dashed lines are
parallel to the crests of the incidents and diffracted wavefronts. The angle on incidence of the two parallel
rays is 6. The interplanar spacing, d, sets the difference in path length for the ray scattered from the top plane
and the ray scattered from the bottom plane. This difference in path lengths is 2d sin 8. Constructive wave
interference (and hence strong diffraction) occurs when the difference in path length for the top and bottom

rays is equal to one wavelength (1), 2d sin 8 = nA (Bragg’s law). Adapted from reference .

2.3. Nuclear magnetic resonance spectroscopy

Nuclear magnetic resonance (NMR) spectroscopy relies on the interaction of nuclei with
angular momentum, referred to as nuclear spins, with oscillating radiofrequency
electromagnetic fields. The results can provide detailed information regarding structure
and dynamics of a variety of materials. The complexity of NMR spectroscopy requires
bringing together quantum mechanics, product operator formalism and the vector model
to understand NMR experiments. Despite this, a semi-classical approach will be used to

explain NMR concepts.

2.3.1.Basic NMR principles

The nuclear magnetic moment is the magnetic moment of nuclei that possess the intrinsic
property of angular momentum, often referred to as nuclear spin. The magnetic moment

(¢2) of a nucleus is given by
Zi= yhl Equation 2.10

where y is the gyromagnetic ratio of the nucleus, h is the Planck’s constant divided by 2n

and [ is the spin angular momentum.'s”170 To be magnetically active, the quantum number
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(I) of the spin angular momentum must be [ #0 (I =%,1,%,2, etc.). Both angular

momentum and magnetic moment are vector quantities, as they have magnitude and

direction.167-170

Table 2.1. Properties of nuclei spin I = %2 used throughout the project.!”!

Spin y /107 rad s T Isotopic abundance / %

H 26.75 99.99

19F 25.18 100

1BC 6.73 1.11

1N -2.71 0.37

2.3.2.Hamiltonian operators

The Hamiltonian operators (H) represent the energy present in the system and generally
provide a quantum mechanical description of the possible interactions between nuclear
spins and magnetic field.! 17° These quantum mechanical terms are described by two
components: the spin angular momentum operator component (f ) and the geometric

component (A),
A = BAT Equation 2.11

where A is the orientation dependence of the NMR interaction, I is the spin term and B is
the magnetic field. The spin angular momentum operator represents the x, y, and z
components of the magnetization along the axis, Iy, I,,I,. The secular approximation is
often made with the purpose of simplifying the Hamiltonians, and retains only the
component parallel to the z-axis.’®® The geometric component contains the spatial

variation of the interactions regarding the external field.168 170

The quantum mechanical description of the energy of all nuclear spin interactions which
may contribute to the observed line widths in the NMR spectrum are implemented in the
spin Hamiltonian equation,

HroraL = Hz + Hes + Hy + Hp + Hg Equation 2.12

where H; is the Zeeman interaction Hamiltonian, H¢gis the chemical shielding
Hamiltonian, H; is the scalar coupling Hamiltonian, Hp is the dipolar coupling

Hamiltonian and Hg is the quadrupolar coupling Hamiltonian (observed only if I > ¥5).168
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Table 2.2. Strength of interactions affecting line widths in NMR spectra and their impact in spectra of liquids

and solids.1”2

Interaction Symbol Size/Hz  Propertiesinliquids  Properties in solids
Zeeman H. 107 - 10° Present Present
Chemical shielding Hes 102 -105 Isotropic Anisotropic
Scalar coupling H 10°-10° Isotropic Anisotropic
Dipolar coupling fp 103 -105 Absent Anisotropic
Quadrupolar coupling Ho 10° - 107 Absent Anisotropic

2.3.3.Zeeman interaction Hamiltonian

The Zeeman interaction Hamiltonian (Hz) describes the energy of each spin according to
its orientation regarding an external magnetic field (B), arbitrarily chosen to be oriented

along the z-axis,
Hz = —u By = —hy Bym, Equation 2.13

where m; is the spin’s magnetic quantum number, taking 21 + 1 values in integer steps
between +I and —I with a selection rule of Am; + 1, according to quantum mechanics.'*®
170 Without the presence of an external magnetic field, magnetic moments are randomly
orientated, with all orientations (21 + 1) having the same energy. Under the presence of an
external magnetic field, the energy levels of the nucleus are then split into 2/ + 1 non-
degenerated levels, which are separated by an energy difference (AE) proportional to the

applied field and the gyromagnetic ratio.'e 170

My work will only focus on the study of spin-half nuclei, whose interaction with the
magnetic field gives rise to two energy levels. Spins with half-integer quantum number,
I = %, have two possible orientations, either parallel (m; = +% or a-state) or antiparallel
(m; = —% or B-state) with regards to the external magnetic field. Spins in the a-state are
oriented along By, hence these are in a lower energetic level than spins in the [-state
(Figure 2.3).165170 The separation into the possible energy levels is called Zeeman splitting.
The difference between these two levels (AE) is very small but measurable, justifying the

terminology of spectroscopy,
AE,g = hwg Equation 2.14
where w, is the spin’s rate of nuclear precession around the external magnetic field,

termed Larmor precession.!¢® 170,171
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Figure 2.3. Relative nuclear energy levels of o and B-states of a spin % caused by an external magnetic field

(By), designated as Zeeman splitting. Adapted from reference 7.

2.3.4.Bulk magnetisation vector

Quantum mechanics tells us that the magnetic moment can be aligned in any direction. If
all the magnetic moments present pointed towards random directions, then the small
magnetic fields individually generated would cancel each other out and there would exist
no net magnetisation.'*® 170 17> However, nuclear spins placed in an external magnetic field,

at a certain temperature, achieve thermal equilibrium according to the Boltzmann

distribution,

n,1y AE .

— /2 — @kt Equation 2.15
n-1,

where k is the Boltzman constant, T is the absolute temperature and n is the population of
spins in different states.!®® 170175 At equilibrium, the magnetic moments are not aligned
randomly as there is an extremely small excess of spins in the a-state in comparison with
the (-state. This small difference gives rise to the net magnetisation aligned along z-axis
which is called bulk magnetisation (M,). This magnetisation can be represented by a
vector, called the magnetisation vector, pointing along the direction of the applied field

(z), as shown in Figure 2.4.7* The axis system frequently used is a right-handed set.1¢% 170,175
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Figure 2.4. The external static magnetic field causes nuclear spins to precess around the z-axis, represented as
a vector moving on the surface of a cone (left). Vector model of bulk magnetisation for spin %2 nuclei, where
the excess in populations of spins in the o-state states give rise to bulk magnetisation (M,) aligned along the

external magnetic field (By). Adapted from reference 171

2.3.5.Larmor precession

The effect of a static field on the magnetic moment of a nuclear spin can be described in
terms of classical mechanics.’1 Any spin placed in an external magnetic field
experiences a torque, which acts on the magnetic moment and promotes circular
movement about the direction of the magnetic field (Figure 2.4).17 The resulting
magnetisation vector is said to precess about B,, hence this particular motion is known as

Larmor precession, which is characterised by the Larmor frequency (w),
Wy = |ﬁ| By. Equation 2.16

This motion is specific to each type of nucleus and its direction is determined by the sign
of y.18170 It is named after Sir Joseph Larmor, a brilliant theoretical physicist and
mathematician who discovered and proved the existence of nuclear precession.
Throughout his work, he made major contributions to the understanding of matter,

electricity and thermodynamics.!”?

2.3.6.Pulsed NMR

In any NMR experiment, there is detection of the precession of the magnetisation vector
by a small coil of wire around the sample, with the axis of the coil aligned in the xy-plane.
The coil detects the decay of the x-component of the magnetisation, called free induction

Signal'168—170
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Electromagnetic radiation (r.f. pulses) oscillating at the Larmor frequency is applied in
NMR spectroscopy to measure a variety of nuclear properties. This oscillating current
creates an oscillating magnetic field along the direction of the applied field, called the r.f.
field (B;).1817 The r.f. field imposes a torque on the bulk magnetisation vector in a
direction that is perpendicular to the direction of the B, field, which rotates the vector
away from its equilibrium position (along the z-axis) towards the xy-plane.'®®170 The

precession frequency (w;) about the B, field is
w, = —yB;. Equation 2.17

If the r.f. field is applied for a time ¢, the flip or nutation angle of the pulse () through

which the magnetisation is rotated is given by

0= wqty 168170 Equation 2.18

2.3.7.Laboratory and rotating frames of reference

To aid visualisation of the effects of r.f. pulses on the bulk magnetisation vector, the
concept of rotating frame of reference was introduced.’®7 Whereas in the laboratory
frame the x, y and z coordinates are static, the rotating frame of reference uses x’, " and z’
coordinates with an angular velocity of the r.f. frequency(w;)."”! Therefore, the time
dependency of the r.f. field is removed and both M, and B, appear to be stationary and

perpendicular to each other.165170

Laboratory frame Rotating frame

—2am
+@ (ignored)

Figure 2.5. Representation of laboratory and rotating frames of references.!”!
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2.3.8.Transition probability equations

At this point, transition probability equations should be described to understand the
dependence of the spectral density function on the frequency of molecular motions
(section 2.3.9, page 97), and be able to interpret and manipulate the nuclear Overhauser
effect (nOe) (section 2.3.16.1, page 113).152 165171 For a dipolar coupled, two-spin system, I
and S, there are 4 energy levels present under the effect of an external magnetic field:
ouas , aufs, fros and  auffs (Figure 2.6). The existent dipolar interaction can induce
transitions between these levels promoted by longitudinal relaxation.!s2 16 171 The

associated rate constants for each process are

Single-quantum (5Q) transitions for each spin: Wi, and Wis, that correspond to a and f3

interconversions (aa © PBa, aa © af, af © PP and Pa & BP)

Zero-quantum (ZQ) transition: Wy, that corresponds to spins being flipped in opposite

directions, termed “flip-flop” transition (ap < Pa)

Double-quantum (DQ) transition: Wz that corresponds to both spins being flipped in the

same direction, termed flip-flip transition (aa & 33).15% 168 171

The corresponding transition probabilities are

Wis = —d2j(w,) Equation 2.19
Wy, = ;—Odzj(wm) Equation 2.20
Wors = %Odzj(a)m — wpg) = %Odzj(O) Equation 2.21
Wais = 2 d%j(@o1 + @ps) = 2d%j(2ax), Equation 2.22
where d is the dipolar constant, d = %:%S p Equation 2.23

j(®) is the reduced spectral density at the frequency of the transition, p,is the
permeability of vacuum, h is the Planck constant, y, and y are the gyromagnetic ratios of
the two spins and ryg is the internuclear distance. When the spins of interest are of the
same type ('Hs) with similar Larmor frequencies, the assumption that wy = @5 can be
made. Since double and zero-quantum transitions are not allowed by the conventional

selection rules, these are not observable.152 168,171
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Figure 2.6. Energy levels for a two-spin system in equilibrium. Adapted from reference 1.

The differential equations expressing the deviation of the population of each level from

equilibrium, in terms of z-magnetisation, are

d )
i —(I, = I Wors + 2Wy; + Wars) — (S, — S (Wars — Wors) Equation 2.24
ds .
e —(S; = SH Wors + 2Wyp + Ways) — (I, — I2) (Ways — Wors) Equation 2.25
21,5, .
—rE= —21,S,(2Wy; + 2Wys) Equation 2.26

where I and S? are the equilibrium magnitudes of I, and S, operators, respectively.!68

These equations can be simplified by expressing the rate constants as

oy = Wors + 2Wy; + W Equation 2.27
Pg = Wors + 2Wig + Wy Equation 2.28
ops = Wais — Wyrs Equation 2.29
Prs = 2Wy + 2Wig Equation 2.30

where p,, p; and p,, are the auto-relaxation rate constants and oy is the rate at which
magnetisation is transferred from spin I to spin S by relaxation processes, termed cross-
relaxation rate constant. This is a unique feature of dipolar relaxation processes and it is
the mechanism responsible for the observation of nuclear Overhauser effect
enhancements.'®® The differential equations shown above can be simplified to give the

Solomon equations

dl, _
@ = PisUz— 12) = c15(Sz = 52) Equation 2.31
% = = ps(Sz = $2) = o1s(l; = I) 1 Equation 2.32
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2.3.9.Spectral density function

Random fluctuations generate a distribution of frequencies that can be expressed by a
correlation function.’®® 170 For an isotropic rotational diffusion of a hard sphere, its

correlation function is

il

G(t) =Bi g€ Equation 2.33

where Bj,.q; is the local field, T is the modulus of the time and 1. is the average time a
molecule takes to rotate through one radian, defined as correlation time.!%% 170 1, is a key
NMR parameter because it enables molecular tumbling motions to be determined, as it is
affected by molecular size, solvent viscosity and temperature.'®® 170 Generally, 1. is in the
order of picoseconds for small molecules in non-viscous solvents at room temperature (in
the fast motion or extreme narrowing limit), and in the order of nanoseconds for

macromolecules in aqueous solutions (in the slow motion or spin diffusion limit).1% 170

The exponential part of the correlation function is independent of the source of the local
fields; it is therefore possible to simplify the equation by defining a reduced correlation
function, g(t), which is independent of the size of the local fields

il

g(t)=e . Equation 2.34

The Fourier transform of the correlation function is called spectral density function, /(®),
and translates the distribution of molecular motions at the correct angular frequency ()
that cause energy level transitions

52 27 .
J(@) = By TP Equation 2.35

The reduced spectra density, j(®), does not depend on the size of local fields and it is

expressed as

27¢

jl@) = —=.- Equation 2.36

Figure 2.7 shows that the dependence of the spectral density for a hard sphere with
frequency follows a Lorentzian function, and highlights its dependence on the correlation
time.'*® 170 Fast tumbling molecules (small molecules, non-viscous solvents or high
temperatures) have the ability to probe a wide range of motional frequencies and

therefore show a wide spectral density distribution (represented by the grey line in Figure
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2.7).1% 170 The spectral density function is almost independent of @, and the numerical
factors in transition probabilities equations govern the relative magnitude of the transition
probabilities. In conclusion, for short rotational correlation times, the transition
probabilities have the following relationship W5 > Wy > Wys. In contrast with the above,
slowly tumbling molecules (large molecules, viscous solvents or low temperatures) can
only experience slower frequencies of movement, having a narrower but more intense
distribution of frequencies (represented by the black line in Figure 2.7).%® Hence, the
spectral density function is sharply peaked around =0 and j(0) governs the magnitude
of the transition probabilities.””? In conclusion, for long rotational correlation times, the

transition probabilities have the following relationship Wyg > Wy > Wy 168170

. =0.5ns
) .=25ns
3 1. =20ns
N
O0 pr—

Figure 2.7. Spectral density function (J(®)) as a function of frequency of molecular motions for different

correlation times (t.). The area under the curve is independent of t.. Adapted from reference .

2.3.10. Nuclear relaxation

After the application of a r.f. pulse, perturbation of the distribution of the spin energy
levels predicted by the Boltzmann distribution occurs. Nuclear spin relaxation is the
process by which the spins return to thermal equilibrium.'%170 Relaxation is not a
spontaneous process, since it is mediated by fluctuating magnetic interactions (dipolar
interactions, chemical shift anisotropy, spin rotation and quadrupolar interactions). The
fluctuations are modulated by random molecular motions, which cause spins to
experience time-dependent local magnetic fields.'7* The most relevant mechanism of

nuclear spin relaxation arises from the modulation of dipolar couplings by molecular
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motions. But relaxation via chemical shift anisotropy is particularly important in spin %2
nuclei that exhibit a large chemical shift range, as with F. Since it shows great field-
dependence, it will be larger at higher B,.1%¢17° Nuclear spin relaxation may be a few
seconds or minutes, which provides sufficient time to manipulate the spin systems in

NMR experiments.168-170

Relaxation can occur either through spin-spin interactions or transverse relaxation (72), or
through energy transfer to the surroundings, known as spin-lattice relaxation or
longitudinal relaxation (T1).1%%170 Another important manifestation of relaxation is the

nuclear Overhauser effect, described below in section 2.3.16.1, page 113.

2.3.10.1. Longitudinal relaxation time

Longitudinal or spin-lattice relaxation time (T1) represents the exponential gain of z-
magnetisation (Figure 2.8). It involves bringing the spins into thermal contact with their
surroundings (lattice), in which energy is dissipated in the form of heat. As the interacting
nuclei are not identical, a change in the net energy of the system occurs. The energy
variation is very small and the change in temperature of the sample is undetectable. This
process occurs until equilibrium is established with a rate dependent on T1.16517! Recovery
of the z-magnetisation back to thermal equilibrium follows the exponential decay

described by the Bloch equation

dM,(T) _ Mo—M,(T)
dt Ty

Equation 2.37

where M, is the z-component of magnetisation, M, is the equilibrium magnetisation and t
is the time delay. According to Bloch’s theory, longitudinal relaxation follows first order

kinetics with a rate constant Ri.168-170

Figure 2.8. Process of loss of z-magnetisation via Tirelaxation. Adapted from reference '7'.
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Energy is transferred to nuclear spins from the chaotic tumbling of molecules.
Longitudinal relaxation only occurs when these molecular motions create a time-
dependent magnetic field fluctuating at the Larmor frequency. Since T: depends on the
probability of components oscillating at the appropriate frequency, the relaxation rate is

proportional to the spectral density (Figure 2.10). The maximum relaxation rate occurs
1
CUO.

when wyt, = 1, which corresponds to /(@) = —.1"!

2.3.10.2. Transverse relaxation time

Transverse or spin-spin relaxation time (T2) represents the exponential loss of coherence in
the transverse xy-plane (Figure 2.9). It involves mutual exchange between the spin energy
levels (a and ), without change in the net energy of the system. Inhomogeneities in the
magnetic field result in differences of precession frequencies of nuclear spins, leading to
loss of phase coherence. This process occurs until equilibrium is established with a rate
dependent on 72517 Magnetic field differences arise from B, inhomogeneities
throughout the sample and from local magnetic fields created by intermolecular
interactions. The relaxation time constant for these two sources combined is designated
T2,

1 1

1
T, T» TauBgy)

Equation 2.38

where T:refers to the contribution from local relaxation processes and T,(sp,) to that from

field inhomogeneity.165170

p
N

time

Figure 2.9. Process of loss of coherence in the transverse xy-plane via T2 relaxation, leading to zero net

magnetisation. Adapted from reference 7.
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2.3.10.3. Comparison between T1 and T:relaxation processes

The dependence of longitudinal and transverse relaxation on molecular tumbling is
shown in Figure 2.10. The relaxation mechanisms that promote longitudinal relaxation
also cause transverse relaxation.'®®7! T increases as the rotational correlation time

decreases and their relationship can be expressed by the random fields relaxation

mechanism,
Tl _ %YZ(BZV((’JO) + %Y2<BZ>](0) Equation 2.39
2

where %yZ(BZ)j(a)O) corresponds to %T[l and represents the contribution from

longitudinal relaxation. In the fast motion or extreme narrowing limit (®,t. < 1), both
relaxation times are identical, as (@) = J(0), and so T} = T,."”! In the slow motion or spin
diffusion limit (@wyt. » 1), the contribution of longitudinal relaxation to T is negligible
and transverse relaxation becomes proportional to the correlation time, /(0) = 21.. This
“limit” depends on the Larmor frequency, which in turn is dependent on the nucleus

properties and the magnetic field.'*317!

Fast motion Slow motion
limit limit

T, T»

1
1
:
I
A\

.
w7, = 1 ¢

Figure 2.10. Motional dependence of longitudinal (T1) and transverse (12) relaxation times. The T: minimum

occurs when wyt. = 1. Adapted from reference 7.
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2.3.11. Dipolar coupling

The dipolar coupling is a through space manifestation of the interaction between nuclear
magnetic moments of two spins within reasonable proximity of each other (< 10 A). It can
either occur between two like spins (homonuclear, II) or two spins of different nuclei

(heteronuclear, IS).171.174

2.3.11.1. Homonuclear dipolar coupling

The homonuclear dipolar coupling is an interaction between the magnetic moments of
like spins, described by the homonuclear dipolar coupling Hamiltonian for a two spin

system,

—~ h
A= — (ﬁ)%l (3cos?0y,;, — D[2lyly, —5 (T 17 + 1)) Equation 2.40

4T r1112 2

where the dipolar constant (d) corresponds to

I
d= (h) ﬁ, Equation 2.41

3
41T r1112

ry,1, is the internuclear distance between two like spins, is the permeability of free space
(Ko = 4T X 107 NA?) and @ is the angle that describes the orientation of the internuclear
vector with respect to the external magnetic field.””" 74 The terms I{ I; and I{I; express
the energy conserving “flip-flop” transition of two like spins with similar resonance
frequencies, colloquially termed as spin diffusion. The raising operator I* =1, +
il expresses an increase in the angular momentum of a spin, representing the flip of a
spin from “down” to “up” orientation.!”" 74 The lowering operator I~ = I, — il expresses
a decrease in the angular momentum of a spin, representing the flip of a spin from “up”

to “down” orientation.'”" 174 By rearranging the term
L1y = LDy + Iiyloy + 11515, Equation 2.42

the homonuclear dipolar coupling Hamiltonian can be simplified to

—~ I
M= —(52) =22 (30526, 1, — 1)[Blhzly, — (h1)]. Equation 2.43

3
4T rIllz

From the dipolar constant component (d), it is clear that dipolar interactions are directly

proportional to the gyromagnetic ratio of interacting spins. Nuclei with larger magnetic
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moments produce stronger local magnetic fields and hence increase the dipolar coupling
interaction. For abundant nuclei, with high gyromagnetic ratio, dipolar interactions are
extremely strong (H-'H in the range of 100 kHz), while for pairs of nuclei with low
gyromagnetic ratio and low natural abundance these are almost negligible (**C-'*C do not
exceed 5 kHz). Since d is inversely proportional to the cube of the internuclear distance,

the interaction falls off rapidly as the nuclei are moved farther apart.!”! 174

BO
I I

I I
I R Vs

+1% +1% "
Iz In;

Figure 2.11. Energy conserving “flip-flop” interaction between two like spins occurs since @, = @j,.1”*

2.3.11.2. Heteronuclear dipolar coupling

The heteronuclear dipolar coupling is an interaction between the magnetic moments of
unlike spins. By convention, nuclear spins are labelled as I for abundant spins (‘H, '°F)
and S for rare spins (*C, 15N).17% 174 The heteronuclear dipolar coupling Hamiltonian (H;s)

for a two spin system is described by

41T

- h .
His = — (“—0) %s (3cos? s — DI,S, Equation 2.44

where r/g is the internuclear distance between two unlike spins.!”" 7 The spin component
(1,S;) is significantly simplified, because the energy conserving “flip-flop” transition is not
possible between two spins with different resonance frequencies (Figure 2.12). Similarly to
homonuclear dipolar couplings, the strength of heteronuclear dipolar interactions
depends on the gyromagnetic ratio of interacting spins, the distance between both nuclei

and their orientation with respect to the external magnetic field.!”" 174
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+1%

Figure 2.12. Energy conserving “flip-flop” transitions cannot occur between two unlike spins since @y > ws.!”!

2.3.12. Chemical shielding

Electrons circulating in their orbitals have profound effects on neighbouring nuclear
spins. Electrons have magnetic moments and create circulating currents, acting
themselves as magnets. The resulting local magnetic fields (B') modulate the effective
magnetic field (B) felt by the nucleus.'®® 17 17+ The effective magnetic field is slightly

smaller than the applied external magnetic field, due to the “shielding” effect of electrons,
B = By—B' =By(1-0) Equation 2.45
where o is the shielding constant. This is termed shielding interaction and it is described
by the chemical shielding Hamiltonian (Hcs),

Hes = =y ,(1 - 0)By. Equation 2.46

Since the local magnetic fields produced by moving electrons are considerably smaller
than By, the chemical shift (8) values are given as part per million (ppm) of the external
field.”* The chemical shift is determined as the difference between the frequencies of the
analysed nucleus (v) with respect to a reference compound (v,.f) of known frequency

(equal to 0 ppm, by convention),

Sppm = 10° (u) Equation 2.47

Vref

Different standard reference compounds are used for different nuclei, e.g.
tetramethylsilane is a standard for 'H and *C, CFCIs for “F and liquid NHs for N

chemical shift referencing.'”*

Different atoms experience different electron cloud densities. The electron density around

atoms in molecules is rather complex and depends on several factors including formation
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of hydrogen bonds, presence of electronegative nuclei in close proximity, unpaired

electrons or through space interactions within molecular clusters.68 171,174

2.3.13. Chemical shift anisotropy

The distribution of electrons in the electronic clouds surrounding a nuclear spin is not
spherically symmetric; it is instead usually elongated as an ellipsoid along bonds or non-
bonding p-orbitals (Figure 2.13).1% 171 174 The degree to which the electron density affects
the resonance frequency depends on the orientation of this ellipsoid with respect to the
external field (anisotropy). This orientation dependence leads to the presence of an
anisotropic term in the corresponding Hamiltonian.'”" 7 As the chemical shielding
interaction felt by the nucleus is slightly different in all three dimensions, a distribution of
chemical shift values is observed. For a shielding tensor with axial symmetry, 811 = 8,5,

the chemical shift anisotropy (CSA) Hamiltonian (Hcg).!68 171,174

Hes = vBoly[3iso + %8CSA(3C0529 - 1] Equation 2.48
where ;g is the isotropic chemical shielding factor,

diso = §(511 + 8, + 033) Equation 2.49
and J¢gp dictates the magnitude of the CSA,

dcsa = Biso — O33- Equation 2.50

When the narrowest part of the ellipsoid is oriented along B, (Figure 2.13a), it gives rise to
the most deshielding effect, represented by the principal component of the chemical shift
value 61, whereas the orientation of the widest part of the ellipsoid along B, (Figure
2.13c¢) has the most shielding effect and is represented by the principal component of the
chemical shift value 833.”7* Perpendicular orientation of the ellipsoid (Figure 2.13b) is

represented by the principal component of the chemical shift value §,,.17*
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5§ —>
Figure 2.13. Representation of preferential orientation of the ellipsoidal electron cloud of a carbonyl carbon

with respect with the external magnetic field, with the corresponding values of chemical shift tensors, a) 8;4,

b) §,, and ¢) 833. Adapted from reference 7.

2.3.14. Solid-state NMR spectroscopy

In solids, the low molecular mobility leads to dramatic line broadening due to the
presence of orientation-dependent nuclear spin interactions: heteronuclear and
homonuclear dipolar couplings and chemical shift anisotropy.'# 174 17> Some approaches of
coherently manipulating and averaging out such sources of broadening are discussed

belOW.144’ 174,175

2.3.14.1. Magic-angle spinning

Since the geometric component of the Hamiltonians for dipolar and CSA interactions has
an angular dependence, 3cos?@ — 1, this term cancels to zero when the sample is spun at
an axis oriented at the angle 6= 54.74° with respect to the external magnetic field.!44 174 17>
This technique is known as magic angle spinning (MAS), and is based on the events that
naturally occur in solution-state NMR, in which the rapidly tumbling molecules produce
narrow isotropic chemical shifts because molecules sample all possible orientations of the
ellipsoid. This approach was proposed by Andrew et al. (1958) for a single crystal of

sodium chloride and revolutionised the field of solid-state NMR.176
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Figure 2.14. Representation of a rotor spun at the magic-angle spinning (6 = 54.74°).177

To effectively eliminate the geometric term of these magnetic interactions, MAS rates need
to be at least three times higher than the strength of the interactions. When the MAS rate
is weaker than the strength of the CSA contribution, there is incomplete averaging of the
revolving CSA ellipsoid.'* 7+ 175 Consequently, this gives rise to numerous peaks that
arise separated by frequency distances of integer multiples of the spinning speed. These
peaks are named spinning sidebands.! 7 17> As the spinning speed is increased, the
envelope of the spinning sidebands begins to resemble a static NMR spectrum. The
application of an MAS rate of 10-15 kHz can successfully eliminate 'H-*C heteronuclear
dipolar couplings. However, much stronger homonuclear dipolar interactions (in the
range of 80 kHz) are frequently observed between nuclear spins of high abundance and

high gyromagnetic ratio ("H and 1°F).14 174175

2.3.14.2. Heteronuclear dipolar decoupling

Even though the application of MAS is an effective approach to eliminate CSA, it shows
limitations when applied to systems with strong homo- and heteronuclear dipolar
couplings. In the case of the detection of *Cs, the dominant interaction is the strong
heteronuclear coupling with 'Hs, with strengths that are typically between 20 and 30 kHz
(at a distance of about 1 A). To further improve the resolution of solid-state NMR spectra
of such materials, MAS can be combined with decoupling techniques using complex r.f.

pulses_144, 174,175

Close inspection of the heteronuclear dipolar coupling Hamiltonian (Equation 2.30) shows
there are two mechanisms of decreasing this broadening interaction: application of MAS

to average the geometrical component and elimination of the spin component (1,S,) by
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removing the effect of "H on *C nuclei. This can be achieved by constantly alternating the
orientation of 'H spins between high and low energy states (either spin-up or spin-down).
The sign of the energy determined by I,S, oscillates between positive and negative,
producing a time averaged value of zero."* 74 17> Continuous wave (CW) decoupling is
the continuous application of high r.f. field on the abundant spin I during acquisition of
the dilute spin S. As the continuous application of decoupling r.f. pulses during long
acquisition periods may lead to sample and probe overheating, CW decoupling methods
became less popular. The most frequently used pulse sequence in heteronuclear dipolar
decoupling is the two pulse phase modulation (TPPM)!7® which consist of two high power
pulses P = 165° + ¢ and P = 165° — ¢ with a phase shift (¢) of 10 to 70°. This pulse
sequence was further employed to build supercycles of high decoupling efficiency known
as SPINAL-X" (where X is number of P or P pulses in the supercycle, i.e. 16, 32, 64 or
128).144,174,175

2.3.14.3.  Cross-polarisation magic-angle spinning

Since the majority of nuclei of interest in solid-state NMR have low gyromagnetic ratios
coupled to low isotopic abundance (**C and ®N), some techniques have been developed to
enhance signal intensity. The current success associated with the use of solid-state NMR
for structural studies arises from the development of combined MAS with cross-
polarisation (CP) and high-power heteronuclear decoupling in 1976 by Schaefer and
Stejskal.’® This is a double-resonance technique that relies on the high polarisation and
short relaxation times of 'H spins to transfer magnetisation to dilute spins, termed cross-
polarisation. Such low abundance nuclear spins have very long relaxation times, because
homonuclear dipolar couplings, which are highly efficient in promoting relaxation, are
very weak in dilute spins. However, in CP/MAS experiments, there is no need to use long

recycle delays.!# 174175

The driving force of this transfer of magnetisation is similar to heat flow between bodies
with different temperatures. Magnetisation tends to flow from highly polarised nuclei
(hot) to nearby nuclei with lower polarisation (cold). As it was seen above, thermal
equilibrium occurs spontaneously in homonuclear pairs of dipolar coupled spins via “flip-

flop” transitions (Figure 2.11), with conservation of energy.'*# 74 175 Contrarily, in
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heteronuclear pairs of dipolar coupled spins, these transitions are not favourable and
therefore have to be promoted by the application of r.f. fields. An energy conserving
dipolar contact between two different spin systems I and S is created by simultaneously
applying two continuous r.f. fields at the resonance frequency of each spin. To transfer
magnetisation from abundant to dilute spins, the amplitude of the contact pulse (more
details on the pulse sequence can be found in Chapter 3, Figure 3.4, page 125) has to be

carefully set in order to match the Hartmann-Hahn condition,
w1 = @15 S VB = vBs Equation 2.51

where @;; and @, are the precession frequencies imposed by the r.f. fields. Since the
rotation of the magnetisation about the axis of the applied field depends on the amplitude
and duration of the r.f. field (Equation 2.18), both spins can be rotated independently
around a particular axis."* 174 175 The Hartmann-Hahn match is met when both spins
precess at the same rate in the rotating frame, i.e. when the energy gaps of both spin states
of spin I and S is equal (irrespective of their Zeeman energies in the laboratory frame)
(Figure 2.15). Hence, energy can be transferred between I and S spins in an energy
conserving mechanism. One way of visualising the effect of the simultaneous application
of continuous r.f. fields is by using the doubly rotating frame model, which considers that
the spacing between the energy levels is equal for the I and S spins (Figure 2.15), as the

differences in energy are compensated by the r.f. fields.144 174175

B, Laboratory frame Doubly rotating frame
I I S
Yo —— S ~Vo —— —V —
—%
g o7 g’
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Figure 2.15. Energy differences between the transitions of the I and the S spins can be made equal in a doubly

rotating frame when the nutation frequencies on both spins are equal (@; = ws).'”*
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The enhancement of magnetisation for the S spin is dependent on the strength of the
dipolar coupling.'”* Efficient transfer of magnetisation occurs only under the condition of
strong heteronuclear dipolar couplings. Intermediate motions can affect cross-polarisation
transfer efficiency via the motional modulation of dipolar interactions, leading to a

reduction in signal intensity.

The combination of high-power heteronuclear decoupling, cross-polarisation and high-
speed MAS is nowadays routinely applied as it can rapidly produce well-resolved solid-

state spectra of rare nuclei (*C and ®N).!44 174 175

2.3.15. High-resolution magic-angle spinning

High-resolution magic-angle spinning (HR-MAS) experiments give rise to spectra with
sharp peaks that would be observed in solution state NMR by averaging out dipolar
broadening, chemical shift anisotropy and magnetic susceptibilities of semi-solid
materials using moderate MAS rates (ca. 4 kHz).'® In semi-solid materials, the residual
motional averaging and differences in magnetic susceptibility partially remove
broadening interactions. According to Alam and Jenkins, these “dynamically averaged or

susceptibility broadened systems are the niche of HR-MAS NMR”.1%5

HR-MAS can provide resolution and dynamic information where standard solution or
solid-state NMR techniques are unsuccessful. It is a hybrid technique that allows pulse
sequences from both solution and solid-state NMR to be used, due to the dramatic
increase in resolution, but also residual anisotropic interactions. Some liquid-state
experiments applied previously to semi-solid materials include solvent suppression,
gradient-assisted sequences and multidimensional experiments, as INEPT, NOESY,
COSY, TOCSY, HETCOR, HMQC and HMBC.1% 10, 18, 181 Regarding successfully
conducted solid-state NMR techniques in semi-solid materials, these encompass the
measurement of residual homonuclear dipolar interactions, as DQ-COSY and the
insertion of a radio frequency dipolar recoupling sequence into the standard NOESY

experimentBS, 140, 180, 181
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2.3.15.1. Pulsed-field gradient experiments

Pulsed-field gradient (PFG) HR-MAS enables the separation of molecules according to
their diffusion regimes, which is essential to understand dynamics of heterogeneous
systems. The conduction of PFG HR-MAS experiments was only possible after Maas et al.
(1996) successfully developed a gradient coil at the magic-angle (6= 54.74°) in an HR-MAS
probe.'®2 The main goal of aligning the gradient coil along the spinner axis was to avoid
rotational averaging of the magnetic field gradient. Consequently, sensitivity and
resolution in multidimensional experiments was increased as unwanted artefacts from
indirect dimension (t1 noise) were also suppressed, incorporating the possibility of easily
selecting coherence pathways.'® This approach became known as magic-angle gradient
(Figure 2.16). This is the main difference between a standard MAS and an HR-MAS stator.
Consequently, this enabled PFG experiments to be conducted efficiently on semi-solid

Samples.SO, 135, 140, 182

The PFG stimulated echo pulse sequence with dipolar gradients and spoil gradient is
beneficial for samples which exhibit differences in magnetic susceptibility across the
sample — as semi-solid heterogeneous samples. PFG studies have their potential
recognised in the study of diffusion in zeolites, nanoparticles, liquid crystals, polymer
solutions and melts, as well as of species adsorbed onto polymers, including gases, water,

organic solvents and electrolytes.50 135 140,182

L]
: 0=54.7°
Magic Angle 1
Gradient Coils ! ()3'
’

Stator

Rotor

RF Solenoid

Figure 2.16. HR-MAS stator with a magic-angle gradient (Gmas) along the rotor spinning axis.!3
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Diffusion experiments (PFG and DOSY) are key experiments in the investigation of
heterogeneous materials, as the determination of tortuosity and diffusivity in porous
materials,'®> 1% thermodynamic binding constants,'® rates of exchange processes'® and
dynamics of polymer chains.!'®” This technique enables inferences to be made on the
translational displacement of molecules, by applying a gradient which “tags” a nuclear
spin with a phase that is related to its spatial position. If the position of the spin does not
change during the diffusion period, the dephasing shown in Figure 2.17a is refocused and
the original signal intensity is recovered. Contrarily, if the spin diffuses, the dephasing for
that spin is not refocused and the signal intensity decreases.!® This is obtained by the
application of two symmetrical gradients, as illustrated in the pulse sequence in Figure 3.7

from the experimental section (Chapter 3, page 128).1%

A) 8, B)

268

B B S e
5.0 4.8 4.6 4.4
*H Chemical Shift (ppm}

Figure 2.17. a) Representation of the gradient produced along the magic-angle of the rotor. b) Typical decay of

'H-peak intensity with increasing gradient strength in a PFG HR-MAS experiment.!3

In HR-MAS experiments, the resulting values do not correspond to true diffusion
coefficients, as molecules experience centrifugal forces under MAS, so these are named
apparent self-diffusion coefficients. The full scope of the effects of spinning soft materials
is discussed in Chapter 1, section 1.6.8.3, page 74. Moreover, some reports discuss that the
measurement of translational diffusion within confined geometries, in the presence of
barriers, exchange between compartments, binding and anisotropy limits molecular

diffusion and deviates the decay curves from a single exponential function.'ss 18
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Heterogeneities in magnetic susceptibility lead to non-uniform sample magnetisation and
the background gradients cause a decrease in the observed transverse relaxation processes
and interfere with diffusion measurements.'® Currently, the goal of the field is to improve
these techniques in order to obtain accurate and quantitative measurement of diffusion

coefficients of semi-solid samples by HR-MAS.

2.3.16. Solution-state NMR spectroscopy

Liquids show completely different behaviour relative to solids in terms of their nuclear
spin interactions. In the solution state, the complex interactions that lead to considerable
line broadening in solids are motionally averaged out, due to the random and fast
molecular motions that occur in solution (in the range of 10'2 — 10> Hz).17%. 18 Therefore, 'H
NMR spectra of liquids are quite simplified, with the detection of very sharp 'H peaks
(line widths ca. 1 Hz) at the isotropic chemical shift. The resulting highly resolved spectra
enable detailed site-specific information on molecular structure, dynamics and function to

be obtained.17 189

2.3.16.1. The nuclear Overhauser effect

The nuclear Overhauser effect is the basis for many structural characterisation studies, as
it is a through-space manifestation of relaxation of nuclei in close proximity (< 5 A), i.e. it

is one of the processes by which spins return to equilibrium after a perturbation.!52 168-170,1%

When S spin magnetisation deviates from equilibrium by application of a continuous
selective r.f. pulse, the allowed relaxation pathways are Wy;s and W5, as single-quantum
transitions of spin S are saturated (Figure 2.18). As these are not single-quantum
transitions they cannot be detected, but their effects are observable in a '"H NOESY
difference spectrum. There will be a change in the I spin magnetisation that will manifest

itself as modification of peak intensity of /, termed nOe enhancement (Figure 2.19).15% 168-170,

190
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Figure 2.18. Energy levels for a two-spin system upon saturation of spin S. Adapted from reference .

irradiated

A

reference M

Figure 2.19. Example of 1D NOESY difference spectrum. When spin S is irradiated (as indicated by the
negative peak intensity), peak intensity of spin [ is increased due to cross-relaxation from spin S, which is
more evident in the difference (A) spectrum. It has been assumed that the cross-relaxation rate is positive, so

the nOe enhancement is positive. Adapted from reference 1.

2.3.16.2. Cross-relaxation rate

The sign and magnitude of the nOe enhancement (7) are proportional to the cross-

relaxation rate (oyg),
n= 20T Equation 2.52

and the magnitude of the nOe can be calculated according to the following formula

Y (Wais—Wors)
Ys Wors+2W1s+Wyys)

€noe =1+ Equation 2.53

In turn, the sign of the cross-relaxation rate is dependent on the equilibrium between the

sizes of the Larmor frequencies and the correlation time,
3 5. 1 5. .
O-IS = WZIS - WOIS = E dzj(za)o) - E dzj (0) Equatlon 254

What dictates the sign of the NOESY peak is which process, Wy;s or W, is more

faVOUrable.lSz’ 168-170, 190
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In the fast motion or extreme narrowing limit (defined as wyt. < 1), where motions are

very fast and correlation times very short,
J(@p) = 2. = j(0), Equation 2.55
therefore ;5 = %dzrc. Equation 2.56

Under this condition, the sign of ojs is positive since W5 > Wy, resulting in a positive

nOe enhancement.152 168-170, 190

In the slow motion or spin diffusion limit (defined as w,t. > 1), where motions are very

slow and the correlation time very long,

jlap) = = =13 Equation 2.57
0*C 0'c
therefore o;5 = — % d?t,. Equation 2.58

Under this condition, the sign of ojs is negative since W5 < Wy,s, resulting in a negative

nOe enhancement.152 168-170, 190

For medium-sized molecules W,;¢ = W5, hence o;5 vanishes at the critical correlation
time and no nOe enhancement is recorded. This is termed the cross-over point (Figure
2.20) and it can be overcome by performing rotating frame nOe experiments (ROESY),
modifying the external magnetic field or changing the molecular environment

(temperature and/or solvent viscosity).!52 168170, 1%
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T
Figure 2.20. Dependence of nOe peak intensity and signal with correlation time (z.). The cross-over point is
characteristic of medium-sized molecules and corresponds to the absence of nOe enhancement (occurs

when wgt, = 1.12). Adapted from reference 5.
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2.3.16.3. NOESY experiments

Transient nOe experiments (as 2D NOESY experiments) allow the cross-relaxation rate,
615, to be measured. The cross-relaxation rate constant is proportional to the inverse sixth
power of the distance between the two dipolar interacting spins. This strong dependence
of oj5 on the distance between spins makes the observation of nOe diagnostic of dipolar
relaxation and proximity of pairs of spins.'®® The cross-relaxation rate for a homonuclear

two-spin system (assuming y, =y, =) is given by

_ hZpdytee 6 '
OIS = Tomzrs, {_1 + 1+4a,(z)rg} Equation 2.59

Tc

hence, 6,5 o v* {W — }% Equation 2.60

where his the Planck constant, uis the permeability of vacuum, y is the gyromagnetic

ratio and ryg is the internuclear distance.%

Optimisation of the mixing time used in a NOESY experiment should take into account
the following processes. As a consequence of spin diffusion, cross-peaks between pairs of
protons that are far apart will gain intensity from magnetisation that has been transferred
via intervening spins, termed relayed nOe enhancements.!®® Similarly, cross-peaks
between pairs of protons that are close together will be decreased by the loss of
magnetisation to nearby protons. Spin-diffusion effects may be minimised by using short
mixing times. Moreover, since dipolar relaxation is more efficient in systems with long
rotational correlation times, shorter mixing times are required to limit spin-diffusion from

contributing substantially to cross-peak intensity in large molecules.!¢

To overcome the uncertainty of these measurements when calculating internuclear
distance, the initial rate approximation was developed, which establishes that in the initial
rate regime, the cross-peak intensity is proportional to the cross-relaxation rate constant

(Figure 2.21),152. 168

i, .
(E)im-t = — p;s12(0) = I7) = 6,5(5,(0) — 57) = 2 5,557 Equation 2.61

The cross-relaxation rate can therefore be determined from the initial slope of the build-up
curve (I;s as function of tn), where the nOe enhancement (I;s) is defined as the ratio
between the intensity of the cross-peak at a certain mixing time and the intensity of the

diagonal peak at zero mixing time
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I;s = Lz us Equation 2.62

In turn, the cross-relaxation rate will be proportional to the inverse sixth power of the

internuclear distance (Equation 2.61).148

nOe

Tm

Figure 2.21. Evolution of nOe enhancement with mixing time (tm). The nOe grows linearly initially, reaches a
maximum and then decreases back to equilibrium as the equilibrium population differences are restored

through relaxation. Adapted from reference 7.

2.3.16.4. Saturation transfer difference NMR

Saturation transfer difference (STD) NMR spectroscopy is a ligand-based technique
applied frequently to identify the functional groups of a small molecule (usually, a ligand)
responsible for binding to its receptor (a protein, typically), enabling the group epitope

mapping to be built.!54 191-1%

This method relies on the transfer of saturation through cross-relaxation from a saturated
macromolecule to a small bound molecule.’ 1'% The macromolecule is selectively
saturated by a low power r.f. pulse during a certain period (saturation time). Due to its
large dimensions, cross-relaxation is the preferential longitudinal relaxation process. This
is followed by propagation of saturation via the vast network of 'H-'H cross-relaxation
routes and strong network of 'H-'H homonuclear dipolar couplings, named spin
diffusion. Such saturation is then transferred via strong, negative nOe throughout the
macromolecule and finally intermolecularly passed over to the protons of the bound
molecule that are in close contact. Dissociation of the weakly bound molecule results in

accumulation of saturation in solution for molecules that exchange faster than their
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relaxation rates. This accumulation occurs due to the less efficient relaxation pathways of
free small molecules in comparison with bound slow tumbling molecules. The saturated
protons will appear in the STD difference spectrum and, depending on their relative

intensities, a map of binding preferences can be built.15+ 191-1%

Saturation transfer takes place to molecules bound to the macromolecule with a rate that
depends on the macromolecular mobility, complex lifetime and geometry. STD NMR
experiments are successful under the conditions of low affinity interactions (dissociation
constant, Ko, in the range of 10 and 10 M).15 11-1% The rate of exchange between free and
bound states is fast enough to allow build-up of a population of saturated small molecule
in solution. For high-affinity binding (Kot rates in the range of 0.1 to 0.01 s), the bound
molecule starts losing magnetisation due to efficient transverse relaxation (typical of
macromolecules), preventing saturation from being accumulated in solution. On the other
hand, when binding is very weak, the probability of the small molecule interacting with

the receptor site becomes very low resulting in weak STD signals. 154 191-1%

Important factors that affect peak intensity in the difference spectrum are the kinetics of
magnetisation relaxing back to equilibrium and rebinding phenomena. When the
longitudinal relaxation times of individual protons are significantly different, the
resulting STD does not produce an accurate epitope map. This effect is most considerable
at longer saturation times, and this is why only the initial build-up rates are taken into
account in comparative studies. Regarding rebinding effects, if a certain ligand molecule
re-enters the binding site after a preceding binding event (and this rebinding is fast
enough related to the relaxation properties), then the ligand spin populations will be
partially perturbed due to the previous transfer step.'5* 1911 [ts capacity to receive more

saturation from the receptor will be different than that from a fresh ligand molecule.!?11%

2.3.16.,5. The STD experiment

The STD NMR experiment is a double resonance nOe pulse sequence, as it involves
subtracting a spectrum in which the macromolecule is selectively saturated from one
recorded under conditions of thermal equilibrium (Figure 2.22). The on-resonance
experiment (STDon) consists of irradiating a region of the spectrum that contains only

resonances of the macromolecule, such as 1 to — 1 ppm. In the off-resonance experiment
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(STDott), a reference spectrum is recorded under the same conditions of STDon, but the
frequency is set far away from any resonances present in the system (usually set at 40
ppm). Therefore, the STD difference spectrum (STDuitt = STDott — STDon) only yields those

resonances that received saturation in the on-resonance experiment,'*
Istp = Io — Isar Equation 2.63

where Ig7p is the peak intensity from the difference spectrum, I, is the peak intensity from

the off-resonance spectrum and It is the peak intensity from on-resonance spectrum.!*

a) hgaHnd nonligand
Kot _ Kkt
P @ = Qe °
H Ken

selective
b) saturatlon

3 >

JLALM_LJLMM . N

off-resonance on-resonance difference spectra

Figure 2.22. Schematic representation of an STD NMR experiment. a) Protein-ligand complex. b) Off-
resonance (STDot) and on-resonance (STDon) spectra, and the STD difference spectrum resulting from the

subtraction of STDon to STDot.193
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Chapter 3

3. Experimental section

3.1. Materials

Reagent grade (> 98 %) 4-amino-L-phenylalanine, [®N]-L-glycine, L-leucine, L-
phenylalanine,  [**Cy,>N]-L-phenylalanine, = L-serine, = L-tryptophan,  L-tyrosine,
hexamethylbenzene (HMB), poly(vinylidene fluoride) (PVDF) and
polytetrafluoroethylene were purchased from Sigma-Aldrich. 4-bromo-L-phenylalanine,
3,4-dichloro-D-phenylalanine, 4-fluoro-L-phenylalanine, 3,4-difluoro-L-phenylalanine,
pentafluoro-L-phenylalanine, 4-iodo-L-phenylalanine were purchased from Fluorochem.
4-chloro-D-phenylalanine was purchased from Acros Organics. Deuterium oxide,
deuterated dimethyl sulfoxide, 4,4-dimethyl-4-silapentane-1-sulfonic acid (DSS) and
tetramethylsilane (TMS) were purchased from Goss Scientific. Pure water was obtained
with a Thermo Scientific Barnstead NANOpure purification system coupled to a

Barnstead hollow fibre filter.

3.2. Preparation of gels

Gels were prepared by dispersing gelator molecules in 1 mL of D20, H2O or DMSO in a
glass vial (2 mm diameter), promoting dissolution with a vortex mixer for 30 s. Samples
were then heated up to 363 K with a hot plate (JK IKA Labortechnik) coupled to an
electric thermometer (JK IKA Werke). After obtaining a clear solution, the samples were
immediately quenched in an ice bath. The gel samples were left resting overnight at room
temperature and analysed 24 hours after preparation. When required, gels were then

dried under vacuum.
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3.3. Vial inversion test

The vial inversion test is a straightforward method of confirming gelation by inverting the

vial containing the gel and investigating whether the sample displays gravitational flow.

3.4. Gel-to-solution transition temperature

The vial inversion test was the chosen method for determination of the gel-to-solution
transition temperature (Tge1), above which significant dissolution of the gel network starts
occurring. The sample volume, vial dimensions and heating rate (1 K min) were kept

constant to enable comparison between samples.

3.5. Differential scanning calorimetry

Differential scanning calorimetry measurements were performed using a Q2000 MT DSC
TA Instrument, with standard TA 100 uL aluminium pans. The sample weight was ca. 20

mg. A heating rate of 5 K min was applied under a N2 purge of 50 mL min-.

3.6. Polarised light microscopy coupled to a hot stage unit

Polarised light images were acquired using a microscope Leica DMLS2 with x40
magnification coupled to a temperature unit Metller Toledo and a FPP90 central processor.
The images were obtained using a JVC colour video camera. 20 puL of hot solutions were

pipetted onto a glass slide and allowed to gelate in situ.

3.7. Scanning electron microscopy

Scanning electron microscopy (SEM) experiments were carried out using a Jeol JSM-5900
LV Oxford instrument with an accelerating voltage of 2.1 kV. Gels were mounted on
aluminium stubs with double sided carbon adhesive and allowed to dry before analysis.
Dry gel samples were then gold-coated using a Quorum Technologies Polaron SC7640

gold sputter coater.
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Environmental SEM experiments performed on urea-based supramolecular gels (Chapter
9) were analysed using a Philips XL-30 instrument with an accelerating voltage of 10.0
kV. Xerogels were mounted on a multiple pin sample holder. No sample coating was

necessary.

3.8. Atomic force microscopy

Atomic force microscopy experiments were conducted using a JPK NanoWizard
instrument with a silicon cantilever at a nominal spring constant of 40 N m, operated
with intermittent contact for imaging. Hot solutions (ca. 10 puL) were pipetted onto a
sample holder and allowed to dry before analysis. The force-distance data were recorded
in contact mode. Force spectra were collected in arrays of 100 x 100 data points over areas
of 10 x 10 um. Force spectra were exported and analysed using JPK's data processing

software.

3.9. Rheology

The majority of rheology measurements were performed using a Bohlin Gemini HR nano
Rotonetic drive 2 equipped with a Julabo F12 water cooler and circulator controlling the
temperature of the bottom Peltier plate. Parallel plate, or cone and plate geometry systems
(truncated 4/40 cone, 4° cone angle and 40 mm diameter) were used (Figure 3.1). Hot
solutions (ca. 1.5 mL) were pipetted into a 300 or 500 um gap, with the temperature of the
plate maintained at 323 K for sample preparation. The temperature was then lowered to
293 K, covered with a solvent trap to prevent solvent evaporation and the gels were left
stabilising for 1 h. Phase angle, storage and loss moduli were monitored and recorded as a
function of frequency and stress. All samples were subjected to frequency sweeps in the
range of 0.1 to 100 Hz and applied stress of 500 or 700 Pa, as well as stress amplitude
sweeps in the range of 500 to 10000 Pa or 0.1 to 7000 Pa. Experimental conditions were

optimised for each sample and are specified in the corresponding figure caption.

Rheology experiments performed on urea-based supramolecular gels (Chapter 9) were
conducted using an AR2000EX instrument with 40 mm crosshatched stainless steel plates

forming a gap of 1000 pum and recorded at room temperature. A constant oscillatory shear
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stress of 0.4 Pa was applied to monitor the dependence of viscoelastic parameters on

angular frequency ranging between 1 and 100 Hz.

Parallel plate geometry Cone and plate geometry
Measurement of stress response Measurement of stress response

~
Application of strain deformation Application of strain deformation

Figure 3.1. Schematic representation of parallel plate and cone and plate geometry setups, with the gel being

placed between both surfaces, adapted from reference '

3.10. Powder X-Ray diffraction

Powder X-ray diffraction patterns were obtained using a Thermo Scientific ARL XTRA
powder diffractometer under Cu Ka radiation (A = 1.54 nm). Samples were analysed in
the 26 range of 3 to 36°, with a step size of 0.01° 26 and a scan time of 6 s. Gels (ca. 1 mL)
and dry samples were placed onto stainless steel sample holders and analysed

immediately to prevent dehydration.

3.11. NMR Spectroscopy
3.11.1. Solid-state NMR spectroscopy

Low field solid-state NMR spectra were acquired at 9.4 T using a Bruker Avance III wide
bore solid-state spectrometer equipped with a 4 mm "H/X/Y triple resonance probe head
operating at 400.23 ("H), 376.30 (*°F), 100.64 (*C) and 40.56 MHz (**N). Gels were prepared
by pipetting ca. 40 uL of hot solutions into Kel-F plastic inserts and allowed to gelate
inside the insert. A stopper was added to prevent spillage promoted by centrifugal forces.

Dry gel samples were directly packed inside 4 mm diameter zirconia rotors.
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High field solid-state NMR spectra were acquired at 20 T using a Bruker Avance III wide-
bore solid-state spectrometer equipped with a 2.5 mm 'H/X (°F) triple resonance probe
head and a 3.2 mm 'H/X/Y triple resonance probe head operating at 850.22 (*H), 799.91
(F), 231.81 (3C) and 86.15 MHz (**N). Gels were prepared by syringing ca. 12 uL of hot
solutions directly into 2.5 mm diameter zirconia rotors and allowed to gelate inside the
rotor. Dry gel samples were directly packed inside 2.5 mm or 3.2 mm diameter zirconia

rotors.

Very fast solid-state NMR spectra were acquired at 20 T using a Bruker Avance III wide-
bore solid-state spectrometer equipped with a 1.0 mm '"H/X double resonance Jeol probe
head operating at 850.22 ("H) and 231.81 MHz (**C). Dry gel samples were directly packed

inside 1.0 or 1.3 mm diameter zirconia rotors.

Pulse delays and MAS rates were optimised for each experiment and are specified in the
corresponding figure caption. All experiments were conducted at 298 K, unless otherwise
specified. The chemical shifts of 'H and *C were referenced with respect to external TMS,
F was referenced to external trichlorofluoromethane (CFCls) and ®N was referenced to

external liquid NHs at room temperature.

3.11.1.1. One-dimensional magic-angle spinning

'H and "F single pulse MAS experiments were acquired using the single pulse sequence

shown in Figure 3.2.

/2

/ IMMHMM

e

Figure 3.2. Representation of a single pulse experiment. The n/2 pulse converts equilibrium magnetisation of

the I nuclei into transverse magnetisation. During the acquisition time, chemical shifts and spin-spin

couplings develop in the x,y-plane.!”?
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3.11.1.2.  Single pulse *C with high-power 'H decoupling

1BC-MAS experiments were acquired using a single pulse sequence with SPINAL-64' for
heteronuclear decoupling during acquisition (Figure 3.3), using a 'H r.f. decoupling field

of 78 kHz.

| SPINAL-64 decoupling

/3

S IMMMAM

e

Figure 3.3. Representation of a single pulse experiment pulse sequence using high-power decoupling of the I

spins during acquisition of the S spins.

3.11.1.3. 'H-BC,'H-®N, “F-13C and 'H-“F CP/MAS

Cross-polarisation magic-angle spinning (CP/MAS) NMR experiments were acquired
using a ramped-amplitude cross-polarisation pulse sequence with SPINAL-64' for
heteronuclear decoupling during acquisition (Figure 3.4), using a 'H r.f. decoupling field
of 78 kHz (for *C experiments) and 83 kHz (for “F and N experiments). The Hartmann-
Hahn matching conditions were set using HMB for '"H-*C experiments, ['*N]-glycine for

'H-5N experiments and PVDF for 'H-"F and "F-3C experiments.

/2

| I ramp SPINAL-64 decoupling

S cp MMHMM
e

Figure 3.4. Representation of an [-S CP/MAS NMR pulse sequence. The first ©/2 pulse brings equilibrium

magnetisation of the I nuclei along the x,y-plane. This magnetisation is locked by a ramped spin lock pulse on
I, in which the spin lock power is changed from 70 to 100 % during the spin lock time. Under MAS, the
Hartmann-Hahn condition splits into a set of matching sidebands. With a ramped contact pulse, the

Hartmann-Hahn is swept over these possible match conditions and becomes insensitive to minor miss-
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settings, instrumental instabilities or different MAS rates. Simultaneously, a spin lock pulse on S assures the
same precession frequency for the S spins, to satisfy the Hartmann-Hahn condition (described in Chapter 2,
section 2.3.14.3, page 108). During this CP period, I and S spins can exchange energy in their respective
rotating frames, which transfers polarisation to the S spins from the large energy bath of the abundant 1. High-
power decoupling of the I spins is applied during acquisition of the S spins. The repetition time of the pulse

sequence is governed by I relaxation.!7> 174

Solid-state NMR experiments performed on urea-based supramolecular gels (Chapter 9)
were conducted using a 400 MHz solid-state NMR spectrometer. All experiments were
performed using an MAS rate of 10 kHz and a contact time of 2 ms. 'H-*N CP/MAS
spectra of reference solid powders were acquired using 2048 scans and a recycle delay of
15 s. A 'H pulse length of 3.2 ps and *N pulse length of 3.0 ps were used. 'H-*C CP/MAS
NMR experiments of powder references were acquired using 256 scans and a recycle
delay of 20 s. The spectra of gel samples were acquired using 2048 scans and a recycle
delay of 10 s. The spectra of frozen gel samples were acquired using 1024 scans and a

recycle delay of 20 s. A 'H pulse length of 4.0 us and *C pulse length of 3.0 pus were used.

3.11.1.4. 'H-"F-3C Double CP/MAS

Double CP/MAS NMR experiments were acquired using a ramped-amplitude cross-
polarisation pulse sequence (doublecp) with SPINAL-64"" for heteronuclear decoupling
during acquisition (Figure 3.5), using a 'H r.f. decoupling field of 78 kHz. The Hartmann-

Hahn matching conditions were set using PVDEF.
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Figure 3.5. Representation of an "H-"F-3C double CP/MAS NMR pulse sequence. The experiment uses two

consecutive cross-polarisation steps that involve the sequential transfer of polarisation among three spins.'®

198

3.11.1.5. 1D “F-'H HOESY

1D “F-'H Heteronuclear Overhauser effect (HOESY) NMR experiments were recorded
using a rotor synchronised 2D exchange NMR pulse sequence in rotating solids (cpnoesy)

(Figure 3.6).

/2

T

/2 /2

t, T
19F I I SPINAL64 decoupling

Figure 3.6. Representation of a 1D YF-'H HOESY NMR pulse sequence. The first n/2 pulse creates °F

magnetisation on the x,y-plane. In the evolution period, a © pulse is located in the middle of t1, during which
F chemical shifts evolve and the m pulse on 'H eliminates J(F,H) couplings. This creates negative z-
magnetisation for 'Hs. Afterwards, the second n/2 pulse changes F transverse magnetisation into the
negative z-direction. At the beginning of the mixing time, tm, both spins are in the —z-directions so the '°F
signal is modulated with this chemical shift information. During the mixing time, the spins undergo cross-
relaxation. The final /2 pulse realigns the vectors into the x,yy-plane and creates 'H transverse magnetisation.

Heterenoculear decoupling of the !°F spins is applied during acquisition of the H spins.172 1%
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3.11.2. HR-MAS NMR spectroscopy

High-resolution magic-angle spinning (HR-MAS) NMR spectra were acquired at 18.8 T
using a Bruker Avance III spectrometer equipped with a 4 mm 'H/X double resonance
probe head and a z-gradient coil reaching a maximum field gradient intensity of 49.5 G
cm!, operating at 800.23 ("H) and 201.24 MHz (**C). Gels were prepared by pipetting ca. 40
uL of hot solutions into Kel-F plastic inserts and allowed to gelate inside the insert. A
stopper was added to prevent spillage promoted by centrifugal forces. All experiments
were conducted with a recycle delay of 2 s and a n/2 pulse length of 4.4 ps (*H) at 298 K.
Pulse delays and MAS rates were optimised for each experiment and are specified in the

corresponding figure caption.

3.11.2.1. One-dimensional experiments

'H single pulse experiments were acquired using the single pulse sequence shown in

Figure 3.2.

3.11.2.2. 'HPFG HR-MAS

Pulsed-field gradient (PFG) HR-MAS NMR experiments were carried out using a
stimulated echo and longitudinal eddy current delay diffusion-filtered pulse sequence
(ledgpgp2s1d) (Figure 3.7), with 5 to 95 % of the maximum gradient intensity. A
smoothed-square shaped gradient (SMSQ10.100) was used. The diffusion delay (A),
diffusion gradient length (3) and gradient strength (g) were optimised for each

experiment and are specified in the corresponding figure caption.
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Figure 3.7. Representation of a PFG experiment with stimulated echo and longitudinal eddy current delay
diffusion-filtered pulse sequence. Smoothed-square gradients with horizontal stripes correspond to pulsed-
field gradients whose strength is varied during the experiment. Field gradients are short periods during
which the applied magnetic field is made spatially inhomogeneous. All gradient pulses are trapezoidal
shaped to compensate for the inability of instrumentation to generate perfect rectangular gradients. The
gradient pairs are applied as bipolar gradients of opposite sign and separated by = r.f. pulses, an approach
which reduces gradient artefacts, eddy currents and allows stronger overall gradients. The first n/2 pulse
aligns all I magnetisation into the x,y-plane. The n pulse changes the direction of precession and refocuses
chemical shifts, which is important in the presence of chemical exchange or spin diffusion. During the two 11
delays, the magnetisation is transverse, and therefore it is subject to T2 relaxation. The second gradient of
equal magnitude cancels the effects of the first and refocuses all spins, provided there was no change of
position with respect to the direction of the gradient. During the 12 period, the magnetisation is aligned along
the z-axis, and thus it is subject to T1 relaxation. After the second n/2 pulse, the spins are in the z-axis so
additional short gradient pulses, gspoil, are added to destroy transverse magnetisation due to pulse
imperfections. Eddy currents are generated in surrounding conducting surfaces by the rapid rise and fall of
the gradient pulses. To prevent these effects a delay is necessary between the end of a gradient pulse and the
start of spectral acquisition. During this eddy current delay (1), magnetisation is stored in the z-direction and
the eddy currents are allowed to decay. This sequence is less prone to T2 artefacts because during the diffusion
time (A) the magnetisation is in the z-axis. The stimulated echo sequence is also the method of choice for

macromolecules.“’a 168, 172, 186, 200

Attenuated peak intensities are plotted against the b factor,
b = —1?g26% (A —2)m Equation 3.1

Apparent self-diffusion coefficients (D) can be obtained from the mathematical fitting of

the resulting curves to the mono-exponential Stejskal-Tanner function

_ 2(p_8_8
I =1e Dv*g?5* (A-5-7) Equation 3.2
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where I is the observed intensity, I, is the unattenuated signal intensity and 7y is the
gyromagnetic ratio of the observed nucleus. Since bipolar gradients are used, a correction

for the time 14 between those bipolar gradients has to be applied.18 200,201

3.11.3. Solution-state NMR spectroscopy

Solution-state NMR spectra were acquired at 11.7 T on a Bruker Avance I solution-state
spectrometer equipped with a 5 mm 'H/X/Y triple resonance probe head and a z-gradient
coil reaching a maximum field gradient intensity of 34.1 G cm™, operating at 499.68 ('H)
and 125.65 MHz (*°C).

High-field solution-state NMR spectra were acquired at 18.8 T using a Bruker Avance III
spectrometer equipped with a 5 mm 'H/X/Y triple resonance probe head and a z-gradient
coil reaching a maximum field gradient intensity of 49.5 G cm™, operating at 800.23 ('H)
and 201.24 MHz (©C).

Gels were prepared by pipetting 600 uL of hot solutions into NMR tubes and allowed to
gelate inside the tube. All experiments were acquired using a n/2 pulse length of 8.0 ps
(*H). Pulse delays were optimised for each experiment and are specified in the
corresponding figure caption. The chemical shifts of "H and ®*C were referenced with

respect to DSS or TMS inside a coaxial insert.

3.11.3.1. One-dimensional experiments

H single pulse experiments were acquired using the single pulse sequence shown in

Figure 3.2.

3.11.3.2.  Solvent suppression

'H NMR spectra with solvent suppression were acquired using an excitation sculpting

pulse sequence (Figure 3.8).
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Figure 3.8. Representation of an excitation sculpting pulse sequence. It consists of a solvent-selective

excitation profile (n pulse) embedded between two pulsed-field gradients. By applying the filter sequence

twice with G1 and Gz not being correlated to each other, a flat baseline can be obtained.2%?

3.11.3.3. Longitudinal relaxation time

'H longitudinal relaxation times (T1) were determined using the standard inversion-
recovery pulse sequence (Figure 3.9). 16 points were recorded with a recycle delay of 10 s

and variable time delays (1) ranging from 0.1 to 20 s.
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Figure 3.9. Representation of an inversion-recovery pulse sequence. The first n pulse inverts the magnetisation
so that it lies along —z-axis. Relaxation is then allowed to occur during the delay t. The n/2 pulse converts it
into transverse magnetisation for detection. During the set of experiments, the delay time t is varied, which

enables the remaining magnetisation to be plotted as a function of time delay.2%

According to Bloch’s theory, longitudinal relaxation follows first order kinetics. Hence,
the evolution of peak intensities was fitted mathematically to the mono-exponential

function
M,(T) = M, [1 — Ze(T_)] Equation 3.3

where M, is the z-component of magnetisation, M, is the equilibrium magnetisation and t

is the time delay.?
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3.11.3.4. 2D 'H-'H NOESY

2D 'H-'H nuclear Overhauser effect spectroscopy (NOESY) NMR experiments were
recorded using phase-sensitive 2D NOESY pulse sequence with symmetrical 3-9-19
WATERGATE?> (water suppression by gradient tailored excitation) for solvent
suppression (noesygpph19) (Figure 3.10). Spectra were acquired with a recycle delay of 2

s, 32 scans and 16 points at variable mixing times (7:») ranging from 0.0025 to 1 s.
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Figure 3.10. Representation of a 2D 'H-'H NOESY NMR pulse sequence using WATERGATE?® 3-9-19

selective spin echo. The first n/2 pulse aligns all I magnetisation into the x,y-plane. During the evolution
period, t1, chemical shifts and spin-spin couplings evolve. The second /2 pulse aligns the y components of the
two vectors, which are now labelled with their individual chemical shifts, into the z-direction. During the
mixing period, tm, I spins are allowed to relax, show cross-relaxation and magnetisation is transferred. The
final n/2 pulse realigns the vectors into the x,y-plane and creates transverse magnetisation for detection.
WATERGATE?> 3-9-19 is a pulse train of symmetric pulses in the form 3a-t—90-1-190-1-190-1-90~- 1-30t
with 260.= 7 used for solvent suppression. The first sine-shaped gradient dephases all the resonances that
have been excited by the first ©/2 pulse. Then, the selective pulses reverse the sense of precession of all the
spins of interest but not that of the solvent. The second sine-shaped gradient refocuses the I spins of interest

whereas the solvent resonances dephase even further.17% 1%

Internuclear distances were calculated according to the initial rate approximation, which
establishes that the evolution of the initial build-up of nOe enhancements with mixing
time is approximately linear.'® The cross-relaxation rate can therefore be determined from
the initial slope of the build-up curve (I;5 as function of 7.), where the nOe enhancement
(I;s) is defined as the ratio between the intensity of the cross-peak at a certain mixing time
and the intensity of the diagonal peak at zero mixing time (I;s = I, X I¢4).!* In turn, the
cross-relaxation rate is proportional to the inverse sixth power of the internuclear distance
(115%), 015 = {1is°. The observed nOe intensities have to be calibrated relative to a known

internuclear distance.148 152 153
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3.11.3.5. 2D 'H-'H COSY

2D 'H-'H Homonuclear correlation spectroscopy (COSY) NMR experiments were
recorded using magnitude-mode 2D COSY pulse sequence with gradients and purge

pulses before the recycle delay (cosygpppqf) (Figure 3.11).
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Figure 3.11. Representation of a 2D 'H-'H COSY NMR pulse sequence. The /2 purge pulse, indicated by the

purple square pulse, consists of a long period of spin locking. Magnetisation not aligned along the spin
locking axis will precess around the spin locking field and will dephase, as this purge pulse is used to
suppress contributions from zero-quantum coherence. The first n/2 pulse transforms z-magnetisation into
transverse magnetisation. The chemical shift and J-coupling develop during the evolution period, ti. The
chemical shift of the direct dimension, f2, is modulated by the J-coupling of the indirect dimension, fi. Two
gradient pulses of different strengths or durations are applied before and after the second n/2 pulse to select

particular coherence transfer pathways. 65 172

3.11.3.6. 2D H-BC HSQC

2D 'H-'H Heteronuclear single-quantum coherence spectroscopy (HSQC) NMR
experiments were recorded using phase-sensitive improved-sensitivity 2D HQSC pulse
sequence with echo/anti-echo coherence selection and gradients with improved sensitivity

(hsqcetgpsi) (Figure 3.12).
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Figure 3.12. Representation of a 2D 'H-3C HSQC NMR pulse sequence. The sequence starts with an INEPT

transfer (insensitive nuclei enhanced by polarisation transfer) from I to S, which results in anti-phase
magnetisation of S with respect to I. The editing period has the purpose of attributing different signs to CH
and CHj3, in comparison to CHz signals, and it is characterised by Gi, the © pulse and the 11 delays. During the
evolution period, ti, anti-phase magnetisation develops the S chemical shifts. The n pulse on I in the middle of
t1 applied over a period of time symmetrically distributed eliminates the J(I,S) heteronuclear couplings in the
fi dimension, when t1 = 1/(4]is). Afterwards, a reverse INEPT transfer converts S magnetisation into in-phase [
magnetisation. Unconventionally, there is the addition of a second reverse INEPT block in order to select both
orthogonal components of the magnetisation present during t1 and improve sensitivity. Gi and Gz are
gradients for echo/anti-echo selection. Being an echo/anti-echo pulse sequence, the intensity of the refocusing
gradient Gz is inverted on alternated scans to obtain the N-(negative) and P-type (positive) data separately,

which allows phase-sensitive spectra to be obtained. Acquisition is conducted with GARP2* decoupling.!”

3.11.3.7. STD NMR

Saturation transfer difference (STD) NMR experiments were performed using a pulse
sequence with selective saturation of a given 'H frequency by a train of 40 Gaussian
pulses with the duration of 50 ms each and WATERGATE?" for solvent suppression

(stddiffgp19.2) (Figure 3.13), acquired with a constant total experiment duration of 6 s.
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Figure 3.13. Representation of an STD NMR pulse sequence using WATERGATE?® 3-9-19 selective spin echo.

During the saturation time, tsat, I magnetisation is selectively saturated either on (STDon) or off-resonance
(STDosf) by a train of Gaussian pulses, indicated by the orange Gaussian-shaped pulse in brackets. The band-
width of these 50 ms pulses is approximately 20 Hz, applied in a loop with #n = 40, which results in a narrow-
band irradiation. For every set of scans, the pre-irradiation frequency is changed from STDon to STDott
(interleave mode) and the two spectra are stored separately. Gi is a pulsed-field gradient that ensures that

only z-magnetisation remains.! 17219

STD spectra were created by the subtraction of an on-resonance spectrum (STDon), in
which a spectral region was selectively saturated, to an off-resonance spectrum (STDof),
acquired with no selective saturation.!®® 1% STDon spectra were acquired at a saturation
frequency of 0 or 1 ppm (where only resonances of the network can be encountered),
whereas the STDo# saturation frequency was set for 40 ppm.'* Interleaved acquisition of
STDon and STD.tt spectra was performed as a pseudo-2D experiment to minimise artefacts
caused by variations throughout the experiment.’®® Each pair of experiments was acquired
at variable saturation times (tsa¢) ranging from 0.25 to 6 s. Peak intensity in the difference
spectrum relative to the signal intensity in the STDot spectrum was used to determine the

fractional STD response, Ng,,

Ip- I I .
nSTD=OI—OSAT x100 =SILOD x100 Equation 3.4

where I is the peak intensity from the STDo# spectrum, Isar is the peak intensity from the
STDon spectrum and Igyp is the peak intensity from the difference spectrum.’>® STD build-

up curves were fitted mathematically to the mono-exponential function

STD(t,, = STD™** (1- e(“Ksat- tsat)) Equation 3.5
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where STD™#* is the maximum possible STD response at very long saturation times, kg, is
the saturation rate constant and tg, is the saturation time. The initial slope values of the

build-up curves, STDo, were obtained from the product STD™®* X kga¢.1%

3.11.4. Two-dimensional experiments

In two-dimensional (2D) NMR experiments, the signal is recorded as a function of two
time variables, t1 and t, and the resulting data is Fourier transformed twice to yield a 2D

spectrum which is a function of two frequency variables, fi and f>.

t1 Tm t2

modulation of
magnetisation
detected in f; by
the evolution of f;

Figure 3.14. 2D NMR experiments start with the preparation time, in which the sample is excited. The
resulting magnetisation is allowed to evolve during the evolution time, ti. During the mixing time, tm, there is
modulation of magnetisation detected in f2 by the evolution of the frequency of the second spin, fi. Finally,
during the detection period, the signal is recorded as a function of the second time variable, t2. This pulse
sequence is repeated cyclically and an free induction decay is recorded as a function of t2 for increasing ti

values.168

3.11.5. Variable temperature

Variable temperature measurements were typically performed between 273 and 363 K at 5
K intervals, allowing equilibration of thermal conditions for 15 min before acquisition.
Temperature control was accomplished with a FTS System cooling unit for solution-state
experiments; and with a Bruker BCU-II chilling unit and through heating the bearing gas

within the probe via a probe filament for solid-state measurements.
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3.11.6. Data processing

NMR spectra were acquired and processed using Bruker Topspin 3.1.7 analysis software.
All ¥F, 3C and ®N spectra were fitted with 200, 60 or 0 Hz line broadening, respectively.
Further processing was carried out with Origin 9.0, including fitting of 'H T1 decays, PFG
intensities for determination of self-diffusion coefficients and fractional STD response

build-up curves.
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Chapter 4

4. Literature review on the structural motifs and self-

assembly processes of phenylalanine

4.1. Introduction

The present chapter is an overview of the current knowledge on aggregation and gelation
of phenylalanine in water, to put into context the following results chapters. L-
Phenylalanine (Phe), (S)-2-amino-3-phenylpropanoic acid, is a natural amino acid that
plays a significant role in several biological processes. Phe is also a key component in the
synthesis of natural and synthetic products such as aspartame, peptides and medicines.>
207209 Furthermore, non-covalent interactions between Phe and other amino acids are
essential in dictating peptide and protein aggregation, which is important in many
pathological disorders. Examples include the formation of 3-amyloid fibres, which have
been linked to the development of Alzheimer’s disease, type II diabetes and prion

disorders.55 207-209

Recently, a relationship between the accumulation of Phe in vivo and its capability of self-
assembling into stable aggregates inside human cells has been established.’ 74 207210
Accumulation of Phe in the human body has pathological implications, giving rise to a
characteristic syndrome defined as phenylketonuria (PKU).> 20720 PKU is an autosomal
recessive disease that originates from mutations in the gene coding for phenylalanine
hydroxylase.? 20720 The absence of this enzyme leads to a significant accumulation of Phe
in the plasma, brain tissue and cerebral fluids.?” Phe saturates the L-type amino acid
transporter, depriving the brain of tyrosine, dopamine and epinephrine and hindering
brain development.?”” The resulting accumulation of micromolar concentrations of Phe
leads to the formation of stable and toxic aggregates in vivo.2” 2° However, it has been

defended that Phe serum levels (500 M) do not account for the high local concentrations,
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which might be even higher in the regions of the brain associated with the neurotoxic

effects.”4 211

Phe self-assembles into long fibres that give rise to a supramolecular crystalline hydrogel
at millimolar concentrations in vitro.2” 208 212 Hydrogelation of Phe was first described in
2002 by Myerson et al. as producing a hydrogel containing crystals — the material was
named a gel-crystal.?> To date, Phe is one of the smallest molecules known to form
supramolecular hydrogels and it is of particular interest due to its crystalline gel state.?'
The numerous new crystal structures, polymorphs, hydrates and gel forms described
recently have increased the interest in the solid state behaviour of Phe.® 213215 Thus, this
chapter summarises and provides a timeline for the most relevant information gathered to
date on the early stages of self-assembly of Phe in water, the structure and dynamics of

the resulting gel fibres and the solid state landscape of Phe.

4.2. Investigating early stages of self-assembly of Phe

The correlation between supramolecular aggregation of Phe and PKU exposed the need
for investigating self-assembly processes of Phe in water. In the past decade, research
groups focused mainly on the structure and dynamics of gels, disregarding the
clarification of the initial stages of molecular assembly.* Hence, it was decided that this
chapter should start by describing puzzling, but essential discoveries made on the early
stages of aggregation of Phe. Unravelling dynamics of the initial steps of self-assembly of

molecular gelators is critical to understand the final self-assembled structures.*

Infrared spectroscopy studies performed on aqueous solutions of Phe in 2006 by
Komorowska’s group showed that association of Phe in water resulted in strong and
stable aggregates due to the ability of Phe to promote reorientation of water molecules,
called hydrophobic hydration.?’® This prevented water from surrounding the non-polar
groups, enhanced the free energy of interaction and facilitated contact between solute

molecules.210

In 2012, Adler-Abramovich et al. performed electron diffraction studies in solutions of Phe
in water (6 mM) and established that fibrils exhibited well-ordered motifs.?” The electron
diffraction pattern of a single fibril (Figure 4.1a) was consistent with molecular dynamics

simulations conducted at high pH and in the presence of counterions. The resulting low
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stability structure showed a ladder-like arrangement with interspersed counterions
(Figure 4.1b).27 Pairs of neighbouring molecules were closely involved in direct hydrogen
bonds or salt-bridged polar interactions.?”” Hence, the charged carboxyl termini faced each
other and were bridged by counterions of opposite charge. Because of this arrangement,
the hydrophobic aromatic rings were in contact with the surrounding water molecules, an

energetically unfavourable situation.

Moreover, Adler-Abramovich et al. defended that PKU was closely related to the family of
amyloid-based diseases and thus should have similar atiology. This statement was based
on the detected birefringence in microscopic studies and excitation shifts in Congo red
and thioflavin T (ThT) fluorescence assays typical of amyloid fibrils.2” Pursuing the role
of Phe in the symptoms linked to PKU, they proved that the high build-up of Phe in the
hippocampus and the parietal cortex area of the brain resulted in the formation of
supramolecular fibrillar structures that were responsible for Phe’s cytotoxicity.?” They
suggested that these fibrils interacted and were incorporated inside cells, as they could be

found intracellularly after their incubation with Phe.??”

Figure 4.1. a) Electron-diffraction pattern of a single Phe fibril.?” b) Ladder-like structure of Phe aggregates
obtained by molecular dynamics simulations conducted at high pH in the presence of counterions (yellow

spheres).207

In 2013, Perween et al. refuted Adler-Abramovich and co-workers interpretation of
thioflavin T fluorescence assays.” They defended that the characteristic ThT fluorescence
was due to the parallel binding of ThT along the molecular axis of the fibrils, hence it did
not necessarily imply formation of (3-sheet assemblies. Their justification was supported

by the lack of Congo red binding, the absence of an absorption band typical of 3-sheet-like
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structures between 1600 and 1700 cm™ in FTIR studies and no proof of the intercalation of
ThT molecules in Phe fibres in confocal microscopy images.>> By combining Congo red
and ThT photoluminescence, FTIR and confocal microscopy, Perween et al. concluded that
Phe fibres do not have amyloid-like features. In clear contradiction with the report by
Adler-Abramovich et al. (2012),27 Perween et al. suggested that it is a network of strong
hydrogen bonds and electrostatic interactions that is responsible for aggregation,
attributing only a secondary role to n-n interactions between phenyl residues of adjacent
monomers of Phe in the stabilisation of fibres.> They determined that Phe fibres can be
obtained between 1 and 100 mM solutions of Phe in deionised water (pH = 7), giving rise

to fibre widths between 300 to 800 nm and lengths in the order of several micrometers.

Later, Mossou et al. (2014) characterised water-free assemblies of Phe using synchrotron
X-rays.®® They came up with a crystal structure with a monoclinic space group P21 with
four molecules in the asymmetric unit (Figure 4.2a). This structure was composed of
layers stabilised by alternating hydrophobic and hydrophilic interactions (Figure 4.2b).%
The crystal packing assumed laterally displaced rings and edge-to-face ring interactions
between layers, forming an angle of 45° between rings.®® They proposed that a strong set
of n-n stacking and hydrogen bonding interactions held the network together.®® These
interactions were considered significant in the self-assembly processes of Phe
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Figure 4.2. a) Monoclinic unit cell of Phe. b) Proposed interactions involved in the stabilisation of Phe fibres,

composed of a bilayer of hydrophobic/hydrophilic interactions.®
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German et al. (2014) were mainly interested in understanding the structure of early stage
assemblies of Phe. By conducting molecular dynamics simulations at physiological pH
using a semi-empirical force field (OPLS-AA) as implemented in GROMACS?, it was
determined that tubular pore-like structures were dominant, with each layer consisting of
four Phe molecules (Figure 4.3a). They defended that a more likely candidate for oligomer
and fibril formation contained this four-fold symmetry in which molecular termini acted
as an anisotropic driving force for vertical formation of nanotubes.® 74 207 However, they
also found less stable aggregates similar to the crystal structure of the Phe monohydrate?!4
(Figure 4.3b) or the previously proposed ladder-like form?*” (Figure 4.1b) during the
simulations.” The newly determined structure by German et al. (2014) was in agreement
with the one determined by electron diffraction.” 27 It was concluded that the small pore
size (4.93 A) of the proposed tubular structures did not allow water molecules to pass
through. Hence, the cytotoxicity associated with Phe aggregates was not due to the
formation of a water channel inserted in the cell membranes but it was more likely that
Phe rings interacted with the aliphatic chains of the lipids, which would separate the

polar head groups of the lipids and lead to membrane disruption.”

a) b)

Figure 4.3. a) Lowest energy nanotubular structure (-8434 kJ mol') of Phe proposed by German et al.”* and b)
crystal structure of Phe monohydrate from reference 2'4. Green atoms represent carbon, blue represent

nitrogen, red represent oxygen and white represent hydrogen.’

In 2015, Do et al. conducted ion-mobility mass spectrometry to study the structure of
successively formed Phe oligomers that pre-empt fibre formation.?® Initially, they
performed experiments in water and at neutral pH using a 6 mM concentration of Phe.?*”

Since German et al. (2014) had verified the presence of low abundance ladder-like
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structures at neutral pH without counterions, and such structures were initially proposed
by Adler-Abramovich et al. (2012) at high pH in the presence of counterions, Do et al.
wanted to address this inconsistency and to clarify the mechanism of assembly in water at
physiological conditions.?” In the presence of oligomers with a low number (1) of Phe
molecules (n up to 20) structures resembled the single-tube model, whereas structures
with medium-sized oligomers (1 = 20 to 35) corresponded to double-tube models (Figure
4.4).2° The remaining data were better fitted by the tetra-tube model. In this model, Phe

oligomers become more stable as size increases.?”

The measurements at high pH (pH = 11) using ammonium acetate buffer revealed the
presence of two octamer isomers. The dominant isomer was very similar to the one
recorded in water (Figure 4.4), whereas the minor isomer was significantly larger and
resembled the ladder-like structure obtained by Adler-Abramovich and co-workers. Do et
al. confirmed the presence of this structure, but since the self-assembly of the latter was
driven by non-zwitterionic NH2 and COO- terminal interactions, the resulting structures
were relative unstable. In contrast with what was claimed by Adler-Abramovich and co-
workers, the ion-mobility mass spectrometry data obtained by Do et al. indicated that
counterions (NHs*) disrupted these ladder-like structures and prompted rearrangement
into the pore-like structures found at neutral pH.?® Overall, their results suggested that
the aggregation pathway of Phe involved the formation of hollow tetrameric oligomers.
These tetramer layers stacked on top of each other, building multiple core structures
through lateral n-stacking interactions. The toxicity of these aggregates should arise from
their hydrophobic outside surface, thus facilitating insertion and penetration into the cell
membrane, coupled to their hydrophilic interior surfaces that had the potential to cause

ion leakage.?”

A ‘\"4‘ J L O "
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Single-tube model Double-tube model Tetra-tube model

Figure 4.4. Representative structures of single, double and tetra-tube models.?®”
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Griffith et al. (2015) found experimental evidence supporting German et al. and Do et al.
proposed the cause for Phe’s cytotoxicity. They investigated the interaction of Phe with a
phospholipid monolayer.?” Using a combination of surface-sensitive experimental
techniques and molecular dynamics simulations, they established that Phe was able to
intercalate itself into a 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) monolayer at
the air/water interface (Figure 4.5).2”7 Consequently, the presence of Phe affected surface
tension, phase morphology and ordering of the DPPC film, which could greatly influence
the permeability and stability of a cell membrane.?"” Furthermore, the conversion of the
zwitterionic form into the neutral form when Phe was located in the hydrophobic region
of the phospholipid layer was observed.?”” This represented a worse situation, as the
neutral form of Phe would be able to penetrate deeper into the hydrocarbon core of the
film and be incorporated fully into the membrane, cross the membrane and/or promote

local aggregation of Phe.?'”

Figure 4.5. Top-view snapshot of a small-scale defect (circled in white) in a DPPC film from molecular
dynamics simulations. DPPC molecules are coloured blue with terminal methyl groups coloured yellow.

Water molecules are red and white and Phe molecules can be seen by their light blue aromatic rings.?'”

4.3. Exploring gelation properties of Phe

Thakur and co-workers (2014) were the first group to investigate self-assembly of Phe in
water at gel forming concentrations (300 mM).2® The zwitterionic features of Phe
molecules suggested a pH-dependent self-assembly. Hence, white opaque hydrogels were
prepared in water and phosphate-buffered saline at pH values of 2, 5.5, 7.4 and 9 (Figure

4.6a), with kinetics of gel formation slowing down at pH = 9.2 Similar fibre morphology
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was identified at all pH values, but longer multi-nodal fibres were detected at a pH of 9.20
Variation of ionic strength had a more marked effect in fibre morphology, as increased
ionic strength led to larger particle size from z-average measurements by dynamic light
scattering. They proposed that this was due to salt-induced charge suppression, resulting
in strong hydrophobic interactions.?’® Despite recognising that previous studies assumed
hydrogen bonding between —C=0O--~HOOC- and electrostatic interactions between -
NHs*---O=C- as being responsible for Phe aggregation,?® Thakur and co-workers insisted
that hydrophobic interactions directed self-assembly processes of Phe.?®® They supported
their hypothesis on concentration-dependent solution-state NMR studies of hydrogels of
Phe, in which an upfield shift was observed for the aryl protons (Figure 4.6b). However,
the rate of change of '"H chemical shift values shown in their supporting information was

more significant for the aliphatic than for the aryl protons (Figure 4.6c).2%

Taking into account the pathological implications of intracellular accumulation of Phe,
Thakur and co-workers investigated strategies to disrupt these stable fibrous aggregates.
Equimolar racemic mixtures of L- and D-Phe led to formation of more stable racemate
plaques instead.?”® The cytotoxicity of these racemate plaques has not been evaluated yet,
therefore their proposal as a therapeutic molecule in PKU remains doubtful. Up to date, a

viable and less toxic alternative is still needed.
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Figure 4.6. a) Kinetics of hydrogel formation of Phe from dynamic light scattering studies, with a photograph
of a self-supporting gel (300 mM). The initial lag-phase might be due to nucleation events where molecules
associate to form productive nucleus for further elongation into mature fibres, or the associated molecules are
insensitive to light scattering. b) Variation of '"H chemical shift of aryl protons with concentration of Phe and
¢) rate of change of "H chemical shift with respect to change in concentration (A8/AC) for all Phe protons. d)

Molecular structure of Phe with assignment.2

4.4. Structural motifs of Phe gel fibres

The need for determining the crystal structures of the 20 essential amino acids has been
recognised for some time.?"® The lack of reported crystal structures is often due to the
difficulties in obtaining sufficiently large and good quality crystals suitable for single-
crystal X-ray diffraction studies.?’* The crystallographic studies conducted by the groups
of Harris, Gazit, Korter and Gorbitz contributed significantly to the understanding of the
crystalline packing motifs of Phe in the solid state (Table 4.1), using single-crystal and
powder XRD studies, and computational approaches.® 213215 These groups proved the
existence of a total of seven solid forms, which reflect the structural complexity of this

essential amino acid (4 polymorphs, two hydrates and a racemic solid form).%
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Table 4.1. Crystallographic unit cells of Phe.?'>

Form J218 11215 11213 T1166 V215
space group c2 P2 P2 P2: c2
alA 8.804 8.7829/8.7955 12.063 6.0010 9.6806
b/A 6.041 5.9985/6.0363 5.412 30.8020 5.2362
c/A 31.509 31.0175/31.5233 13.676 8.7980 15.8474
B/A 96.60 96.9220/96.6441 99.5976 90.120 96.291
V/A3 1667.6 1622.12/1622.40 880.3 1626.24 798.46
z 2 4 2 4 1
T/K 298 105/293 294 100 100

4.5. Aims of the project

Although a better understanding of the early stages of aggregation of Phe was gained,
together with intermolecular interactions and structure of the gel fibres, the
supramolecular packing motifs and dynamics of the resulting hydrogels remain unclear, a
gap that is addressed in the following results chapters. Consequently, one of the main
priorities when studying Phe was to determine the supramolecular packing motifs of the
hydrogel network. Studies on this topic are discussed in Chapter 5 (section 5.2.4, page
157) and prove that Phe hydrogels have a very crystalline nature and the crystal structure
of the gel fibres, determined directly on the gel fibres, corresponds to the monohydrate

form of Phe.

Even though Mossou® and Thakur?® groups attributed considerable importance to
hydrophobic interactions between phenyl rings in the formation of Phe fibrils, Perween et
al. (2013)% contradicted their conclusions. With the purpose of clarifying these
inconsistencies, experimental evidence is provided in Chapter 5 (section 5.2, page 149)
that enables the conclusions to be drawn that the main driving force of gelation is the

strong ionic interaction between the electrostatic ends of Phe.

Understanding hidden dynamics of molecular gels of Phe was one of the main goals of
the project. It was found that dynamic processes of Phe were best understood in the
presence of structurally diverse additive molecules, henceforth the effects of introducing
amino acids are described in Chapter 6 (page 164), molecules that form fibres isostructural
to those of Phe are discussed in Chapter 7 (page 186) and molecules that show
concentration-dependent disruptive and gelation behaviours are shown in Chapter 8

(page 219).
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Chapter 5

5. Gel-crystallisation of Phe: structure, dynamics and

molecular-level characterisation

Findings from this chapter are partly published in

Nartowski, K. P.; Ramalhete, S. M.; Martin, P. C.; Foster, ]. S.; Heinrich, M.; Eddleston, M.
D.; Hayley, G. R,; Day, G. M,; Khimyak, Y. Z; Lloyd, G. O., The plot thickens: gelation by
phenylalanine in water and dimethyl sulfoxide. Crystal Growth & Design, 2017, 17(8), 4100-
4109.

5.1. Introduction

The ability of Phe to self-assemble into organised supramolecular structures, giving rise to
crystalline hydrogels under certain conditions, has caught the attention of several research
groups.> 74 207210, 212214 Detailed description on this topic can be found in Chapter 4 (page
138), which summarises the up to date information on nucleation and growth of Phe into

self-assembled structures.

This chapter highlights the relationship between gelation, crystallisation and dynamics of
self-assembly of Phe in water. The gelation of Phe and its gel/crystal relationship are
described, as well as the crystal structure predictions conducted for this relative simple
compound. NMR studies were used to elucidate structure and dynamics of Phe
molecules. The main purpose of this work was to provide guidance to future research into
Phe assemblies, and possible treatments for phenylketonuria and diseases based on the

formation of stable 3-amyloid fibres.

Phe was also able to gelate DMSO, giving rise to transparent gels of low crystallinity. The

resulting gels were structurally and dynamically different from hydrogels, denoting the
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importance of solvent properties, but the description of organogels of Phe falls out of

focus of this thesis. Findings related to DMSO gels can be found in reference .

This project resulted from the collaborative work between the groups of Dr. Gareth Lloyd
(Heriot-Watt University), responsible for microscopy imaging, rheology measurements
and diffraction studies and Professor Graeme Day (University of Southampton), who
performed computational modelling experiments. My group conducted the
characterisation of the gelation ability of Phe and of the resulting gel materials using NMR
spectroscopy. Calculations of NMR parameters were conducted in collaboration with Dr.

Karol Nartowski (University of East Anglia).

5.2. Results
5.2.1.Macroscopic and mechanical properties of Phe hydrogels

During the process of cooling of hot solutions of Phe, the formation of white, cloud-like
centres was observed, followed by growth and entanglement of fibres, ultimately leading
to the formation of white opaque hydrogels (CGC = 212 mM) (Figure 5.1b). Above a
certain concentration of Phe in water (605 mM), the process of gelation occurred
simultaneously with crystallisation of the anhydrous form I. This point was taken as the
maximum concentration, below which only pure gelation occurs with no visible presence
of crystallisation of the anhydrous form. Fast quenching of the solutions was essential to
ensure gelation, as lowering the temperature gradually led to the formation of solid
precipitates. It should also be noted that racemic mixtures prevented gelation and

promoted crystallisation instead, as reported by Thakur and co-workers.®

Similarly to Thakur, it was observed that hydrogels were rheologically weaker upon
changing the pH away from its isoelectric point, pI = 5.48 (i.e., by adding HCl or NaOH
and measuring the pH of the solution with a pH meter) or by the addition of salt. Gels
became metastable upon the addition of NaCl (above 100 mg / 5 ml) preferring the

formation of the crystalline anhydrous form L.
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Figure 5.1. a) Molecular structure of L-phenylalanine, with numbered carbons. b) Hydrogel of Phe (303 mM).

The measurements of the rheological properties of hydrogels (Figure 5.2) provided clear
evidence of the viscoelastic nature of the materials and the importance of defining these
phases as gels. Frequency sweep rheometry with a small amplitude stress revealed the
solid-like nature of the gels at 293 K, with the storage moduli, G', being typically an order
of magnitude greater than the loss moduli, G (Figure 5.2a). Concentrations of Phe higher
than 303 mM exhibited G’ values in the range of 10° Pa, unusually observed values that

are characteristic of very strong gel materials.?

The non-linear rheological response for the gels was also investigated using stress sweep
experiments. The high elastic moduli values for the hydrogels revealed a robust material.
The gels showed a G’ value essentially constant below the critical value of oscillatory
torque (“yield stress”’), again showing a behaviour typical of a gelatinous material (Figure

5.2b).

m G'[Phe] =212 mM
G’ [Phe] =227 mM
G’ [Phe] = 242 mM
G’ [Phe] =273 mM

A G'[Phe] = 303 mM

# G’ [Phe] = 364 mM

o G’ [Phe] = 424 mM

© G’ [Phe] = 485 mM

A G'[Phe] = 545 mM
G’ [Phe] = 606 mM
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Figure 5.2. a) Frequency sweep and b) stress sweep experiments for different concentrations of Phe hydrogels.
Lines between points were added to help guide the eye. Hot solutions (ca. 0.5 mL) were pipetted into a 150
pum gap (cone and plate geometry). All samples were subjected to frequency sweeps in the range of 0.1 to 100

Hz and applied stress of 700 Pa, as well as stress amplitude sweeps in the range of 500 to 10000 Pa.
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5.2.2.Morphology of the gel-crystals

Microscopic analysis of the hydrogels showed the presence of thin fibres with an average
width of 440 nm and 0.2-2 mm diameters (Figure 5.3a,b), which is consistent with the fact
that the gels are opaque and that the fibrous nature can be observed with the visible eye.
The fibrous nature of the hydrogel was also confirmed through imaging by electron

microscopy (Figure 5.4a).

Since the phenomenon of Phe hydrogelation had been described previously as “gel-
crystallisation” by Myerson,?? diffraction studies were performed on the gel samples to
understand why this may be the case. This revealed that the dry and wet hydrogels were
considerably crystalline in nature, with no indications of amorphous or semi-crystalline
phases ([Phe] = 303 mM). TEM diffraction images of dried samples (Figure 5.4b) also

revealed a single phase of excellent crystallinity.
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Figure 5.3. a) AFM image of the dry hydrogel of Phe, highlighting the entanglement of a fibrous network. b)
Histogram of measured widths in AFM experiments for the hydrogel of Phe, with an average width of 437 +

16 nm.
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Figure 5.4. The determination of the hydrate structure of the hydrogel allows for a) the morphology of the
fibres by TEM to be confirmed and b) the molecular packing in these fibres determined by electron diffraction.
Zone axis electron diffraction of the fibres indicates the growing direction to be the [010] crystallographic

direction.

Initial attempts to identify this phase were unsuccessful until the PXRD data produced by
Harris and co-workers in 2013 confirmed the material to be the hydrate phase of Phe.?® It
was then possible to confirm this phase by obtaining single-crystal data sets of both the
monohydrate and hemi-hydrate forms of Phe from fibres pulled directly from the gels. I
believe the process of isolating the fibre from the gelation mixture can result in
dehydration of the hydrate phase to give a crystal of the hemi-hydrate form, also reported
by Harris et al.?'® Hence, solid-state NMR studies were performed directly on the
hydrogel phase and were in agreement with spectra presented by Harris and co-workers
for the Phe monohydrate (Figure 5.5).2'® This enabled to confidently assign this material as
the monohydrate crystal form of Phe utilising chemical shift calculations with CASTEP.

These experiments are described below (section 5.2.4, page 157).
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Figure 5.5. Unit cell of Phe monohydrate shown along the a axis (CCDC Number 1532251). The unit cell
presented monoclinic metric symmetry, with the following refined parameters: a =13.112(14) A, b =5.409(5) A,
c=13.849(14) A, B =102.985(4) A, (V=957.11(17) A% and Z = 4. The space group was assigned as P21.2!3

When the molecular packing of Phe in the hydrogel form was identified, it allowed for
analysing the morphological characteristics of self-assembly and attempts to understand
why Phe shows preference for forming fibrous assemblies. Prof. Graeme Day’s groups
performed Bravais-Friedel-Donnay-Harker (BFDH) crystal morphology calculations,
which indicated a needle habit (Figure 5.6a,b). The non-growing faces of the morphology
were [100] and [001], which represent the hydrophobic faces. This, however, did not fully
explain the “extreme” needle/fibre morphology. Intermolecular supramolecular
interaction analyses of the crystal structure also did not divulge any clear unidirectional

interactions, such as hydrogen bonding, n-n stacking or van der Waals interactions.

However, the electrostatic potential Hirshfeld surface analysis of Phe molecules of the
monohydrate structure exposed the anisotropic character of the molecules (Figure 5.6¢,d).
This clearly confirmed that Coulombic interactions are an important intermolecular force
in determining fibre morphology. The influence of electrostatics in the form of Coulombic
interactions is sometimes underestimated, even though they can make a dominant
contribution to intermolecular interactions, and their strong directionality often makes
them structure determining.??? This was confirmed by face indexing the fibres by
electron diffraction in TEM experiments. The electron diffraction patterns obtained

matched the calculated patterns from the monohydrate crystal structure. The direction of
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the long axis of the fibres could be attributed to the [010] direction of the monohydrate
structure. This [010] direction corresponds to the stacking of the positive and negative

charges of the zwitterionic Phe molecules in an expected +/-/+/— arrangement.

Figure 5.6. a,b) BEDH crystal morphology calculation indicated a needle habit of Phe monohydrate. Analysis
of the crystal structure indicated that c) the electrostatics (shown here as the electrostatic potential Hirshfeld
surface) are a significant interaction for the stacking of Phe in this anisotropic manner, with n-n stacking,
hydrogen bonding and van der Waals interactions complementing the +/—/+/- stacking in the [010] direction.
Figure c) shows the structure viewed down [010] and d) is shown viewed down the [001] with b axis coloured

green, a axis red and c axis blue.

5.2.3.Computational modelling of structure of Phe fibres

As the solid matrix of the hydrogel is clearly crystalline in nature, Prof. Day’s group
conducted CSP calculations to investigate the structural landscape of Phe. CSP
calculations were performed in the common Sohncke space groups with Z' = 1 and 2,
taking into account the conformational flexibility of the molecule. Lattice energy
calculations were also performed on the known Z' = 4 forms I and III for comparison of

their stabilities to the Z' =1 and Z' = 2 landscape of structures.

The results demonstrated a very rich structural landscape (Figure 5.7). It was found that
the known Z' = 4 polymorphs were more stable than any of the predicted structures, 2.6 k]
mol! below the most stable Z' =2 predicted structure. The low symmetry packing in these

polymorphs seemed to be driven by a reduction of the lattice energy, which could not be
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achieved within the constraints of smaller (Z' =1 and Z' = 2) asymmetric units. However,
it was also noticed that forms I and III lattice energy minimised to the same structure.
These structurally very similar assemblies did not correspond to different energy minima
on the energy surface described by the methods used here. Amongst the predicted
structures, several low energy Z' =1 structures and a large number of possibilities with Z'
= 2 were found, with a slight energetic preference for Z' = 2. The known form II was
located as one of the lowest energy predicted structures, 3.5 k] mol' above the lowest
energy prediction and 6 k] mol! above forms I and III. To compare the conformationally
disordered form IV with the predicted structures, Day’s group lattice energy minimised
three ordered versions of form IV, each with one of the side chain conformations seen in
the observed structure. The resulting lattice energy minima corresponded to structures
that were found in the Z' = 1 prediction results and are highlighted in Figure 5.7. These
ordered structures were all at lower density than the observed disordered structure and
also outside of the normal energetic range of polymorphism, demonstrating the

importance of disorder in the close packing and stability of form IV.

The calculated lattice energy (-252.0 k] mol") of the hydrate was 83.8 k] mol* lower than
that of forms I and III. This stabilisation provided to the lattice by water was
approximately double water’s vaporisation enthalpy, so greatly exceeded the cost of
removing water from its pure phase. This suggested that the hydrate is the
thermodynamically stable form in the presence of water. For comparison, water was
removed and re-optimised the structure. The resulting “computationally dehydrated”
structure corresponded to one of the high energy predicted Z' = 1 structures. The results
showed that the stability of the hydrate is dominated by the hydrogen bond interactions
involving the lattice water. This was reflected in the contributions to the lattice energy: the
lattice energy of the hydrate is more than 93 % electrostatic, compared to 73 % (forms I
and III) and 74 % (form II) in the known anhydrous polymorphs. At this point, it should
be noted that the Phe monohydrate crystal structure was determined to be the

thermodynamically most stable form in the presence of water.
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Figure 5.7. Calculated energy landscape of Phe. Z'=1 and Z'=2 predicted crystal structures are indicated as
grey circles and black diamonds, respectively. The known forms I, IT and III, as well as a number of ordered
versions of form IV, are indicated. Also highlighted is the structure resulting from in silico dehydration of the

monohydrate form found in the hydrogel.

The packing motif of the crystal structures determined for Phe contained a distinct AB
bilayered pattern of a hydrophobic layer consisting of the phenyl groups and a
hydrophilic layer consisting of hydrogen bonding and electrostatic interactions between
the negatively charged carboxylate groups and positively charged ammonium cation

groups (Figure 5.8), which together formed the zwitterionic component of the amino

acids.
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Figure 5.8. Packing of dimers of Phe shown down the b axis, with water molecules removed for clarity. Dimer
stacks are interacting with each other except via hydrogen bonding and n-n interactions. What is also clear is

that the dimer stacks are anisotropic with the hydrophilic section shorter than the hydrophobic region.

5.2.4.Structural studies using NMR spectroscopy

TH-13C CP/MAS solid-state NMR experiments of hydrogels provided information on the
rigid components, which are characterised by strong heteronuclear dipolar couplings that
efficiently transfer magnetisation between 'H and ®“C spins.®® 'H-*C CP/MAS NMR
spectra of the Phe hydrogel showed a characteristic splitting for each carbon site (Figure
5.9) indicating the presence of two non-equivalent molecules in the crystal structure.
These data matched the spectrum published by Harris et al. for the high humidity material
(Phe monohydrate phase).?® This was further corroborated by PXRD results and CASTEP
calculations of the solid-state  NMR parameters for a geometry optimised Phe

monohydrate crystal structure (Figure 5.10).
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Figure 5.9. "H-13C CP/MAS solid-state NMR spectra of anhydrous Phe and Phe hydrogel acquired with MAS
rates of 10.5 or 8 kHz and 2048 or 8192 scans, respectively. All experiments were conducted with a recycle
delay of 20 s and w/2 pulse lengths of 3.2 pus (*H) and 3.0 ps (**C), using a 400 MHz solid-state NMR

spectrometer. Asterisks represent spinning sidebands.
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Figure 5.10. Experimental 1*C chemical shift values for Phe hydrogel derived from the spectra acquired at an
MAS rate of 8 kHz vs. calculated chemical shifts for the Phe monohydrate that give best agreement with both

NMR and PXRD data from the hydrogel.

5.2.5.Monitoring self-assembly of Phe in water using NMR

It has been shown using vibrational spectroscopy that electrostatic interactions between
—COO-*NHs motifs are key in Phe self-assembly.?” 2% 210 However, recently, it has been
hypothesised that there are significant contributions of hydrophobic interactions between
phenyl rings in the formation of Phe fibrils.®> 28 | was interested in ascertaining the main
driving force of fibre formation, which from the crystallographic characterisation
appeared to be the electrostatic interactions. In order to gain a better understanding of

Phe self-assembly in water and provide strong experimental evidence to clarify the
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existing contradictions, the process of Phe aggregation was studied over a wide range of
concentrations. Solution-state 'H NMR spectra of Phe gels in D20 showed substantial
broadening of the peaks (Figure 5.11), which is related to short T> relaxation times
together with increased 'H-'H dipolar interactions within aggregating, solid-like

structures.
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Figure 5.11. 'H solution-state NMR spectra of a solution and hydrogel of Phe. The high intensity peak at 4.7
ppm is due to residual water and exchangeable protons. Experiments were conducted with a recycle delay of

2 s, using a 500 MHz solution-state NMR spectrometer.

It was clear that the local environment of the aromatic region of the aggregating species
was left practically unchanged during saturation-induced self-assembly (Figure 5.12a).
Substantial changes in the chemical shift values of aliphatic protons proved
unambiguously the importance of the aliphatic region in Phe self-assembly. This was
corroborated by the structural studies of the Phe monohydrate, the building block of the

gel fibrils, where short contact interactions between aromatic rings of Phe are negligible.

As 'H NMR is a quantitative analytical method, CGC was confirmed and the ratio
between Phe species dissolved in the pools of solvent and Phe bound to the rigid gel
network was determined. A linear increase in the intensity of NMR peaks was observed
in the range of Phe concentrations from 17 to 200 mM (Figure 5.12b). When the
concentration of Phe reached the CGC and a gel was formed, saturation was evident with
no further increase of the intensity of NMR peaks even when increasing solute
concentration. As it is well known for LMWG, formation of supramolecular structures
does not require all molecules to be incorporated in the gel network (Table 5.1), but a
certain concentration needs to be reached to drive the spontaneous process of fibril

formation.4 48 Based on this, the NMR-based CGC in water was determined at ca. 212
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mM. Phe formed a supersaturated solution in the range of concentrations from ca. 160 to
200 mM, which produced a gel in the NMR tubes at the air/water interface after three

weeks of storage.
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Figure 5.12. a) Variation of '"H NMR chemical shifts (5) with concentration of Phe in water. b) Dependence of
'H NMR peak intensity on the concentration of Phe in D20. Three different stages during the gelation process
can be identified based on intensities of the peaks, i.e. solution, supersaturated solution and gel phase. The
orange line indicates the NMR-determined CGC. All experiments were conducted with a recycle delay of 10's,

using a 500 MHz solution-state NMR spectrometer.

Table 5.1. Concentration of Phe in solution and in gel phases based on 'H NMR peak intensities.

[Phe]total / mM [Phe]gel phase / mM [Phe]solution / mM

212 52 160
242 83 159
272 116 156
303 146 157

Kinetics of self-assembly of the Phe hydrogel (303 mM) was monitored through the
acquisition of several 'H solution-state NMR spectra at room temperature, immediately
after cooling down a hot solution of Phe. Very sharp and intense peaks of Phe were
recorded three minutes after quenching (Figure 5.12b). Gradually, these peaks became
broader and less intense, until a plateau was reached after 24 h, a trend consistent with

gelation.’¥” Changes in intensity of peaks indicated that ca. 50 % of Phe molecules formed
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the rigid hydrogel fibres (Table 5.1). No chemical shift variations were detected
throughout gelation, an observation that has been reported previously for other gel
systems,'¥” 22¢ and has been justified by the presence of fast exchange processes between

free gelator molecules and those partially immobilised onto the gel fibres.?>
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Figure 5.13. Kinetics of gelation of Phe monitored by the acquisition of 'H solution-state NMR spectra over
time, immediately after cooling down a hot solution of Phe (measured at 298 K). All experiments were

conducted with a recycle delay of 10 s, using a 500 MHz solution-state NMR spectrometer.

The dependence of 'H T relaxation times with increasing concentration of Phe in water
and throughout the gel-to-solution transition of the hydrogel provided a further insight
towards the mechanism of fibre formation. Prior to gelation, differences in local dynamics
were observed between the protons of the aromatic group, C,H and CgH2 protons (Figure
5.14). There was a clear difference in the relaxation times for different 'H sites in the
solution. The long relaxation times (ca. 3.0 s) of the protons of the aromatic group and
C.H protons were contrasted by the three-fold shorter relaxation times of neighbouring
CpH:2 protons. Upon formation of the gel, 'H Ti relaxation times for different 'H sites
became similar. This corresponded to averaged values resulting from a strong network of
'H-'H dipolar couplings (spin diffusion), as a result of restricted mobility of the gelator
molecules, and exchange phenomena of Phe molecules between solution and gel states.
Bouguet-Bonnet et al. (2012) reported a similar observation for single-component

organogels of a derivative of phenylalanine and naphthalimide.*® The increase in the T1
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relaxation time with increasing concentration of Phe in the gel state reflected aggregation

of the amino acid prior to fibre growth.

VT NMR measurements of 'H T: times indicated the Phe hydrogel was in the “fast
tumbling regime”, also corroborated by the decreased line widths with increasing
temperature. Three distinct stages in the temperature-dependent transformation of the
hydrogel were identified. During stage I, the sample was in the gel state and "H T: times
of Phe were similar for different 'H sites. During stage II, a heterogeneous distribution of
T times typical of Phe solutions was observed, reflecting the disassembly of the network
and the presence of more Phe molecules in the solution state. The process of the molecular
gel-to-solution transition, Tge",'*® (here at 313 K) usually occurs at temperatures below the
macroscopically determined Tgel (Tget = 323.6-326.6 K). Tgel” reflects the temperature above
which the dissolution of the fibres starts occurring, which pre-empts the loss of structural
integrity, translated by Tge. This temperature marked the beginning of stage III, after
which the distribution of 'H T: times increased further and resulted in an overall increase
of T1 times for aromatic and CaH protons. The dispersion of these values increased with
temperature as the dissolution of the supramolecular network weakened 'H-'H dipolar
couplings, making the spin diffusion mechanism less efficient. However, 'H T1 times for
CgH: protons followed a different trend, with a rapid decay throughout the range of
temperatures and a minimum at 326 K. This minimum possibly reflected the point after

which 'H T1 values corresponded mainly to fast tumbling molecules dissolved in solution.
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Figure 5.14. a) Evolution of 'Hsolution-state T1 relaxation times of different regions of Phe as a function of
concentration in D20. b) 'H Ti times of hydrogels of Phe (303 mM), recorded from 298 to 353 K. All

experiments were conducted with a recycle delay of 10 s, using a 500 MHz solution-state NMR spectrometer.

5.3. Concluding remarks

The “gel-crystallisation” phenomenon described by Myerson was corroborated by the
determination of the gel fibres as being the crystalline monohydrate form of Phe. CSP data
clearly showed that the structural landscape of Phe is very rich and that all solid forms
may not have been characterised yet. NMR characterisation, coupled to crystallography,
showed how the electrostatics of the zwitterionic Phe molecule, together with hydrogen
bonding and hydrophobic interactions, lead to anisotropic assembly and fibre formation

at the isoelectric point.

One key experiment in understanding dynamics of solutions and hydrogels is the
determination of the dependence of 'H T: times with increasing concentration of Phe and
at variable temperature. Under the presence of strong homonuclear dipolar couplings (in
the gel state) there is similarity of 'H T1 times for different proton sites due to spin
diffusion. In the presence of mainly fast tumbling molecules (in the solution state), a
dispersion of 'H T1 values is observed with each proton presenting its own relaxation
profile. Since the strength of the dipolar couplings dictate the evolution of T1 values with
concentration and temperature, it was therefore possible to monitor molecular level
variations induced by the gradual processes of aggregation and throughout gel-to-

solution transitions.
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Chapter 6

6. Supramolecular amino acid based hydrogels: probing the
contribution of additive molecules wusing NMR

spectroscopy

Findings from this chapter are partly published in

Ramalhete, S. M.; Nartowski, K. P.; Sarathchandra, N.; Foster, ]J. S.; Round, A. N.; Angulo,
J.; Lloyd, G. O.; Khimyak, Y. Z., Supramolecular amino acid based hydrogels: probing the
contribution of additive molecules using NMR spectroscopy. Chemistry-A European Journal

2017, 23 (33), 8014-8024.

6.1. Introduction

The understanding gained of the crystal packing of Phe fibres, non-covalent driving forces
and dynamic processes of self-assembly of Phe (Chapter 5 page 148) enabled
opportunities for tuning supramolecular gelation of Phe to be explored. The introduction
of co-gelators or non-gelating additive molecules has been reported previously in other
gel systems to create an extra level of control and therefore to allow tailoring of the
physical properties of gels through modifications to their supramolecular structure. %
Possible co-gelators or non-gelating additive molecules in the form of related hydrophilic
and hydrophobic amino acids (Figure 6.1) were added to hydrogels of Phe. Reversible
interactions between complimentary amino acids occur in nature (hydrogen and disulfide
bonds, salt bridges and hydrophobic interactions) and their importance has been
demonstrated in many biological processes, such as protein folding, protein-protein and
protein-ligand interactions. These essential building blocks of life have their function

dictated by the type of amino acids and interactions participating in their stabilisation.3 4

53-55
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Furthermore, this chapter describes the development of an NMR-based analytical
approach to gain insight into the general mechanisms of supramolecular gelation, with
these multi-component hydrogels used as a proof of concept. Besides NMR spectroscopy,
complimentary techniques able to probe larger scales of organisation were used, such as
microscopy, rheology and diffraction methodologies, to aid in the interpretation and

validation of the NMR findings.
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Figure 6.1. Zwitterionic structures of the amino acids in study with the corresponding solubilities in water at
298 K. Tyr is less soluble than Phe since the additional hydroxyl group interacts with nearby hydroxyl and

carboxylate groups, resulting in stronger Tyr-Tyr than Tyr-water interactions.??

6.2. Results
6.2.1.Macroscopic observations and fibre morphology determination

The hydrogelation ability of these structurally diverse amino acids (Figure 6.1) was tested.
Suspensions of L-leucine (Leu), L-serine (Ser), L-tryptophan (Trp) and L-tyrosine (Tyr)
formed clear solutions in water when heated. When quenched, all formed crystalline
precipitates in the range of 5 to 500 mM. Despite Tyr being able to form supramolecular

fibres®, it showed no tridimensional ability of fully entrapping water.

Suspensions of Phe mixed with these non-gelating additives (total concentration of 303
mM) were heated and quenched, resulting in white opaque hydrogels obtained from the
mixtures Phe/Leu (5:1), Phe/Ser (5:1), Phe/Trp (5:1) and Phe/Tyr (5:1). pH values were
monitored upon the addition of other amino acids to suspensions of Phe, due to the
importance of pH in dictating non-covalent interactions and, therefore, self-assembly.
Despite small differences were found between pure and mixed systems, these did not

significantly affect the outcome of self-assembly (Table 6.1). Tgel values of hydrogels of Phe
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were also not affected considerably upon the introduction of these additive molecules.

These temperatures were in the range of 322 to 327 K for all hydrogels (Table 6.2).

Table 6.1. pH values of suspensions of Phe, Phe/Leu (5:1), Phe/Ser (5:1), Phe/Trp (5:1) and Phe/Tyr (5:1), and

corresponding dissociation constants (pKa) and isoelectric points (pI).2”

Suspension pH pI pKa! pK:? pK:
Phe 6.5 5.48 Phe: 2.18 Phe: 9.09 -
Phe/Leu 6.5 5.98 Leu: 2.32 Leu: 9.58 -
Phe/Ser 6.4 5.68 Ser:2.13 Ser: 9.05 -
Phe/Trp 6.5 5.66 Trp: 2.38 Trp: 9.34 -
Phe/Tyr 6.3 5.66 Tyr: 2.24 Tyr: 9.04 Tyr: 10.10

Table 6.2. Gel-to-solution transition temperatures (Tge) of hydrogels of Phe, Phe/Leu (5:1), Phe/Ser (5:1),
Phe/Trp (5:1) and Phe/Tyr (5:1).

Hydrogel Tge / K
Phe 323.6 — 326.6
Phe/Leu 323.5-324.5
Phe/Ser 3235-324.1
Phe/Trp 322.2-326.9
Phe/Tyr 324.8 - 325.0

6.2.2.Resistance of gel fibres to deformation

Similarly to the pure Phe hydrogel (Chapter 5, section 5.2.1, page 149), when frequency
sweeps were performed with a small amplitude stress, a phase angle of ca. 10° was
recorded, showing a solid-like behaviour. Since G' values for the majority of these
hydrogels were in the order of 10°Pa and were typically two to five times greater than the
G'" values (Figure 6.2a), a relationship characteristic of robust gels, the elastic nature of the

mixed gel materials was confirmed.

Similar G’ values were obtained for the hydrogels of Phe, Phe/Leu and Phe/Tyr (G’ = 2.0 x
10° Pa), indicating the presence of Tyr or Leu did not modify the response of the hydrogel
fibres to stress considerably. However, significant differences between these systems and
the hydrogels of Phe/Trp and Phe/Ser were identified. The addition of Trp increased the
storage modulus (G' = 3.5 x 10° Pa), indicative of a rheologically stronger network. In
contrast to Trp, the addition of Ser decreased severely the resistance of the hydrogel to

deformation (G’ =7.5 x 10* Pa).
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During stress sweep experiments, all hydrogels showed a typical G’ value, essentially
constant below the critical value of oscillatory torque (“yield stress”). At this stress point,
the sample started to flow or there was slippage between the interface of the rheometer
and the hydrogel. Hence, no trends or conclusions could be drawn from these data.
Hydrogel materials often exude water (syneresis) resulting in uncontrollable slippage,

thus inconsistent data were obtained (Figure 6.2b).
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Figure 6.2. Storage (G') and loss (G'") moduli at a) increasing frequency sweeps and b) increasing stress
sweeps for the hydrogels of Phe, Phe/Ser (5:1), Phe/Leu (5:1), Phe/Trp (5:1) and Phe/Tyr (5:1). Measurements
of storage and loss moduli of supramolecular hydrogels were reproducible with an error of 10.7 %. Lines are
guides for the eyes. Hot solutions (ca. 1.5 mL) were pipetted into a 300 um gap (cone and plate geometry). All
samples were subjected to frequency sweeps in the range of 0.1 to 100 Hz and applied stress of 700 Pa, as well

as stress amplitude sweeps in the range of 500 to 10000 Pa.

6.2.3.Structural characterisation of the fibrous network

The crystalline nature of the hydrogel fibres was revealed by the presence of diffraction
peaks in PXRD patterns of single and multi-component hydrogels (Figure 6.3). All
patterns exhibited a broad low intensity hump centred at 28° 26, assigned to water

molecules.??® When the gels were dried, this “halo” peak disappeared.

It was determined in Chapter 5 (page 148) that pure hydrogels of Phe self-organise into
the monohydrate phase of Phe. Very similar diffraction patterns were recorded for multi-
component hydrogels, indicating the presence of the Phe monohydrate form as the
building block of the mixed hydrogel fibres, despite the introduction of additive
molecules. Additional diffraction peaks were identified in the PXRD patterns of Phe/Tyr
gels (Figure 6.3), attributed to needle-like crystals of Tyr immersed in a very dense fibrous

Phe network. These were also detected by polarised light microscopy and SEM (Figure
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6.4). Despite Tyr being poorly soluble in water (0.451 g L' at 298 K) — which prevented full
dissolution at 55 mM - the same molar concentrations were used to match the studies

performed with the other amino acids.
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Figure 6.3. PXRD patterns of the hydrogels of Phe, Phe/Leu (5:1), Phe/Ser (5:1), Phe/Trp (5:1) and Phe/Tyr (5:1)
and reference solid powders of the anhydrous form I of Phe and the commercially available Tyr (CSD ref.

LTYROS02)%.
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Figure 6.4. Polarised light microscopy images of hydrogels of a) Phe and b) Phe/Tyr (5:1) (303 mM), and c)
polarised light microscopy images of the commercially available Tyr (CSD ref. LTYROS02)??. SEM images of
the dry hydrogels of d) Phe and e) Phe/Tyr (5:1) (303 mM). Insoluble white needle-like crystals of Tyr can be

seen immersed in a network of entangled thin fibres.
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TH-13C CP/MAS spectra acquired on both wet and dry hydrogels were very similar (Figure
6.5). Not surprisingly, the spectra of dry hydrogels presented a significant improvement
in signal-to-noise ratio due to increased percentage content of the gelator during the
measurements. Upon introduction of additives, similar chemical shift values and splitting
patterns were observed for all Phe peaks when comparing with the pure Phe hydrogel
(Table 6.3), confirming that the Phe monohydrate form was maintained as the
supramolecular structure forming the hydrogel fibres, which is in excellent agreement

with PXRD data.

The additional peaks detected for hydrogels of Phe/Trp and Phe/Tyr were assigned to Trp
and Tyr carbons, respectively (Figure 6.5). Significant broadening of Trp and Tyr peaks
was observed in the hydrogels as compared to the sharp peaks of the reference crystalline
powders of Trp and Tyr, an indication of the participation of these molecules in less
ordered structures. In dry hydrogels of Phe/Tyr, the Tyr peaks appeared as much sharper
resonances with chemical shift values identical to the reference solid powder of Tyr. This
is consistent with microscopy and PXRD patterns, indicating the existence of a fraction of
crystalline Tyr in the gel matrix. Upon drying, this fraction increased as Tyr precipitates

out of solution.

H-13C CP/MAS NMR spectra of hydrogels of Phe/Leu and Phe/Ser did not exhibit any
carbon peaks for Leu or Ser, an indication these remained in a highly mobile state.
Overall, these findings strongly suggested Leu and Ser were not incorporated in the rigid

elements of the fibrous networks.
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Figure 6.5. 'H-'3C CP/MAS NMR spectra of a) wet and b) dry hydrogels of Phe, Phe/Leu (5:1), Phe/Ser (5:1),
Phe/Trp (5:1) and Phe/Tyr (5:1) acquired with MAS rates of 8.5 kHz and 8192 scans (wet gel samples) or 10
kHz and 2048 scans (dry gel samples); and reference solid powders of the commercially available Trp (CSD
ref. QQQBTO03)?? and Tyr (CSD ref. LTYROS02)?* acquired with MAS rates of 10.5 kHz and 2048 scans. All
experiments were conducted with a recycle delay of 20 s and n/2 pulse lengths of 3.2 ps ("H) and 3.0 ps (*C),
using a 400 MHz solid-state NMR spectrometer. Rectangles and triangles highlight the presence of rigid
elements of Trp and Tyr, respectively. Spectra of reference solid powders of commercially available Leu and
Ser are not shown since insoluble components of Leu or Ser were not observed in the mixed materials.

Asterisks represent spinning sidebands.
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Table 6.3. *C chemical shifts from 'H-C CP/MAS NMR spectra of dry hydrogels of Phe, Phe/Leu (5:1),
Phe/Ser (5:1), Phe/Trp (5:1) and Phe/Tyr (5:1).

1BC 8 / ppm from TMS
Phe Phe/Leu Phe/Ser Phe/Trp Phe/Tyr
176.0 176.0 176.0 176.0 176.0
<0 174.5 174.6 174.5 174.6 174.5
Tyr C+-OH - - - - 156.3
136.9 136.9 136.8 136.7 136.8
136.1 136.1 136.1 136.2 136.1
Phe Aromatics 132.0 131.8 131.8 131.7 131.8
130.5 130.5 130.5 130.3 130.8
126.7 126.7 126.7 126.6 126.6
Tyr Css - - - - 124.3
Trp Aromatics - - - 120.8 -
Tyr Cz6 - - - - 118.6
Tyr C:1 - - - - 117.0
Trp Aromatics - - - 110.5 -
Phe C.H 59.4 59.4 59.4 594 59.3
55.5 55.5 55.5 55.5 57.0
Phe CsHa 37.4 37.3 37.3 374 55.5
36.7 36.8 36.8 36.7 374

6.2.4.Investigation of semi-solid components by PFG HR-MAS NMR

PFG HR-MAS NMR experiments were conducted for single and multi-component
hydrogels, but the relative small dimensions of the molecules under study prevented
differentiation between the rigid moieties incorporated in the gel fibres from the mobile

regions water-exposed.

In an attempt to distinguish between free gelator molecules and oligomeric aggregates,
which presence in equilibrium in solution has been reported previously in valine-based
organogels'¥’, apparent self-diffusion coefficients (D) were determined. Detailed
description of the determination of apparent self-diffusion coefficients from PFG HR-MAS
experiments can be found in Chapter 3, section 3.11.2.2, page 128. These D values usually
differ from those calculated from solution-state experiments, since diffusion of molecules
is affected by sample rotation.® The resulting curves were best fitted to a mono-
exponential function (Figure 6.6), reflecting the presence of a single molecular diffusion

regime (D values can be found in Table 6.4.
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Figure 6.6. Evolution of 'H PFG HR-MAS NMR normalised peak intensity with increasing gradient strength
of hydrogels of Phe, Phe/Leu (5:1), Phe/Ser (5:1), Phe/Trp (5:1) and Phe/Tyr (5:1), acquired with MAS rates of 1
kHz at 298 K. Tyr presented poor signal-to-noise, preventing accurate determination of peak intensity. All
experiments were conducted with 5 to 95 % of the maximum gradient intensity (Gmax = of 49.5 G cm™), a

diffusion delay of 70 ms and a diffusion gradient of 1 ms, using a 400 MHz HR-MAS NMR probe head.

The values of apparent self-diffusion coefficients for water and Phe were very similar for
all hydrogels and are consistent with those reported for supramolecular gels.!4% 20 In
hydrogels of Phe/Leu and Phe/Trp, the D values for Leu and Trp were in the same range
as Phe (D = 7.0 x 10 m? s!). In contrast to this, a higher apparent self-diffusion coefficient
was determined for Ser, in the hydrogels of Phe/Ser. This indicated that Ser exists mainly
as free mobile molecules in the pools of solvent. Tyr presented poor signal-to-noise (due
to significant overlap with Phe aromatic peaks and Tyr poor water solubility), preventing

accurate determination of its apparent self-diffusion coefficient.

Table 6.4. Apparent self-diffusion coefficients (D) calculated from PFG HR-MAS NMR experiments of
hydrogels of Phe, Phe/Leu (5:1), Phe/Ser (5:1), Phe/Trp (5:1) and Phe/Tyr (5:1), acquired with MAS rates of 1

kHz at 298 K.
Phe Water Additive molecule
Hydrogel
D x 1019/ m2 g1 S x 1010 D x10°/ m2s? o x 1010 D x 101/ m2 g1 8 x 1010

Phe 6.98 0.13 2.28 0.01 - -
Phe/Leu 7.14 0.17 2.44 0.06 7.42 0.03
Phe/Ser 8.47 0.03 2.27 0.01 8.12 0.11
Phe/Trp 6.96 0.24 2.31 0.09 7.35 0.23
Phe/Tyr 7.24 0.13 2.26 0.05 3.50 1.092

2Overlapped with Phe, preventing accurate determination
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6.2.5.Dynamics of molecules in solution assessed by 'H NMR spectra

The consequences of introducing additive molecules were reflected even at early stages of
self-aggregation, as the kinetics of gelation of Phe (monitored by the evolution of peak
intensity and line broadening with time) were modified to different extents in multi-

component hydrogels (Figure 6.7).

Upon gel formation, 40 to 50 % of Phe gelator molecules became NMR “silent” in multi-
component hydrogels (Table 6.5) and were therefore considered to be structural
components of the fibres. However, caution should be exercised when comparing
different samples, as the calculation of the fraction of 'H peak intensity and variation of
FWHM are highly dependent on the time of acquisition of the initial spectrum and on the
kinetics of gelation (which can be affected by sample volume, temperature and diameter
of the NMR tube). 24 h ageing of these hydrogels led to reduced peak intensities for Trp
and Tyr (Figure 6.8). However, no significant peak variations were identified for either
Leu or Ser. Interestingly, the intensity of Phe peaks increased upon the addition of Ser, in
hydrogels of Phe/Ser, indicating that the presence of Ser in solution led to increased

concentrations of Phe molecules in solution.
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Figure 6.7. Kinetics of gelation monitored by the acquisition of 'H solution-state NMR spectra over time,
immediately after cooling down hot solutions of Phe, Phe/Leu (5:1), Phe/Ser (5:1), Phe/Trp (5:1) and Phe/Tyr
(5:1) (303 mM) (measured at 298 K). Phe, Trp and Tyr peak 'H become broader as a consequence of gelation,
whereas Leu and Ser 'H peaks remained sharp even after the hydrogel is formed. All experiments were

conducted with a recycle delay of 10 s, using a 500 MHz solution-state NMR spectrometer.

174



Aromatics

Phe/Leu
(5:1) (LeUMHZ (Leu
Phe/Ser
(5:1) Ser)
CH  CgHy

Phe/Trp H, y
1) W, K
s,y 1 ™

(Trp) TID)

Phe/Tyr Arom
(5:1) (Tyr)
10

Y
Jo
—

8/ppm

2 0

Figure 6.8. 'H solution-state NMR spectra of hydrogels of Phe, Phe/Leu (5:1), Phe/Ser (5:1), Phe/Trp (5:1) and

Phe/Tyr (5:1) acquired 24 h after quenching hot solutions (303 mM) measured at 298 K. Tyr peaks displayed

much lower intensities than expected according to the composition, as Tyr precipitates under the

experimental conditions. All experiments were conducted with a recycle delay of 10 s, using a 500 MHz

solution-state NMR spectrometer.

Table 6.5. Fraction of 'H peak intensity ([zl) of spectra acquired 24 h after quenching hot solutions of Phe,

Phe/Leu (5:1), Phe/Ser (5:1), Phe/Trp (5:1) and Phe/Tyr (5:1) (303 mM), in comparison with the 'H peak

intensity of spectra acquired immediately (measured at 298 K).

Igel / 0/0
Phe Phe Phe Additive molecule
Arom CaH CpH2
Phe 61 59 60 - - - - -
Leu CaH Leu CH+CgH2  Leu (CHs)2 - -
Phe/Leu 50 51 49 103 98 99
. Ser CaH Ser CgH2 - - -
Phe/Ser 68 80 67 08 808
Trp Ha Trp Hr Trp Hs Trp CaH Trp CgHe
b
Phe/Trp 56 58 53 88 115 g1 5gb 80
Phe/Tyr 56 56 55 7 6A1r°m ) ) ) )
2Overlapped
b Overlapped

¢Broad baseline due to Phe Arom peak
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6.2.6.1dentifying spatial correlations using 2D "H-'H NOESY NMR

The intermolecular interactions responsible for formation of the hydrogel network were
probed using NOESY. Negative nOe enhancements (blue) were detected in 2D 'H-'H
NOESY NMR spectra for Phe protons in Phe hydrogels (Figure 6.9). This is characteristic
of large molecules which transfer magnetisation efficiently through dipolar interactions.
Since these Phe-based hydrogel systems are composed exclusively of LMW species, these
findings indicated that molecules in solution contain information from the fibrous
network due to their fast dynamics of exchange on the NMR frequency time scale. The
phenomenon of solution-state NMR spectra containing information from the hydrogel
fibres due to fast molecular exchange between solution and gel states has been described
previously'¥” 148 and was here further confirmed by the determination of a single diffusion
regime (see section 6.2.4, page 171). Strong negative cross-peaks were also recorded
between Phe and Trp or Tyr, supporting the hypothesis that Trp and Tyr were in close
proximity with Phe due to their incorporation in the Phe/Trp and Phe/Tyr hydrogel fibres,
respectively. No cross-peaks were observed between Phe and Ser in the hydrogel of

Phe/Ser.

The presence of weak negative cross-peaks between Phe and Leu also indicated spatial
proximity between both molecules. Despite this evidence for fast interaction of Leu with
Phe at the gel/solution interfaces, the detection of positive spatial correlations between
Leu protons (green), associated with small molecules, showed this molecule exists mainly
in a free dissolved state. These findings were in agreement with the sharp Leu peaks
(Figure 6.7) and the unmodified Leu peak integral (Table 6.5) observed after gelation.
Hence, the absence of Leu peaks in 'H-®C CP/MAS NMR spectra allowed us to
confidently conclude these were interactions occurring merely at the gel/solution
interfaces. This was in good agreement with the lower apparent self-diffusion coefficient

determined for Leu in the hydrogel of Phe/Leu in comparison with solutions of Leu.
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Figure 6.9. 2D 'H-'H NOESY spectra of hydrogels of Phe, Phe/Leu (5:1), Phe/Ser (5:1), Phe/Trp (5:1) and
Phe/Tyr (5:1) acquired with a mixing time of 0.5 s (measured at 298 K). Negative nOe enhancements (blue),
characteristic of large molecules, indicate that free gelator molecules contain properties from the fibrous
network. Blue dashed lines highlight intermolecular correlations between Phe and b) Leu, d) Trp and e) Tyr,
which are absent in hydrogels of Phe/Ser (c). Positive nOe enhancements (green), characteristic of small
molecules, are highlighted by green dashed lines and correspond to correlations between Leu molecules in
solution (b). All experiments were conducted with a recycle delay of 2 s and 32 scans, using a 500 MHz

solution-state NMR spectrometer.
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6.2.7.Characterisation of gel/solution dynamics of exchange using 'H T1

measurements

The detailed description and rationalisation of the molecular events that condition the
evolution of T1 times with temperature in the pure Phe hydrogel can be found in Chapter
5 (section 5.2.5, page 158). Focusing on multi-component hydrogels, H T1 times of Phe
determined at 298 K increased according to the following trend: Phe/Trp < Phe/Tyr < Phe
< Phe/Leu < Phe/Ser (Figure 6.10). The strongest hydrogel, composed of Phe and Trp,
presented the fastest relaxation rates for Phe Arom protons. Similarly, the weakest
material, formed by Phe and Ser, contains the highest concentrations of dissolved Phe
whose slower relaxation profiles contributed to a higher averaged 'H T: value. '"H T
relaxation times may therefore mirror the strength of the hydrogel fibres — although such
a comparison should only be performed when discussing systems with similar

composition.

For all hydrogels, Phe 'H sites displayed an evolution of T1 times with temperature similar
to the single component system. Furthermore, '"H T: times for Trp and Tyr presented
similar dependence of temperature in hydrogels of Phe/Trp and Phe/Tyr, respectively. At
low temperatures, '"H T1 times were similar for different 'H sites followed by a gradual
dispersion of values as temperature was increased. The evolution of 'H Ti times for Trp
and Tyr throughout the gelation processes proved that these additive molecules were
incorporated in the network at lower temperatures and started tumbling faster, as free
molecules, as temperature was raised. Hence, T: findings strongly support the claim that
Trp and Tyr are intimately associated with Phe within the solid elements of the 3D
network and in equilibrium with free molecules dissolved in the isotropic pools of water

(i.e. bulk solvent).

In hydrogels of Phe/Leu and Phe/Ser, a distribution of values similar to solutions was
observed throughout the range of temperatures for Leu and Ser. In the gel state, Leu and
Ser protons showed long T values and narrow peak line widths in 'H solution-state NMR
spectra (Figure 6.8 and Figure 6.9), characteristic of fast molecular motions. These
findings, in combination with the lack of peaks of Leu and Ser in CP/MAS NMR spectra,
are strong indications that these additive molecules remain essentially dissolved in pools

of water surrounded by Phe fibres.
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Figure 6.10. 'H solution-state NMR T1 times of Phe, Leu, Ser, Trp and Tyr in hydrogels of Phe, Phe/Leu (5:1),
Phe/Ser (5:1), Phe/Trp (5:1) and Phe/Tyr (5:1), recorded from 298 to 353 K. All experiments were conducted

with a recycle delay of 10 s, using a 500 MHz solution-state NMR spectrometer.

6.2.8.Investigation of binding processes to the fibrous network by STD NMR

Exchange phenomena between molecules incorporated in the hydrogel network and those
dissolved in the isotropic solution phase can be elucidated using STD NMR experiments.
The observed mono-exponential evolution of fractional STD response (nsm) with

saturation time (Figure 6.11a) supported the presence of fast exchanging processes (on the
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NMR relaxation time scale) of Phe between free and bound states in the hydrogel of Phe.
To analyse the experiments quantitatively, the initial slopes of the curves, STDo, were
considered. This is also needed to avoid potential effects of differences in longitudinal
relaxation times and rebinding processes on the accumulation of saturation.® No
significant differences were observed between the STDo values of different proton sites of
Phe, due to its relative small dimensions, which prevented us from drawing conclusions

about specific structural details on the bound state.

STD NMR experiments were conducted also at variable temperature to monitor how
exchange phenomena were affected throughout the gel-to-solution transitions. STDo for
Phe protons decreased rather linearly with increasing temperature (Figure 6.11b). As the
determined 'H T1 times were longer at higher temperatures, this reduction cannot be
explained in terms of saturation losses by longitudinal relaxation. The significant
reduction in STDo observed was considered to reflect two processes: (i) the increase in the
binding kinetics with temperature, reducing the fraction of bound species, and, more
importantly, (ii) the gradual dissolution of the supramolecular network, reaching full
dissolution at 338 K. This temperature was higher than the determined macroscopically
Tge value (ca. 325 K), since the former reflects the dissolution of the supramolecular
network (that acts as a reservoir of magnetisation), whereas the latter describes the loss of
structural integrity. Relaxation studies corroborated these findings, since 338 K was the
temperature above which the distribution of 'H T: values started resembling that of
solutions of Phe (Figure 6.10). At very high temperatures, molecules form a pure solution

with individual molecules behaving isotropically and hence no STD signals are detected.

The ability of STD NMR to detect the exchange of gelator molecules between the network
and the solution at temperatures above Tg is particularly interesting. It is therefore
proposed the application of variable temperature STD NMR experiments to
supramolecular gels as a quick and robust tool to provide information at a molecular level
on the different stages of dissolution of the 3D network. These results could pave the way
for the use of STD NMR to understand non-covalent supramolecular assembly processes
that occur through nucleation (e.g. aggregation, gelation or crystallisation) and current

investigations are underway in my research group.
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Figure 6.11. Build-up curves of fractional STD response (nsm) in hydrogels of a) Phe measured at 298 K. b)
Initial slope values recorded from 298 to 338 K upon saturation of the network in the hydrogel of Phe (STDon =
0 ppm and STDoff = 40 ppm). STD parameters in these studies were reproducible with a mean error of 9.6 % as
a result of three independent measurements. All experiments were conducted with a total experiment time of

6 s, using a 500 MHz solution-state NMR spectrometer.

The effect of introducing an additive was assessed through the evaluation of nsm (Figure
6.12) and STDo in multi-component systems (Table 6.6). nsm values of Phe protons
decreased in all multi-component hydrogels in comparison with the hydrogel of Phe. In
contrast to classical exchange processes in protein-ligand interactions (in which there is a
determined number of binding sites decorating the surface of the protein), in a
supramolecular system such a decrease in saturation transfer may be attributed to several

phenomena, which are discussed below.

Lower values of nsm might result from: (i) decreased binding strength of Phe, due to
perturbations of the network structure from the binding of the additive, or (ii) from
competition of the additive with Phe for the interaction sites, assuming the network
interaction sites keep the same in the presence and in the absence of the additive. In both
cases, there will be an increased amount of Phe in solution, which reduces the fraction of
bound molecules, and hence the fractional STD response. On the other hand, slow
exchange on the NMR relaxation time scale, associated with strong binding, would result
in longer residence time in the network-bound state, lower accumulation of saturation in

solution and, therefore, lower STD signals.

In the hydrogels of Phe/Trp and Phe/Tyr, Trp and Tyr aromatic protons displayed nsm

values in the same range as protons of Phe (Figure 6.12). These experiments provided
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evidence supporting the claim that Trp and Tyr are in fast exchange between the free and
network-bound states. More importantly, the similarity between nsm values for Phe and
Trp or Tyr can be interpreted in terms of the strength of binding of these additives to the
network. Under these conditions, if Trp and Tyr had similar affinities for the network as
Phe, their nsto values would be much larger than the nsm values of Phe. Their lower nsm
values, along with the reduction of nsmw values of Phe, suggested that Trp and Tyr were
stronger binders to the network than Phe, accumulating lower saturation in solution. In
this way, the combination of solid-state CP/MAS NMR findings, 'H T:1 measurements,
nOe-based experiments and solution-state NMR spectral variations allowed us to
conclude confidently that Trp and Tyr make part of the rigid components of the fibrous

network.

The lower nsm observed for Phe in hydrogels of Phe/Trp and Phe/Tyr could be
interpreted incorrectly as an indication of an increase in the amount of Phe in the free
state, resulting from the competitive binding between Phe and the additive. This is not the
case for two reasons. Firstly, supramolecular gels do not have a well-defined number of
interaction sites, unlike binding pockets in proteins. The hydrogel network is a dynamic
assembly, and binding of additives will not just passively compete with Phe, but they can
alter the structure and dynamics of the interaction sites. Secondly, this interpretation is
contradictory to the presence of lower concentrations of Phe in solution (Table 6.5) and
the enhanced resistance to deformation found for the hydrogel of Phe/Trp (Figure 6.2).
Strengthening of supramolecular gel fibres is usually associated with an increased
number of gel forming molecules, leading to formation of more fibres and interfibrillar
connections. In light of these findings, lower nstm for Phe occurs due to modification of the
strength of the interactions of Phe with Trp or Tyr rich domains located in the gel fibres,

resulting in different rates of exchange.

The low STD response recorded for Leu in the hydrogel of Phe/Leu (Figure 6.12)
confirmed the weak interaction of Leu with the gel/solution interfaces, in agreement with
the findings from NOESY experiments. Additionally, there was no evidence in CP/MAS

NMR experiments of the incorporation of Leu in the rigid components of the network.

In the case of Ser-based hydrogels, the absence of nsm for Ser indicated absence of binding

to the network, in agreement with 'H solution-state NMR experiments in which Ser
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protons appeared as sharp intense resonances with long Ti times, suggestive of fast
molecular tumbling. The increased amount of dissolved Phe observed in 'H spectra of the
hydrogel of Phe/Ser resulted in the decrease of nsmw values for Phe protons. Altogether,
NMR experimental data on Phe/Ser hydrogels showed that Ser has disruptive effects on
the Phe network, explaining the markedly lower G' value measured. Intriguingly, NOESY
and STD NMR experiments showed that Ser does not interact with the Phe network in the
gel state, even though Phe/Ser interactions have been described previously.?! Since slower
kinetics of formation of early stage aggregates was observed for the hydrogel of Phe/Ser
hydrogel (Figure 6.7), it was assumed that the solubilising effect of Phe by Ser is likely to

be predominant during the nucleation stage of the gelation process.
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Figure 6.12. Build-up curves of nsm in hydrogels of Phe/Leu (5:1), Phe/Ser (5:1), Phe/Trp (5:1) and Phe/Tyr
(5:1), measured at 298 K (STDon = 0 ppm and STDoff = 40 ppm).
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Table 6.6. Initial slope values of fractional STD response (STDo) for the hydrogels of Phe, Phe/Leu (5:1),
Phe/Ser (5:1), Phe/Trp (5:1) and Phe/Tyr (5:1), measured at 298 K (STDon = 0 ppm and STD.t = 40 ppm).

STDo /s
Phe Phe Phe Additive molecule
Arom CaH CpH:
Trp Ha Trp Hr Trp Hs Trp CaH  Trp CpHa
Ph 2 777 7.
e/Trp 826 9% 7.25 7.25 7.72 7.41 6.91
Tyr A ; - - -
Phe/Tyr 922 747 921 yr7 Oiom

Phe 12.80 11.52  12.90

Phe/Leu 814 703 793 Leu CaH Leu CH+CgH2  Leu (CHas):2 - -

0 1.86 2.67
Phe/Ser 3.54 1.532 393 Ser OCO‘H Se; g;:{z - _ B

2 Represents an averaged value between Phe CoH and Ser CgHo.

6.3. Concluding remarks

The development of multi-component systems proved to be an elegant strategy to modify
the rheological properties of the “gel-crystal” supramolecular system. The study
emphasised the dynamic complexity of multi-component hydrogels: the effect of additive
molecules on hydrogels might not result only from their interactions with the final gel
product, but also from modifications introduced during nucleation and/or growth

processes.

It was possible to correlate the strength of the gel with the composition of the gel fibres
and solid-liquid interface in the presence of additive gelator molecules. Modification of
the kinetics of gelation, due to interference with nucleation and fibre growth, changed the
concentration of gelator molecules incorporated within the rigid structures. This indicated
differences in the gelation mechanism of multi-component systems, which in turn altered
the materials resistance to deformation. The addition of Ser resulted in weaker materials,
due to an effectively lower concentration of Phe in the solid fibres. Contrarily, Trp was
proven to contribute to stabilisation of the 3D network, as a higher content of molecules
incorporated in the solid structures probably led to a higher number of fibres and

interfibrillar cross-links, resulting in a material more resistant to deformation.

Solid and solution-state NMR experiments have provided mechanistic insights into the
processes of supramolecular multi-component gel formation and the dynamics of the

resulting materials. When assessing the impact of additive molecules on hydrogels by
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means of STD NMR studies, observations from CP/MAS experiments should also be taken
into account. If the additive molecule shows a build-up of saturation and peaks in
CP/MAS spectra of hydrogels, they might be incorporated into the rigid fibres. If the
additive molecule accumulates saturation in solution but no peaks are observed in
CP/MAS experiments, there is no incorporation but weak interactions occur at the surface
of the fibres. The combination of STD NMR and CP/MAS NMR was shown to be a very
powerful approach to monitor the incorporation of additives into the hydrogel

supramolecular fibrous network.

These studies have proven capable of providing an insight into the dynamics of soft
materials, even when the solid component is crystalline. It was only the combination of
solution, solid-state and HR-MAS NMR experiments that has enabled us to gain in-depth
understanding of such complex, multiphasic soft materials. STD NMR experiments
confirmed that all investigated supramolecular hydrogels were dominated by fast
exchange processes between free and bound gelator molecules, characteristic of a highly
dynamic environment. The application of the presented NMR-based approach enabled
better understanding of the role of guest molecules, such as drugs, co-gelators or cells, in
the self-assembly processes of supramolecular soft materials, which is of paramount

importance in knowledge-based design of new functional systems.
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Chapter 7

7. Investigating halogen effect on the solid-state packing of
phenylalanine and the properties of the resulting

multiple gelator hydrogels

Findings from this chapter are partly published in

Ramalhete, S.; Foster, J. S.; Green, H. R.; Nartowski, K. P.; Heinrich, M.; Martin, P
Khimyak, Y. Z.; Lloyd, G. O., FDHALO17: Halogen effects on the solid-state packing of
phenylalanine derivatives and the resulting gelation properties. Faraday Discussions 2017,

203, 423-439.

Bearing in mind that different halides attached to the aromatic ring have had marked
effects on gelation of Fmoc-Phe derivatives?®??*, pentapeptides®>, poly(benzyl ether)
derived dendrons?* and bis(pyridyl urea) derivatives®” previously, it was decided to
introduce halogen atoms into Phe to gain structural control over supramolecular gelation.
With a number of potential sites for intermolecular interactions, namely n-n stacking,
hydrogen bonding, hydrophobic effects and electrostatic interactions between the
zwitterionic components of the compound, there were a number of chemical
modifications that could be implemented to alter the resulting gelation properties. Studies
on Phe hydrogelation described in Chapter 5 (page 148) highlighted that the electrostatic
interactions drive the self-assembly process. These functional groups should not be
modified since this might fully prevent gelation. Hence, the aromatic ring was the most
appropriate chemical functionality to alter, enabling the acidity and distribution of the
electronic cloud of the ring to be tailored by halogenation, since the hydrophobic effects,
C-H-m and =n-n interactions provided a minor contribution to stabilisation of the 3D

crystal structure.
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The first part of this chapter focuses on the gelation of halogenated derivatives of Phe and
the effect of the substituents on the outcome of gelation, fibre morphology and
viscoelasticity of the network. The crystal structures of five halogenated derivatives were
determined and the data was correlated with the tendency to form three-dimensional

matrices.

The additional level of control gained over supramolecular gelation of Phe by the
preparation of multi-component systems (Chapter 6, page 164) increased the interest in
developing materials from two gelating molecules. Therefore, the second part of this
chapter discusses multiple gelator hydrogels prepared from Phe and 4-fluoro-L-
phenylalanine, which individually give rise to isostructural solid networks. It was
evaluated how the isostructurality of the solid components dictates the packing of gel
fibres and dynamics of the interfaces using microscopy, rheology, diffraction and NMR
spectroscopy. Furthermore, the possibility of monitoring local environments of F nuclei,
an abundant and sensitive NMR active spin, was very advantageous. The wide chemical
shift range and high sensitivity of F nuclei enabled subtle changes in the local
environments of mixed systems to be identified, and the presence of a single 'F nucleus

per molecule of F-Phe avoided overlapping of multiple resonances.

7.1. Introduction

Halogenation of Fmoc-Phe derivatives by Ryan et al. (2010) and Pizzi et al. (2017) showed
that self-assembly processes in water and mechanical properties of the resulting materials
were highly dependent on the nature of the halogen and substitution position on the
aromatic ring.?>?* They hypothesised that halides modified the electronic distribution
around the aromatic group which, in turn, altered the strength of n-m interactions.?®> An
important aspect to take into account in all these studies is the concept of halogen-halogen
interaction and halogen bonding.??82% This has been highlighted in a number of studies
involving small molecule gelators.?®>2¥ 24 In particular, the Br and I derivatives can often
show significant halogen-based interactions that cause a stepped change in structural

packing and properties. 232234 238245

The gelation properties of a number of chirally pure Phe derivatives were thus

determined (Figure 7.1): 4-fluoro-L-phenylalanine (F-Phe), 3,4-difluoro-L-phenylalanine
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(2F-Phe), pentafluoro-L-phenylalanine (5F-Phe), 4-chloro-D-phenylalanine (Cl-Phe), 3,4-
dichloro-D-phenylalanine (2CIPhe), 4-bromo-L-phenylalanine (Br-Phe), and 4-iodo-L-

phenylalanine (I-Phe).

Cl-Phe 2CI-Phe Br-Phe [-Phe

Figure 7.1. Molecular structure of the zwitterionic form of Phe with numbering of aromatic carbon atoms and

the halogenated derivatives under study.

7.2. Results and discussion
7.3. Part I - Halogenated derivatives of Phe
7.3.1.Macro and microscopic characterisation of hydrogels

The majority of these halogenated derivatives of Phe were found to yield gels in water
(Figure 7.2). Br-Phe and I-Phe did not produce stable hydrogels, most probably due to
their very poor water solubilities. In the case of Br-Phe, the compound was found to form
a gel, but the hydrogels were very unstable, whereas I-Phe was not able to produce gels at
all in water. This behaviour was different to that found for the Fmoc-Phe derivatives,
where gelation still occurred for Br and I derivatives, as the hydrophobic Fmoc group is a

strong driving force of gel formation.?>23
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The determination of CGC via the vial inversion test showed a general decrease of the
CGC value with increasing molecular mass of Phe derivatives (Table 7.1). Lower molar
concentrations were needed to prompt fibre formation in comparison with the parent
compound Phe, due their lower water solubilities. Generally, a more hydrophobic group
decreases the CGC, as shown in the Fmoc-Phe series of compounds.??22* Despite the
lowering of the molar CGC trends with the increase of molecular weight, the CGC values
as % of weight/volume only decreased slightly. Moreover, F-Phe formed gels significantly
faster than Phe, a phenomenon observed previously for the electron-deficient derivatives

of Fmoc-Phe.234

"
X
H
H
u

Figure 7.2. Photographs of hydrogels of Phe and its halogenated derivatives.

Table 7.1. Gelation results, critical gelation concentration (CGC), water solubility (swatr) and molar mass (M)

of Phe and its halogenated derivatives at 298 K.

Compound Product CGC/mM swater / g L, 298 K M / g mol?

Phe Gel 210 29.60 165.19
F-Phe Gel 160 18.59 183.18
2F-Phe Gel 140 2.08 201.17
5F-Phe Gel 80 0.33 477.38
Cl-Phe Gel 100 0.96 199.63
2Cl1-Phe Gel 85 0.24 234.08
Br-Phe Metastable gel 40 0.47 244.09
I-Phe Insoluble/precipitate - 0.15 291.09

The morphology of the hydrogels was assessed by performing SEM on dried samples and
gave clear fibrous morphology (Figure 7.3). The size of these fibres was found to be in the

range from 600 to 2000 nm wide.
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Figure 7.3. SEM images of dry hydrogels of a) Phe, b) F-Phe, c) 2F-Phe, d) 5F-Phe, e) Cl-Phe and f) 2Cl-Phe
(100 mM).

7.3.2.Viscoelastic properties of hydrogels

Similarly to the hydrogel of Phe, these hydrogels often collapsed under mechanical
manipulation with a spatula, extruding the majority of the water. The large size of the
fibres and crystalline rigidity of the hydrogels can partly explain this behaviour. The
determination of viscoelastic parameters allowed us to assess the strength of the fibres.
When frequency sweeps were performed with a small amplitude stress on a number of
different samples, the solid-like nature at 293 K was reflected in the phase angle (d)
formed between the phases of stress and strain, which was always below 10°. The storage
moduli (G") of all materials were in the order of 10°Pa (G' = 5.0 x 105 Pa) and these values
were typically one order of magnitude greater than the loss moduli (G") (G" = 2.5 x 104 Pa)
(Figure 7.4), a property of robust gels, demonstrating the elastic behaviour of these
materials. The values of storage moduli in the range of 105 Pa are a rare example of very

strong supramolecular gel materials.?'

The trend of lowering the CGC within the hydrogels upon the addition of halogenated
groups was partially matched by the trends in the G' values. The G' values increased with
increase in the fluoro addition from F-Phe to 2F-Phe, and finally to 5F-Phe. This could be
explained by different partitioning of the compounds between solution and solid

components in the gels. The more hydrophobic and less soluble the compound, the more
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of it is likely to be included into the solid component of the gel (the fibres), thus increasing

the mass of the solid network (and the number of interfibrillar cross-links) and potential

gel strength.
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Figure 7.4. Evolution of storage modulus (G') in frequency sweep experiments for Phe, F-Phe, 2F-Phe, 5F-Phe,
Cl-Phe, 2Cl-Phe and Br-Phe. Hot solutions (ca. 1 mL) were pipetted into a 500 um gap (parallel plate
geometry). All samples were subjected to frequency sweeps in the range of 0.1 to 100 Hz and applied stress of

500 Pa.

7.3.3.Structural characterisation of the rigid fibres

Since X-ray crystallography offers a valuable insight into formation of ordered hydrogel
structures, Dr. Gareth Lloyd (Heriot-Watt University) conducted crystallography studies
on these halogenated Phe compounds. This provided an excellent opportunity to study
the solid state phase of colloidal materials, as the fibres are crystalline in nature. Single-

crystal data were obtained by removing single fibrous crystals from the gel solutions.

All the crystal forms were found to be hydrates. The Z' = 2 leads to two non-equivalent
molecules in the asymmetric unit of each structure. The bilayer arrangement was found in
all the materials studied. The F-Phe, 2F-Phe, Cl-Phe gel forming phases were all found to
be isostructural to the known form of Phe monohydrate and the published structure of 3-
fluorophenylalanine monohydrate.?” 248 This could be best evidenced by looking at their
packing motifs (Figure 7.5). The isostructurality of the gel forming crystals allows for
analysis of the predominant interactions and of the subtle variations between different
halogens. The anisotropic assembly resulting in fibre formation occurs due to the
electrostatic interactions of the positive and negative components of the Phe derivatives
down the b axis of all the structures. The crystal structures of 2Cl-Phe and 5F-Phe phases

are yet to be determined.

191



o,y e, S N e A A A S

Figure 7.5. Packing motif of the a) Phe, b) F-Phe, ¢) 2F-Phe and d) Cl-Phe fibres. a) Packing of dimers of Phe

shown down the b axis and with water guests removed for clarity. b) A (hydrophobic) and B (hydrophilic)
layers are indicated, # is highlighting the dimer formation between the zwitterionic groups. Dimer stacks are
not interacting with each other except for some hydrogen bonding and n-n interactions. It is also clear that the

dimer stacks are anisotropic with the hydrophilic section shorter than the hydrophobic region.

Hirshfeld surface analyses of the monohydrate structures revealed there were no
significant changes in the interactions between the molecules with regards to hydrogen
bonding and electrostatic interactions (Figure 7.6a,b). The clear difference occurred in the
hydrophobic region of the phenyl groups. The fluoro groups appeared only to increase
the polarisation of the aromatic group and did not interact with each other significantly.
Increased fluorination escalated the polarisation of the aromatic group and caused
disruption of the hydrophobic packing motif. The chlorine atoms in the Cl-Phe
monohydrate structure interacted with each other forming a halogen-halogen interaction
with an angle (148.6(3)°) considerably smaller than the ideal linear arrangement (180°) for
strong halogen-halogen bonds. It could therefore be ascertained that this type I halogen-
halogen interaction did not disrupt the hydrophilic layer interactions. The electrostatic
potential surface indicated that the m negative potential could still interact with the

electropositive potential of the C-H groups of the methylene group.

In clear contrast, the Br-Phe monohydrate structure isolated from an aged hydrogel was
found to be isostructural to the known I-Phe monohydrate form (this was designated as

monoclinic form I??). Hydrogen bonding, molecular conformations and electrostatic
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interactions were similar. The Z' = 1 leads to one non-equivalent molecule in the
asymmetric unit of each structure. These structures contained type II halogen-halogen
interactions (Figure 7.6c,d). The halogen-halogen interactions are more significant in these

structures when compared to the interactions found in the Cl-Phe structure.

& ¢
G2

Figure 7.6. Electrostatic potential Hirshfeld surfaces of the a) F-Phe and b) Cl-Phe derivatives with the

asymmetric unit (ASU) of the respective monohydrate crystal structures. Halogenation of the aromatic ring
resulted in increased polarisation of the hydrophobic groups and this could be viewed by the blue “hue” of
the hydrogen edges of the aromatic groups and the red “hue” of the central carbon rings. The “sigma” hole of
the chloro (circular “white” region of the red area) could be viewed in both molecules of the Cl-Phe ASU.
Electrostatic potential Hirshfeld surfaces of the c¢) I-Phe and d) Br-Phe derivatives. The halogen-halogen
interactions are shown clearly with the “sigma hole” indicated by the blue area surrounded by white at the
tips of the halogen groups. The sigma hole interacts with the electrostatically negative regions of the halogen

groups perpendicularly, as expected for a type II halogen-halogen interaction.

7.3.4.Concluding remarks

It was shown that halogenation of the aromatic ring of Phe can result in the variation of
the hydrogelation properties to a great extent. Upon addition of halogen atoms, gelation
in water resulted in crystalline phases and in a general improvement in gelation ability,
due to a decrease in solubility. The viscoelastic properties were typical of very robust
molecular gels. Analyses of the crystal structures revealed isostructural behaviour with
changes in the interactions between aromatic groups of Phe, fluoro and chloro derivatives.

The halogen functionality was found to be driving changes in the packing motifs, and
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therefore, dictate gelation ability. With an increase in the strength of the halogen-halogen
interactions, the crystal packing motifs changed, most notably when Br or I were
positioned in the para-position of the aromatic group. There was a stepped change with
the addition of Br resulting in the gels becoming metastable. With the iodo functionality,

the gelation ability was fully lost.

7.4. Part II —- Multiple gelator hydrogels of Phe and F-Phe
7.4.1.Characterisation of morphologic and viscoelastic properties

Mixtures of Phe and F-Phe with different ratios and concentrations (Table 7.2) were
heated up and immediately quenched as described in the experimental section (Chapter 3,
section 3.2, page 120). For comparison purposes, the overall molar concentration was
maintained at 303 mM, which corresponds to the concentration at which the pure

monohydrate form of Phe can be obtained.

Table 7.2. Molar concentrations and ratios of Phe and F-Phe used to prepare single and multiple gelator

hydrogels.
[Phe] / mM [E-Phe] / mM
Phe 303.0 -
Phe/F-Phe (5:1) 252.5 50.5
Phe/F-Phe (2:1) 202.0 101.0
Phe/F-Phe (1:1) 151.5 151.5
Phe/F-Phe (1:2) 101.0 202.0
Phe/F-Phe (1:5) 50.5 252.5
F-Phe - 303.0

The resulting hydrogels (Figure 7.7b) were composed of hair-like structures assigned to
Phe fibres (Figure 7.7a) co-existing with thicker needle-like structures that most likely
corresponded to F-Phe fibres (Figure 7.7c). The gelation ability of these mixtures was only
dependent on the overall mass concentration, as a minimum of 3 % (w/v) was the
determining factor for hydrogel formation. Similar G' values were obtained for pure and
mixed hydrogels (Figure 7.8), indicating comparable response of the hydrogel fibres to

external stress.
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Figure 7.7. SEM images of dry hydrogels of a) Phe, b) Phe/F-Phe (1:1) and c) F-Phe (303 mM).
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Figure 7.8. Evolution of storage (G') and loss (G") moduli in frequency sweep experiments for Phe, Phe/F-Phe
(5:1), Phe/F-Phe (2:1), Phe/F-Phe (1:1), Phe/F-Phe (1:2), Phe/F-Phe (1:5) and F-Phe hydrogels (303 mM). Hot
solutions (ca. 1 mL) were pipetted into a 500 um gap (parallel plate geometry). All samples were subjected to

frequency sweeps in the range of 0.1 to 100 Hz and applied stress of 500 Pa.

7.4.2.Structural characterisation of the rigid fibres

The crystalline nature of the fibres of multiple gelator hydrogels was confirmed by the
presence of diffraction peaks in their PXRD patterns (Figure 7.9). PXRD patterns of pure
and mixed materials were sufficiently similar to suggest two possibilities: self-sorting
occurred resulting in two separate crystalline phases; or a crystalline solid solution (co-
assembly) was formed. Careful analysis of the PXRD patterns revealed no clear evidence
of self-sorting, which would result in two distinct sets of peaks for the separate structures.
Instead, the PXRD patterns of each mixed phases appeared to correspond to a pure phase
that contributed as major component. For the 1:1 mixture, the pattern resembled that of

F-Phe.
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Figure 7.9. PXRD patterns of Phe, Phe/F-Phe (5:1), Phe/F-Phe (2:1), Phe/F-Phe (1:1), Phe/F-Phe (1:2), Phe/F-Phe

(1:5) and F-Phe hydrogels.

Further analysis of the XRD patterns through Pawley refinement?* revealed a continuum
of the unit cell parameters that was more consistent with a solid solution than with a self-
sorted mixing of structures (Figure 7.10). Kitaigorodsky’s guidelines on crystalline solid
solutions can be summarised into the following: miscibility of the two compounds is
required, which often occurs best between the principles of size and shape similarity; and
generally the compounds should be good matches in terms of isoelectronicity and
isostructurality.?-2¢ It is not unusual to observe formation of solid solutions when two
compounds form isostructural crystalline phases and molecules are of similar size.?>-2¢* As
it is shown in Figure 7.11, the overlay of the two structures revealed that the packing
motifs were very similar (isostructural) and the addition of the fluoro group did not alter
the unit cell size significantly. Unfortunately, PXRD data were not detailed sufficiently to
truly determine the extent of homogeneity of the phases produced, so NMR was used to

determine the characteristics of the mixed phases.
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Figure 7.10. Unit cell parameters (normalised to the F-Phe monohydrate phase) determined from the PXRD
patterns of Phe, Phe/F-Phe (5:1), Phe/F-Phe (2:1), Phe/F-Phe (1:1), Phe/F-Phe (1:2), Phe/F-Phe (1:5) and F-Phe
hydrogels utilising a Pawley fit. The mixtures do not indicate the presence of two components but rather a

mixed solid solution with related changes to the unit cells of the structures.
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Figure 7.11. Overlay of the molecular packing of Phe?®® and F-Phe?! crystal structures shown along the b axis

of the unit cell of the monohydrate forms, which shows their isostructurality. The Phe structure has been
transformed to match the F-Phe by moving the origin of the unit cell one half the length of the a axis along the
a axis direction. The unit cell of the monohydrate form of Phe (CCDC Number 1532251) presented monoclinic
metric symmetry (space group P21), with the following refined parameters: a = 13.112(14) A, b = 5.409(5) A, ¢ =
13.849(14) A, B =102.985(4) A, (V=957.11(17) A% and Z = 4.2 The unit cell of the monohydrate form of F-Phe
presented monoclinic metric symmetry (space group P21), with the following refined parameters: a =

13.303(14) A, b =5.443(6) A, c =14.015(15) A, = 104.048(5) A, (V' =988.02(18) A%) and Z = 4.
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TH-13C CP/MAS solid-state NMR experiments were conducted to investigate the structure
of the rigid gel fibres. "H-3C CP/MAS NMR spectra acquired for Phe and F-Phe hydrogels
(Figure 7.12) showed two magnetically non-equivalent environments per carbon site,
consistent with the presence of two molecules in the asymmetric unit of the monohydrate

form.

Similar peak splitting was observed in 'H-*C CP/MAS spectra of the mixed gels (Figure
7.12), indicating the crystal structure of these fibres was maintained, in agreement with
the findings from diffraction studies. However, the observed line broadening and peak
asymmetry indicated a certain degree of tridimensional disorganisation within the mixed
hydrogel fibres. The variation of the Phe/F-Phe ratio had the most considerable effect on
the °C chemical shifts and line widths of the following carbon sites: Ci (Phe), Ci1 (F-Phe)
and CgHz (Phe and F-Phe). This was most likely due to their proximity to the para-
substituent, being sensitive to the presence of nearby 'H and/or F atoms. More
specifically, when the concentration of F-Phe was increased, 1*C peaks of carbon Ci (Phe)
became broader and more deshielded due to the close proximity of this carbon site with
electronegative fluorine atoms. Similarly, when the concentration of Phe was increased,
the inverse evolution of spectral features was observed for 1*C peaks of carbon Ci (F-Phe)
as the presence of nearby Phe molecules had a shielding effect on this proximal carbon.
These initial results showed that chemical shifts and line widths of Phe and F-Phe 3C
peaks changed accordingly to the nature of the surrounding molecules, which pointed
towards Phe and F-Phe molecules being in close proximity in the rigid components of the
mixed hydrogels. These trends were more evident in 'H-3C CP/MAS spectra of dry
hydrogels (Figure 7.13 and Table 7.3).
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Figure 7.12. '"H-3C CP/MAS NMR spectra of Phe, Phe/F-Phe (5:1), Phe/F-Phe (2:1), Phe/F-Phe (1:1), Phe/F-Phe
(1:2), Phe/F-Phe (1:5) and F-Phe hydrogels (303 mM), acquired with an MAS rate of 8.5 kHz using a 400 MHz

solid-state NMR spectrometer.

C1

(Phe)

C4
(Phe) cH CyH,
N phe A N
c c

e A Ceherphen AN\ N

A A PheFPhe@y AN N
J&wﬁu\&e/F-Phe ay NN AN
#/\A____“J/\/ _Jme/F-Phe a NN o
MWAJMe/F-Phe @s NN o
J— JL F-Phe N
r T T T T T 1 r T T T T 1
170 160 150 140 130 120 110 70 60 50 40 30 20

*C &/ ppm from TMS ¥C &/ ppm from TMS

Figure 7.13. Amplification of the aromatic and aliphatic regions of 'H-3C CP/MAS NMR spectra of Phe,
Phe/F-Phe (5:1), Phe/F-Phe (2:1), Phe/F-Phe (1:1), Phe/F-Phe (1:2), Phe/F-Phe (1:5) and F-Phe dry hydrogels,
acquired with an MAS rate of 10 kHz, using a 400 MHz solid-state NMR spectrometer.
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Table 7.3. ®C chemical shifts from 'H-C CP/MAS NMR spectra of Phe, Phe/F-Phe (5:1), Phe/F-Phe (2:1),
Phe/F-Phe (1:1), Phe/F-Phe (1:2), Phe/F-Phe (1:5) and F-Phe dry hydrogels.

BF § / ppm from TMS
Phe Phe/F-Phe Phe/F-Phe Phe/F-Phe Phe/F-Phe Phe/F-Phe F-Phe
(5:1) (2:1) (1:1) (1:2) (1:5)
c=0 176.0 176.1 176.1 176.2 176.1 176.1 176.3
- 174.5 174.7 174.6 174.7 174.6 174.6 174.6
164.0 164.1 164.0 164.1 164.2
F-Phe Cs-F - 161.7
161.6 161.6 161.7 161.7 161.8
136.9 -
136.2 136.0 135.9 136.0 136.0 —
136.1 -
. 132.0 132.0 132.0 132.1 132.0 131.9 133.9
Aromatics
130.5 130.6 - - - - 133.1
- - - - - - 131.9
126.7 126.6 126.9 127.5 127.7 127.7 -
F-Phe C1 - 116.5 116.7 116.9 116.8 116.9 117.1
C.H 59.4 59.6 59.6 59.6 59.6 59.7 59.8
B 55.5 55.6 55.5 55.6 55.5 55.6 55.7
37.5 37.6 374 - - 37.2 -
CpH: 36.8 36.6 36.5 36.5 36.4 36.3 37.4
- - 35.6 35.6 35.4 35.4 36.7

9F is a sensitive nuclear spin with an isotopic abundance of 100 % and can reveal a wealth
of structural information.262 Hence, the local environments of this nucleus were monitored
for the different Phe/F-Phe ratios used in single and multiple gelator hydrogels. Single-
pulse F NMR spectra of all hydrogels presented a sharp peak at —114.5 ppm
corresponding to the isotropic pools of dissolved F-Phe molecules (Figure 7.4), whereas
significant line broadening was observed in experiments performed on dry hydrogels
caused by the considerable anisotropy of “F chemical shift and strong dipolar couplings

between “F and 'H spins.
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Figure 7.14. F NMR spectra of Phe/F-Phe (5:1), Phe/F-Phe (2:1), Phe/F-Phe (1:1), Phe/F-Phe (1:2), Phe/F-Phe
(1:5) and F-Phe wet and dry hydrogels, acquired with MAS rates of 1 or 10 kHz, respectively, using a 400 MHz

solid-state NMR spectrometer. Asterisks represent spinning sidebands.

Experiments at the UK 850 MHz solid-state NMR Facility enabled us to achieve a
significant increase in resolution (Figure 7.15) due to both high B, field and faster MAS
rates available. The application of heteronuclear decoupling during acquisition of '"H-F
CP/MAS NMR spectra was also beneficial for recording well-resolved spectra (Figure
7.16). High-field '"H-F CP/MAS NMR spectra of dry hydrogels of F-Phe showed two
peaks at —112.9 and —114.7 ppm, as expected for the monohydrate form due to Z" = 2. As
the concentration of Phe was increased, these peaks broadened and gradually
disappeared. This was accompanied by the appearance of additional broad peaks at ca.
116.8 ppm. These peaks were assigned to '“Fs of F-Phe molecules in new molecular
environments, probably in close proximity to Phe. In combination with single pulse F
experiments acquired without heteronuclear decoupling of 'Hs, these findings confirmed
the formation of fibres composed of both Phe and F-Phe, consistent with co-assembly

mechanisms of formation of mixed gelator hydrogels.
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Figure 7.15. "F MAS NMR spectra of Phe, Phe/F-Phe (5:1), Phe/F-Phe (2:1), Phe/F-Phe (1:1), Phe/F-Phe (1:2),
Phe/F-Phe (1:5) and F-Phe dry hydrogels (303 mM), acquired with an MAS rate of 20 kHz using an 850 MHz

solid-state NMR spectrometer with an 2.5 mm MAS probe head. Asterisks represent spinning sidebands.
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Figure 7.16. '"H-""F CP/MAS NMR spectra of Phe, Phe/F-Phe (5:1), Phe/F-Phe (2:1), Phe/F-Phe (1:1), Phe/F-Phe
(1:2), Phe/F-Phe (1:5) and F-Phe dry hydrogels (303 mM), acquired with an MAS rate of 20 kHz using an 850
MHz solid-state NMR spectrometer with an 2.5 mm MAS probe head. Numbers represent chemical shift

values given in ppm. Asterisks represent spinning sidebands.
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H-F-13C double CP/MAS spectra only showed the *C covalently bound to the fluorine
group (Cs =161.32 ppm) (Figure 7.17). Even though the optimum contact time was being
used (2.0 ms, optimised for F-*C conducted at lower fields), there was inefficient transfer
of magnetisation from Fs to *Cs through space, possibly reflecting that fluorine is

located far from other carbons.

r T T T T T T T T T T T T T T T T T T T
200 180 160 140 120 100 80 60 40 20 0
¥C &/ ppm from TMS

Figure 7.17. '"H-"F-C double CP/MAS spectra of the dry hydrogel of Phe/F-Phe (1:1) performed with a
contact time of 2.0 ms using an MAS rate of 20 kHz using an 850 MHz solid-state NMR spectrometer with an
2.5 mm MAS probe head.

1D “F-'H NOESY high-field experiments were performed with fully hydrated samples, as
'H NMR peaks were considerably broadened in dry hydrogels. A positive nOe
enhancement (typical of fast tumbling molecules) was detected between “F and the
nearby protons Hss (6.55 ppm), showing only free gelator molecules could be detected

using this methodology.
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'H &/ ppm

Figure 7.18. 1D “F-'H HOESY spectra of the wet hydrogel of Phe/F-Phe (1:2) performed under static

conditions, acquired using an 850 MHz solid-state NMR spectrometer with an 2.5 mm MAS probe head.

Therefore, fast MAS experiments were conducted with the purpose of increasing
resolution in the '"H dimension and allow identifying 'H-'H spatial contacts. However, 'H
spectra remained significantly broadened (Figure 7.19a), reflecting the presence of very
strong homonuclear dipolar couplings that cannot be averaged out even at MAS rates of
75 kHz. Consequently, 2D 'H-'H NOESY and 2D 'H-'H Back-to-Back homonuclear
double-quantum MAS recoupling (BABA) (Figure 7.19b,c) of Phe/F-Phe dry hydrogel
mixtures did not have sufficient resolution for concluding on spatial proximity in the

solid state.
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Figure 7.19. a) '"H NMR, b) 2D 'H-'H BABA and ¢) 2D 'H-'"H NOESY spectra of the dry hydrogel of Phe/F-Phe
(1:1) performed using an MAS rate of 75 kHz using an 850 MHz solid-state NMR spectrometer with an 1 mm
MAS probe head.

Despite the vast range of techniques available, the challenging features of this system (as
strong homonuclear 'H-"H couplings, low concentration of gelators and inefficient F-13C
through-space transfer of magnetisation) did not allow spatial connectivities in the solid

state to be ascertained.

7.4.3.Investigation of gel/solution interfaces using HR-MAS

'H PFG HR-MAS NMR spectra of Phe and F-Phe-based hydrogels showed intense peaks
for all 'H sites after the application of a 95 % diffusion filter (Gett = 45.7 G cm™) (Figure
7.20). For supramolecular gels, after the application of the diffusion filter, the resulting 'H
peaks probably correspond to the less mobile molecules ‘locked” onto the surface of the

fibres that did not diffuse in the period of the experiment.
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Figure 7.20. '"H PFG HR-MAS NMR spectra of Phe, Phe/F-Phe (1:1) and F-Phe hydrogels with an effective field
of 45.7 G cm (95 % diffusion filter), measured at 298 K and an MAS rate of 1.5 kHz using an 800 MHz HR-
MAS NMR probe head.

Apparent self-diffusion coefficients (D) were determined from the evolution of peak
intensities in 'H PFG HR-MAS NMR experiments. Despite the structural heterogeneities
present in supramolecular gels, all curves were best fitted to a mono-exponential function
(Figure 7.21), reflecting the presence of a single molecular diffusion regime.!$® It was
previously discussed that Phe molecules experience exchange processes between the
surface of the gel fibres and the pools of water (Chapter 6, section 6.2.7, page 178). The
single value of diffusion coefficient is therefore the average between solution and gel
species, as the dynamics of exchange is fast compared with the diffusion time scale. For
the Phe hydrogel, a Drhe value of 8.17 x 10 m? s was determined (Table 7.4). In F-Phe
hydrogels, F-Phe molecules presented higher D values (Drrre = 1.03 x 10 m? s), which
are characteristic of fast tumbling molecules.!® 20 This indicated mainly free gelator
molecules were detected. Interestingly, in multiple gelator hydrogels, Phe and F-Phe
molecules presented intermediate D values, with only subtle differences being recorded
between pure and mixed materials (Dphe = 9.21 x 10° m? s and De-rhe = 9.02 x 10-10m? s).

To better interpret these variations, solution-state NMR experiments were carried out.
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Figure 7.21. Evolution of 'H PFG HR-MAS NMR normalised peak intensity with increasing gradient strength
for Phe and F-Phe in Phe, Phe/F-Phe (1:1) and F-Phe hydrogels measured at 298 K and an MAS rate of 1.5 kHz.

Table 7.4. Apparent self-diffusion coefficients (D) of Phe and F-Phe molecules determined from variable
gradient 'H PFG HR-MAS NMR experiments of Phe, Phe/F-Phe (1:1) and F-Phe hydrogels were measured at
298 K with an MAS rate of 1.5 kHz.

Hydrogel D x 10" Phe / m? s 8 x 1012 D x 10" F-Phe / m? s 8 x 1012
Phe 8.17 2.72 - -
Phe/F-Phe (1:1) 9.21 6.50 9.02 8.05
F-Phe - - 10.3 34.1

7.4.4.Dynamics of gelator molecules in solution

Kinetics of self-assembly of single and multiple gelator systems was monitored through
the acquisition of several 'H NMR spectra, at room temperature, throughout gelation of
hot solutions of pure and mixed systems (Figure 7.22). For the pure Phe hydrogel, the
process of self-assembly of Phe molecules into gradually larger and less mobile structures
could be monitored. 'H peaks became broader and less intense, which was consistent with
gelation.’¥” However, kinetics of hydrogelation was very fast for the pure F-Phe hydrogel,
with incorporation of the majority of molecules into NMR “silent” components before the
acquisition of the first 'H spectra (ca. 3.5 min). Similarly fast kinetics of gelation were
found in mixed hydrogels, which prevented monitoring the details of their early stages of
self-assembly. These studies proved that halogenation of the aromatic ring has a great

impact on the kinetics of nucleation and supramolecular aggregation in water.
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Broad peaks were recorded 24 h after quenching of hot solutions of pure and mixed
materials, without significant chemical shift variation (Figure 7.23). Their '"H NMR peak
intensities were compared to elucidate dynamics of molecules in solution. In the pure
hydrogel of Phe, very intense peaks were recorded. In the previous work presented in
Chapter 6 (page 164), these peaks were attributed to the free gelator molecules as well as
molecules exchanging between gel/solution states. Interestingly, despite total
concentration of F-Phe being maintained at 303 mM, 'H peak intensity in the pure F-Phe
hydrogel was considerably lower. The decreased concentration of dissolved gelator
molecules showed that the incorporation of gelator molecules within the network
occurred to a greater extent in mixed hydrogels with higher concentrations of F-Phe. This
is linked to F-Phe lower water solubility. These findings are also consistent with the lower
molar CGC values determined for the hydrogel of F-Phe (in comparison with the

hydrogel of Phe) (Table 7.1).
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Figure 7.22. Kinetics of gelation monitored by the acquisition of 'H solution-state NMR spectra over time,

immediately after cooling down a hot solution of Phe, Phe/F-Phe (1:1) and F-Phe (303 mM) measured at 298 K.
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Figure 7.23. 'H solution-state NMR spectra of Phe, Phe/F-Phe (5:1), Phe/F-Phe (2:1), Phe/F-Phe (1:1), Phe/F-Phe
(1:2), Phe/F-Phe (1:5) and F-Phe hydrogels (303 mM) measured at 298 K.
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Figure 7.24. 'H solution-state NMR peak intensity (Jabs) of Phe and F-Phe Arom, CaH and CgH: sites in Phe,
Phe/F-Phe (5:1), Phe/F-Phe (2:1), Phe/F-Phe (1:1), Phe/F-Phe (1:2), Phe/F-Phe (1:5) and F-Phe hydrogels (303

mM) recorded 24 h after quenching hot solutions, measured at 298 K.

Due to the thermoreversible nature of these hydrogels, it was important to monitor the
evolution of 'H T:i times with temperature to understand the changes that occur
throughout the gel-to-solution transitions. In the Phe hydrogel, 'H T: times were similar
for different Phe 'H sites at 298 K (Figure 7.25). As temperature was raised above Tger*
(molecular gel-to-solution transition), a dispersion of 'H T1 times similar to solutions of
Phe was observed (Table 7.5). This phenomenon is fully discussed in Chapter 6, section

6.2.7, page 178.
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A different evolution of '"H Ti times with temperature was recorded for the pure F-Phe
hydrogel. In the gel state, at low temperatures, the distribution of 'H Ti times
corresponded to solutions of F-Phe (Table 7.5). These values increased linearly with
temperature (Figure 7.25). These data confirmed that only fast tumbling free gelator
molecules were being detected throughout the range of temperatures, in agreement with
the shorter D values from HR-MAS studies. This was corroborated further by the
detection of positive cross-peaks, characteristic of small molecules,?® in the 2D 'H-'H

NOESY NMR spectrum of the F-Phe hydrogel (Figure 7.27).

Not surprisingly, in multiple gelator hydrogels, Phe and F-Phe displayed intermediate T:
times at 298 K (Figure 7.26). '"H T1 values were similar for different 'H sites at higher
concentrations of Phe, whereas a dispersion of '"H T1 times was observed when F-Phe was
more abundant. These results can be interpreted in terms of modified dynamics of
exchange, which would affect the averaging of 'Hs local molecular motions. '"H T: value
are a balance between all the species present and depend on the strength of homonuclear
dipolar couplings. In hydrogels dominated by fast exchanging processes (on the NMR
frequency time scale), as those with higher contents of Phe, the measured T: values
correspond to a multiplicity of environments: fast tumbling molecules dissolved in the
pools of solvent, and those that have contacted with the surface of the gel fibres and hence
have restricted mobility. This leads to the efficient transfer of magnetisation via the strong
'H-'H dipolar couplings, resulting in similar T1 times.®? In contrast to this, at higher
amounts of F-Phe the dynamics of exchange was slowed down and this balance was
altered. Consequently, the proportion of NMR “silent” molecules increased. These
conclusions were supported by the fact that 71 times for these gels presented a
distribution of values as in solutions of Phe or F-Phe (Table 7.5). However, the dispersion
of T1 times was narrower in gels, when comparing with solutions, because of the presence
of a rigid network in the gel state that restricts freedom of movement. In conclusion, the
detection of intermediate T1 values most likely arises from the spatial proximity between
Phe and F-Phe, which affected the strength of intermolecular interactions at the interfaces

and, therefore, modulated dynamics of exchange between gel and solution states.
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Figure 7.25. 'H solution-state T times of Phe and F-Phe Arom, C«H and CgH: in Phe, Phe/F-Phe (5:1), Phe/F-
Phe (1:1), Phe/F-Phe (1:5) and F-Phe hydrogels (303 mM) recorded between 298 and 358 K.
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Figure 7.26. Comparison of 'H Ti times of Phe and F-Phe Arom, C«H and CgHz in Phe, Phe/F-Phe (5:1), Phe/F-
Phe (2:1), Phe/F-Phe (1:1), Phe/F-Phe (1:2), Phe/F-Phe (1:5) and F-Phe hydrogels (303 mM) recorded at 298 K.

212



Table 7.5. 'H solution-state NMR longitudinal relaxation times T1 for Phe and F-Phe solutions (101 mM)

measured at 298 K, with error values in parenthesis.

HTi/s
Arom
CaH CBHZ
Phe F-Phe Hs5  F-Phe Hazs
Phe (solution) 2.07 (0.02) - - 2.20 (0.03) 0.63 (0.01)
F-Phe (solution) - 2.75 (0.03) 3.73 (0.02) 2.90 (0.04) 0.85 (0.02)

Negative cross-peaks, characteristic of medium to large aggregates,?® were detected
between F-Phe molecules and between Phe and F-Phe protons in the 2D 'H-'"H NOESY
NMR spectrum of the Phe/F-Phe (1:1) hydrogel (Figure 7.27). The negative correlations
between the aromatic groups of Phe and F-Phe shown in this map of connectivities
pointed towards close contacts between Phe and F-Phe in the slow motion limit, reflecting
interactions occurring at the surface of the fibres. Similarly, the negative nOe
enhancements found between F-Phe protons showed that slowly tumbling molecules of F-
Phe interact with each other at the interfaces, contrasting with the positive correlations

found for the fast tumbling F-Phe molecules in solution of pure F-Phe systems.
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Figure 7.27. 2D 'H-'H NOESY spectra of the hydrogels of Phe, Phe/F-Phe (1:1) and F-Phe acquired with a
mixing time of 0.5 s. The green dashed lines highlight a positive nOe enhancement between the aromatic and

aliphatic protons of F-Phe molecules.

7.4.5.Monitoring exchange phenomena at the interfaces

Exchange phenomena between molecules incorporated in the hydrogel network and those
dissolved in the isotropic solution phase can be elucidated using STD NMR experiments.
A mono-exponential evolution of saturation was recorded for the Phe hydrogel, resulting
from the fast exchange between gel and solution states (explained in detail in Chapter 6,

section 6.2.8, page 179).

In contrast to the Phe hydrogel, no peaks were detected in the STD spectrum of the F-Phe
hydrogel at 298 K. The lack of accumulation of saturation in solution can reflect either
strong binding processes (associated with very slow exchange phenomena on the NMR
frequency time scale), or lack of exchange. Considering the dynamic nature of

supramolecular hydrogels,'¥ it was concluded that F-Phe molecules strongly interacted
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with the surface of the fibres. With the purpose of modifying the rate of exchange between
gel and solution states, STD NMR experiments were conducted at variable temperature.
No signals were detected in the STD spectra acquired between 298 and 338 K. The
exchange rate could not be increased significantly without promoting dissolution of the
supramolecular network (which occurred at 335 K), proving the exchange of F-Phe
between gel and solution states is slow and the interaction of F-Phe with the surface of the
fibres is very strong. In summary, the observation of shorter diffusion rates, a linear
evolution of 'H T: values with temperature, the presence of positive cross-peaks in 2D 'H-
'H NOESY experiments and the absence of STD signals in VT difference spectra for the
pure F-Phe hydrogel pointed towards the detection of mainly free molecules due to a
system dominated by very slow exchange phenomena of F-Phe molecules between the

fibres and the isotropic solutions on the NMR frequency time scale.

In multiple gelator hydrogels, a mono-exponential build-up of saturation was recorded
for both Phe and F-Phe molecules (Figure 7.28). The initial build-up rates recorded for Phe
protons were lower than those in the pure Phe hydrogel (Figure 7.29). This was a
consequence of slower exchange rate of Phe in multiple gelator hydrogels (in comparison
with the pure Phe system), leading to a decreased amount of saturation accumulated in
solution for Phe molecules. F-Phe protons also showed a mono-exponential accumulation
of saturation in mixed systems, in contrast to pure F-Phe hydrogels. This means the
dynamics of exchange for F-Phe molecules was fastened in mixed materials, which
allowed F-Phe receiving saturation and accumulating it in solution. These observations

are discussed below in the light of all the previous findings.
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Figure 7.28. Build-up curves of fractional STD response (nsmw) in Phe, Phe/F-Phe (5:1), Phe/F-Phe (2:1), Phe/F-

Phe (1:1), Phe/F-Phe (1:2), Phe/F-Phe (1:5) and F-Phe hydrogels (303 mM) (STDon = 1 ppm and STDott = 40
ppm), measured at 298 K.
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Figure 7.29. Initial slope values (STDo) versus [F-Phe] in Phe, Phe/F-Phe (5:1), Phe/F-Phe (2:1), Phe/F-Phe (1:1),

Phe/F-Phe (1:2), Phe/F-Phe (1:5) and F-Phe hydrogels (303 mM) (STDon = 1 ppm and STDosf = 40 ppm),
measured at 298 K.
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Overall, in mixed systems, Phe and F-Phe molecules displayed intermediate values of
apparent self-diffusion coefficients, 'H T relaxation times and fractional STD responses
when comparing to those recorded for pure hydrogels. These were an average of the
multiple exchange phenomena present at the interfaces: [Phe]solution/[Phe]sre weak
interaction, [Phe]sotion/[F-Phe]sibre  and  [F-Phe]sotion/[Phe]tire  intermediate  strength
interactions, and [F-Phe]solution/[F-Phe]sbre strong interaction. These findings showed that
Phe’s rate of exchange was slowed down when interacting with F-Phe at the interfaces.
Fluorination of the aromatic group created increased polarisation which resulted in an
electron poor aromatic ring, promoting stronger interactions between F-Phe and the more
electron rich Phe aromatic group. The presence of stronger interactions between Phe and
F-Phe molecules than between two Phe dimers probably explains the differences observed

in the dynamics of exchange at the fibre/solution interfaces.

7.5. Concluding remarks

As it has been shown in the first part of this chapter, the introduction of a fluoro group to
Phe resulted in general improvement of gelation ability due to a decrease in the solubility
of the derivative in water. The packing of molecules was determined to correspond to the
monohydrate form. In this second part, the dynamics of molecular exchange at the
interfaces was found to be considerably different for F-Phe relative to Phe. The
observation of shorter diffusion rates, a linear evolution of 'H T: values with temperature,
the presence of positive cross-peaks in 2D 'H-'H NOESY experiments and the absence of
STD signals for the pure F-Phe hydrogel pointed towards a system dominated by very
slow exchange phenomena of F-Phe molecules at the fibre/solution interfaces (on the
NMR frequency time scale). This slower dynamics of exchange and faster kinetics of
gelation was consistent with the strong intermolecular interactions experienced between

F-Phe molecules.

Since Phe and F-Phe gels formed isostructural solid components, it was considered
important to understand how the preparation of multiple gelator hydrogels affected gel
formation. It was found that the viscoelastic properties of single and multiple gelator
hydrogels of Phe and F-Phe were very similar. Diffraction studies and *C NMR spectra

showed that mixed materials largely preserved the supramolecular arrangements of the
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fibrous structures of the pure hydrogels. Moreover, the continuum of the unit cell
parameters found for variable ratio Phe/F-Phe pointed towards formation of co-assembled
fibres. These mixed fibres were characterised as a crystalline solid solution of Phe and F-
Phe that retained the monohydrate form. It is not unusual to observe formation of solid
solutions when two compounds form isostructural crystalline phases and the molecules
are of similar size. However, the detection of extra F peaks in mixtures provided
experimental evidence of the formation of new molecular environments within the rigid
components. These high-field ’F NMR studies proved, at a molecular level, that Phe and
F-Phe were very intimately mixed in the solid state and that fibres were composed of both

gelators, supporting the interpretation of the diffraction data.

Structural findings were consistent with the variations recorded for solution-state and
HR-MAS NMR parameters of multiple gelator hydrogels. The observation of intermediate
values of self-diffusion, longitudinal relaxation times and fractional STD response can be
explained by the spatial proximity between both gelators. This affects the strength of
intermolecular interactions and helps explaining the intermediate dynamics of exchange
in mixed materials. Very dynamic processes of interaction occur between the surface of
the fibres and both types of gelators. Consequently, this changes the rates of exchange
between gel and solution environments, ultimately leading to modification of the
dynamics of the entire system. Hence, these studies proved that the variation of
composition and tridimensional organisation of the gel fibres has an effect on the
interfacial properties of the gel. Even though the formation of co-assembled fibres from
isostructural gelators has been described for urea derivatives® the study did not take into
account the effects on the dynamic properties of the interfaces. Altogether, these
experiments proved that multiple gelator hydrogels of Phe and F-Phe with isostructural
packing motifs showed a tendency to form crystalline solid solution fibres composed of
both gelator molecules. The potential utility of solid solutions lies on the possibility of
modulation of their physicochemical properties, such as the demonstrated enhanced
pharmacokinetic profile of an antiparasitic and antiviral drug molecule, nitazoxanide, in a

solid solution formed from co-crystals.2¢4
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Chapter 8

8. Understanding concentration dependent disruptive
effects of aminophenylalanine on phenylalanine-based

hydrogels using NMR spectroscopy

8.1. Introduction

In this chapter, the findings regarding self-assembly of 4-amino-L-phenylalanine (NH2-
Phe) (Figure 8.1) and its interactions with Phe in solution and in solid state are discussed.
While exploring the interaction of Phe with several additive molecules, it was discovered
that NH2-Phe was also able itself to form supramolecular hydrogels. More interestingly, it
exhibited a concentration-dependent behaviour of disrupting and modifying the Phe
tridimensional network. The possibility of disrupting the Phe network has biologic
relevance, due to the pathological implications of the intracellular accumulation of stable
and toxic Phe aggregates (more details can be found in Chapter 4, page 138). Henceforth,
this chapter describes the study of single and multi-component hydrogels of Phe and
NH:-Phe, in order to understand the gelation/crystallisation outcomes and to pinpoint the
interactions responsible for the disruption of Phe hydrogels upon the addition of NH>-
Phe.

Due to the complexity of the Phe/NH2-Phe materials, some important features should be
highlighted. When preparing multiple gelator hydrogels, a variety of behaviours can be
observed depending on how intimately the gelators interact with each other. There can be
formation of individualised self-sorted networks of the pure gel fibres; formation of co-
assembled fibres that acquire the supramolecular organisation of one of the possible
crystal structures; or formation of mixed fibres with entirely new architectures.'” 5 % The
structural similarity between both gelators under study on this chapter and the potential
to form non-covalent interactions with each other is expected to lead to the preferential

formation of co-assembled networks. This statement does not mean that self-sorting is not
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possible nor that it is not formed to a certain extent. Despite the basicity of the arylamine
group, this amine is able to participate in hydrogen bonding, possibly being able to create
stable intermolecular interactions that may promote structural rearrangement of the
assemblies. Furthermore, the duality of effects observed for the interaction between Phe
and NH2-Phe, with prevention of gelation at low concentrations of NHz-Phe and multiple
gelator gelation at high concentrations of NHz-Phe, showed there is a delicate balance
between aggregation and disaggregation processes that dictate the gelation outcomes.
Formation of mixtures of structurally different molecules makes understanding of

gelation outcomes more challenging, but considerably more interesting.

With the goal of understanding the mechanisms of disruption and gelation the resulting
materials were characterised using microscopy, rheology, X-ray diffraction and NMR
spectroscopy, methodologies which are able to probe different regimes of mobility, levels

of self-organisation and intermolecular connectivities.

Figure 8.1. Molecular structure of zwitterionic NHz-Phe.

8.2. Results and Discussion
8.2.1.Macroscopic and morphologic characterisation of hydrogels

When Phe and NH:-Phe were mixed in water, different products were obtained
depending on the concentration and molar ratio of these gelators (Table 8.1, Figure 8.2).
For comparison purposes, the concentration of Phe was maintained at 303 mM, which
corresponds to the concentration at which a hydrogel composed of the pure monohydrate

form of Phe can be obtained.
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Table 8.1. Molar ratio and concentration of Phe and NH>-Phe in the suspensions and hydrogels under study.

Molar ratio / Phe:NH2-Phe [Phe] / mM [NH2-Phe] / mM
Phe 303 0
1:0.05 303 15
1:0.1 303 30
1:0.15 303 45
1:0.2 303 60
1:0.3 303 90
1:0.4 303 120

1:1 303 303
1:2 303 606

NH:2-Phe 0 606
179 mM
700
A A Gel
¢ Suspension
600 4 4 Solution
A A A
500 4+ A
> A A A A
E 40 4
E /
o A
L 300 -
Z
200 4 216 mM
100 - . :
0 T |A = IA T T T 1
0 100 200 300 400 500 600 700
[Phe] / mM

Figure 8.2. Phase diagram of the products obtained depending on the concentration and molar ratio of Phe
and NH>-Phe in water. Water solubility of Phe (179 mM) and NH2-Phe (216 mM, experimentally determined)
at 298 K are highlighted with black lines.

Phe gives rise to white opaque hydrogels (Figure 8.3a) composed of long hair-like fibres
(Figure 8.4a) at concentrations higher than 212 mM. When small amounts of NHz-Phe
were added (up to 1:0.2) a brownish colouration appeared, but the self-sustaining
properties of the material were maintained (Figure 8.3b). Between the ratios of 1:0.2 and
1:0.4, a heterogeneous sample was obtained containing white “fluffy” structures in
suspension. These samples exhibited flow when inverted. When the concentration of
NH:-Phe was increased further, thin white particles were observed in the suspension
(Figure 8.3c). Above the 1:1 ratio, these particles were fully dissolved and a clear brown

solution was obtained (Figure 8.3d). Mixing both molecules above their individual critical
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gelation concentrations (CGCrre = 212 mM and CGChntz-pre = 388 mM) resulted in brown
hydrogels containing white crystalline structures (Figure 8.3e and Figure 8.4b). The white
elements were attributed to the long hair-like fibres due to Phe, interpenetrated with
shorter and wider needle-like crystals of NH:-Phe (Figure 8.4b). Since co-assembly and
self-sorting occur at the molecular and supramolecular levels, it is not possible to

determine their presence simply by observing fibre morphology.*

NHo:-Phe is also able to self-assemble independently in water into organised structures,
yielding brown opaque crystalline hydrogels (Figure 8.3f) composed of wide needle-like
fibres (Figure 8.4c) at concentrations superior to 388 mM. The gelation process of NHz-Phe
was found to be considerably slower than that of Phe and very dependent on the
quenching and agitation rates. Hydrogels were obtained successfully only when the hot
solutions were cooled immediately in an ice bath with constant agitation, as slow cooling
rates and lack of agitation favoured precipitation of crystalline needle-like components
over gel formation. The tridimensional motifs of these needles matched the crystal

structure of the NHz-Phe gel fibres, confirmed by solid-state NMR (Figure 8.8).

Mixture of Phe/NH,-Phe

Pure
Phe 1:0.05 1:0.4 a0 |

Figure 8.3. Images of hydrogels of a) Phe (303 mM), b) Phe/NH2-Phe (1:0.05), e) Phe/NH2-Phe (1:2) and f) NH>-
Phe (606 mM), ¢) suspension of Phe/NHz-Phe (1:0.4) and d) solution of Phe/NH:-Phe (1:1). Commercially

available NH2-Phe is brown, giving rise to coloured materials.

Figure 8.4. SEM images of a) Phe (303 mM), b) Phe/NH:-Phe (1:2) and ¢) NH2-Phe (606 mM) dry hydrogels.

The average width of the needle-like fibres of NHz-Phe was 25.3 um (ranging between 2.6 and 47.9 um).

222



8.2.2.Mechanical properties of hydrogels

The phase angle measured in rheology studies was below 10° for pure hydrogels,
reflecting the solid-like nature of these materials."! The storage moduli (G') for Phe and
NH:-Phe hydrogels were in the order of 10°Pa (G'rhe = 4.7 x 10° Pa and G'Nt2-phe = 5.1 x 10°
Pa) and these values were one order of magnitude greater than the loss moduli (G") (G"phe

=3.2 x 10* Pa and G"nm2-phe = 3.1 x 104 Pa) (Figure 8.5), values characteristic of robust gels.*

Interestingly, weaker gel fibres with lower resistance to deformation were found for the
mixed hydrogel Phe/NH:-Phe (1:2). The higher values of phase angle (d > 10) in
combination with the lower elastic response (G'phe/NH2Phe = 2.7 X 10° Pa) and higher inelastic
response (G'"rhent2rhe = 7.1 x 10* Pa) for this hydrogel compared to the pure materials
pointed towards a less rigid system. The variations in the bulk properties of the pure and
mixed gels reflected differences in their molecular and supramolecular level

arrangements.
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v/ Hz
Figure 8.5. Storage (G') and loss (G") moduli for Phe (303 mM), Phe/NH2-Phe (1:2) and NH2-Phe (606 mM)
hydrogels in frequency sweep experiments. Hot solutions (ca. 1 mL) were pipetted into a 500 um gap (parallel

plate geometry). All samples were subjected to frequency sweeps in the range of 0.1 to 100 Hz and applied

stress of 500 Pa.

8.2.3.Determination of the structure of the gel fibres

Using single-crystal X-ray diffraction experiments, the crystal structure of pure NH2-Phe
fibres was determined (Figure 8.6). The unit cell presented monoclinic metric symmetry
(space group P21), with the following refined parameters: a = 5.9813(9) A, b = 11.3702(15)
A, c=14.985(2) A, p=93.681(8) A, (V=1017.01 A% and Z = 4. The good agreement between
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the 3C chemical shift values measured experimentally (Table 8.2) and those predicted
using CASTEP'? for NH>-Phe hydrogels (Figure 8.7) allowed us to confidently confirm
the molecular packing motif within the gel fibres. This asymmetric unit is different from
that of the monohydrate form of Phe composing the gel fibres. CASTEP calculations were

performed by Dr. Karol Nartowski from the University of East Anglia. Further details on

NMR measurements are given below.

Figure 8.6. Unit cell of NH2-Phe shown along the a axis.
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Figure 8.7. Experimental '*C chemical shift values for the NHz-Phe (606 mM) dry hydrogel derived from the
TH-13C CP/MAS NMR spectrum acquired with an MAS rate of 10 kHz vs. calculated values for the predicted
structure. Calculated isotropic chemical shieldings were converted to chemical shifts by matching the

calculated and observed chemical shift of the CHs carbon.
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Cross-polarisation NMR experiments rely on efficient transfer of polarisation from 'Hs to
strongly dipolar coupled **C nuclei and only rigid components satisfy this condition. The
addition of low concentrations of NH:-Phe to Phe hydrogels did not affect the
tridimensional molecular arrangement of Phe gel fibres, as PXRD patterns and 'H-13C
CP/MAS NMR spectra of hydrogels (Figure 8.8) were very similar to those of the pure
Phe. The spectra acquired on wet gel samples showed that Phe forms the rigid phases of
these mixtures (1:0.1 and 1:0.2), without the identification of any peaks belonging to NHo-
Phe. It is important to note that 50 to 65 % of NH2-Phe molecules were not detectable by
solution-state NMR (Table 8.4), but were also too mobile to be observed by CP/MAS.
These data proved the existence of semi-solid components that exist in both solid and
liquid environments. At this point, it should be highlighted that quantitative
interpretation of NMR data needs to be treated with caution, as a full account of the
presence of dynamic semi-solid structures remains a challenge. This is a feature common
to supramolecular gels, discussed in detail in the general discussion chapter (Chapter 10,

section 10.6, page 273).

Regarding the suspensions formed at higher concentration of NH2-Phe — Phe/NH-Phe
(1:0.4) — the tridimensional arrangements of the suspended particles (Figure 8.3c) were
very similar to the monohydrate form of Phe (Figure 8.8) and contained peaks from NHo>-

Phe (highlighted in the figure).
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Figure 8.8. 'H-C CP/MAS NMR spectra of Phe (303 mM), Phe/NHz-Phe (1:0.2), Phe/NH2-Phe (1:0.4),
Phe/NH2-Phe (1:2) and NH2-Phe (606 mM) hydrogels acquired with an MAS rate of 8.5 kHz and 8192 scans;
Phe/NH2-Phe (1:0.4) dry particles removed from suspension and dried, and Phe and NH>-Phe solid reference
powders acquired with an MAS rate of 10 kHz and 8192 scans. All experiments were conducted with a recycle
delay of 20 s and n/2 pulse lengths of 3.2 us (*H) and 3.0 ps (**C), using a 400 MHz solid-state spectrometer.

Asterisks represent spinning sidebands.

A further increase in the concentration of NHz-Phe led to different results. The PXRD
pattern of the mixed Phe/NH2-Phe (1:2) hydrogel was very similar to the one of pure NH2-
Phe (Figure 8.9), suggesting a similar supramolecular arrangement to that in the NH2-Phe
hydrogel. The presence of NH2-Phe in a higher concentration seemed to impose its
tridimensional crystal organisation on the mixed hydrogel. In combination with the
evolution of 'H-3C CP/MAS spectra with variable ratio of gelators (Figure 8.8), these data
showed a structure-determining gelation behaviour, in which the most abundant gelator
dictates the final supramolecular arrangement. Despite this, some differences between the
Phe/NHz-Phe (1:2) and the pure NH2-Phe hydrogels were identified in CP/MAS spectra

(Figure 8.10) and are discussed below.
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20/°

Figure 8.9. PXRD patterns of Phe (303 mM), Phe/NHz-Phe (1:2) and NH2-Phe (606 mM) hydrogels.

The 'H-3C CP/MAS NMR spectrum of this hydrogel was not a simple superposition of
both spectra of pure hydrogels (Figure 8.11). Instead, chemical shift variation was
observed for the carbonyl, aromatic and CgH: carbons (Figure 8.10, Table 8.2). Moreover,
the peaks of the aromatic carbons of mixtures were significantly broadened with different
peak line shapes in comparison with those of single gelator hydrogels. The existence of
Phe peaks in this mixed Phe/NH:-Phe (1:2) hydrogel confirmed its presence within the
solid components and indicated that Phe is not just in the mobile state, i.e. dissolved in
solution (Figure 8.10). These low intensity peaks highlighted in the figure (Ci = 116.43
ppm and Cs = 136.01 ppm) might not represent the totality of *C environments for Phe.
The heterogeneity of the mixed system probably leads to a multiplicity of environments,
and some *C peaks of Phe might be underneath the more intense *C signals from NH2-
Phe. These studies showed that the supramolecular organisation of NH2-Phe is not
dominant as suggested by PXRD data, but both molecules are intricately modifying each

other’s packing motifs.
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Figure 8.10. Amplification of 'H-3C CP/MAS NMR spectra of Phe (303 mM), Phe/NH2-Phe (1:2) and NHz-Phe
(606 mM) dry hydrogels acquired with an MAS rate of 10 kHz and 2048 scans. All experiments were
conducted with a recycle delay of 20 s, n/2 pulse lengths of 3.2 ps (‘*H) and 3.0 ps (3C), using a 400 MHz solid-

state spectrometer. Asterisks represent spinning sidebands.
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Figure 8.11. Experimental 'H-3C CP/MAS NMR spectra of Phe/NHz-Phe (1:2) dry hydrogel sample and

modelled spectra from the superimposition of spectra of pure Phe and NHz-Phe dry hydrogel samples.
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Table 8.2. °C chemical shift values (8) from "H-3C CP/MAS NMR spectra of Phe and NH:-Phe reference solid
powders and Phe (303 mM), Phe/NHz-Phe (1:0.2), Phe/NH2-Phe (1:0.2), Phe/NH2-Phe (1:2) and NH2-Phe (606

mM) dry hydrogel samples.

13C 3 / ppm from TMS
fPhe Phe/ Phe/ Phe/ Nsz'Phe
re s:‘;zce Phe  NH:-Phe  NH:-Phe  NH2Phe NHz-Phe ¢ sirleigce
(1:0.2) (1:0.4) (1:2)
powder powder
176.0 176.1 176.3 176.8 177.1
Cc=0 176.1 1753
174.6 175.2 175.4 175.9 176.0
Cs
(NH-Phe) . . - 1455 146.1 146.2 146.5
Cs
136.3 136.9 137.8 136.9 136.0 . -
(Phe)
- 136.1 136.2 - . 134.1 131.7
131.0 131.9 132.7 - 132.9 132.9 131.1
Arom
129.3 130.5 130.8 130.9 131.8 131.7 -
- - . - 125.6 1255 123.4
C1
126.7 126.7 126.3 126.9 127.6 - .
(Phe)
G 116.2 116.4 116.7 1198
(NH:-Phe) i ) ) ' ’ : 117.9
59.2 59.4 58.7 59.6
C.H 56.4 57.1 57.1
57.4 55.5 56.3 55.8
411 37.4 37.2 38.0 36.4
CsH: 35.7 37.8
38.36 36.7 36.4 36.9 35.1

15N is an NMR-active nucleus very sensitive to changes in the local environments of N-
bearing groups and geometry of hydrogen bonds, therefore it contains specific structural
information.?> Due to its low NMR sensitivity,?> *N-labelled Phe was used when

monitoring local variations of "NHs" motifs in single and multiple gelator hydrogels.

High-field "N NMR spectra of the Phe hydrogel (Figure 8.12) showed two peaks (39.9 and
44.4 ppm), most likely corresponding to ’NHs* terminal groups of the two molecules per
asymmetric unit of the monohydrate form. Regarding the Phe/NH:-Phe hydrogel, the
considerable variation in N peak intensities of the peaks at 40.2 and 44.7 ppm reflected
that these nitrogen atoms were structurally different in the mixed hydrogel. These peaks
were considerably broadened in comparison with N peaks from the pure Phe hydrogel
with the appearance of additional *N environments at 40.9 and 42.8 ppm. These data
showed there was an increased distribution of possible orientations of magnetically non-
equivalent Phe moieties due to the presence of considerably less ordered fibres. In the

presence of the co-gelator NH:-Phe, Phe has to adapt and acquire new tridimensional
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arrangements as it cannot purely self-assemble into its monohydrate form. Therefore, Phe
molecules might exist in a multiplicity of environments in the mixed hydrogel: within
fibres arranged as the monohydrate form of Phe, forming fibres organised as the crystal
motif of NH2-Phe, and taking part of fibres with supramolecular arrangements different
from both pure gels. This was consistent with the broad and asymmetric *C peaks
observed in the 'H-®C CP/MAS NMR spectra of these systems (Figure 8.10). The
variations observed between the organisation of pure and mixed gel systems showed
fibres of both networks were composed of structurally different supramolecular

assemblies.

39.9 ppm

15NjPhe

44.7 ppm

(15N]Phe/NH,-Phe (1:2)

60 ' 50 ' 40 ' 30 ' 20
N 8/ ppm from liquid NH,
Figure 8.12. '"H->N CP/MAS NMR spectra of ®N-labelled ['*C]/[**N]-Phe (303 mM) and [*C]/[**N]-Phe/NHz-
Phe dry hydrogel samples, acquired with MAS rates of 10 kHz and 1024 scans. All experiments were
conducted with a recycle delay of 20 s and n/2 pulse lengths of 4.0 pus ("H) and 3.0 ps (**C), using an 850 MHz

solid-state NMR spectrometer.

One of the challenges in determining the tridimensional organisation of this mixed system
is the fact that Phe/NH2-Phe (1:2) hydrogel has twice the concentration of NH2-Phe, but
only a fraction of the fibres is detected via *N-labelled Phe. Future work should focus on
understanding ®N environments of NH2-Phe molecules and compare them with those in
pure NHz-Phe hydrogel fibres. However, ®N-labelled NH2-Phe is not yet available and
5N NMR experiments of semicrystalline materials require very long experimental times,
which are not compatible with the use of high-field facilities for limited periods. Hence,
indirect observation of these groups will be attempted using 'H-"N HSQC HR-MAS

experiments.
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8.2.4.Investigation of intermolecular interactions responsible for aggregation

and network disruption

Understanding the dynamics of disruption and identifying the structure of the gel
products might shed a light on the composition of the solid-state components that pre-
empt formation of the multiple gelator systems. The quantitative ability of 'H solution-
state NMR experiments was taken advantage of and it was determined that the particles
suspended in the Phe/NH:-Phe (1:0.4) suspension contained an equimolar composition of
Phe and NH2-Phe (1:1) (Figure 8.13). Interestingly, when studying spatial correlations
between both molecules in the suspension and solution regimes, no cross-peaks were
found between Phe and NH>-Phe in the 2D 'H-'"H NOESY spectrum (Figure 8.14). The
interaction between both gelator molecules, if any, might be very short-lived and do not
allow cross-relaxation processes to occur. There might be formation of a very dynamic
complex of Phe/NH:-Phe in solution that is not detectable on the NMR time scale. The fact
that these gelators do not form stable aggregates that would tend to precipitate out of

solution might arise from weak interactions between Phe and NH2-Phe in solution.
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Figure 8.13. 'H solution-state NMR spectra of Phe/NH>-Phe (1:0.4) particles removed from suspension, dried
and dissolved in DMSO-ds. Experiments were conducted with a recycle delay of 10 s, using a 500 MHz

solution-state NMR spectrometer.
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Figure 8.14. 2D 'H-'H NOESY NMR spectrum of Phe/NH2-Phe (1:1) solution, measured with a mixing time 1 s
at 298 K. Experiments were conducted with a recycle delay of 2 s and 16 scans, using a 500 MHz solution-state

NMR spectrometer.

Experiments monitoring chemical shift values of Phe with the gradual addition of NHo-
Phe were unsuccessful as working at gel forming conditions did not provide a clear trend
of the modification of local '"H environments. These are complex systems composed of
several processes occurring in equilibrium, such as self-assembly, disassembly and
exchange between gel/solution states. These processes contribute differently for chemical
shift modulation. The mechanism of disruption was therefore investigated via dilution
studies of the Phe/NHz-Phe (1:0.15) hydrogel. Several 'H NMR spectra were acquired at
variable concentration to identify which proton sites were most affected by the
disaggregation processes. The most significant chemical shift variation was observed for
CoaH and CgH: protons of both Phe and NH:-Phe (Figure 8.15), indicating that the aliphatic
region of both molecules was the most involved in formation of new intermolecular
bonds. Thus, these findings provided evidence that NH:-Phe participates in pre-gelation
aggregation processes of the tridimensional network and does not merely remain

dissolved in pools of solvent.
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Figure 8.15. Chemical shift variation (A3) in "H NMR spectra recorded during dilution studies of the Phe/NH>-
Phe (1:0.15) hydrogel, measured at 298 K.

The 2D '"H-'H NOESY NMR spectrum acquired on the gel state of the same hydrogel
Phe/NHz-Phe (1:0.15) presented negative cross-peaks, characteristic of medium-to-large
molecules,?® between all protons (Figure 8.16). It is important to highlight there was
detection of intermolecular cross-peaks between Phe and NH:-Phe molecules. This
contrasted with NOESY experiments conducted in suspensions, in which only positive
(typical of small molecules) and intramolecular nOe enhancements were detected. The
map of through-space connectivities in the gel state allowed interproton distances to be
calculated (Table 8.3). In combination with the evolution of nOe enhancements with
mixing time (Figure 8.17) these data enabled the conclusion to be drawn that the closest
interaction occurred between NH:-Phe aliphatic protons and Phe CaH. NH2-Phe and Phe
probably interact with each other in solution via their electrostatic moieties, suggesting the
mechanism of disruption of Phe dimers®? occurs via the aliphatic region of both molecules.
This is plausible, as electrostatic interactions are the driving force of gelation of Phe, and
there was an initial indication that the electrostatics are key in driving the formation of

unidirectional assemblies of NH2-Phe (described in Chapter 5, section 5.2.5, page 158).
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Figure 8.16. 2D 'H-'H NOESY NMR spectrum of Phe/NHz-Phe (1:0.15) hydrogel with a mixing time 0.5 s,

measured at 298 K.
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Table 8.3. Interproton distances calculated from 2D 'H-'"H NOESY NMR spectrum of Phe/NH2-Phe (1:0.15)
hydrogel with a mixing time 0.01 s, measured at 298 K, using the Hz6—Hs5 distance from NH2-Phe as reference.

Average errors of 7 % were assumed as for fast tumbling molecules in viscous solvents.?”

Correlation r/A 5/A

NH>-Phe Arom Hz6 : NH2-Phe Arom Hss 2.282 -
NH:-Phe CgHz : Phe CgH: 2.48 0.20
NH>-Phe Arom Hss : Phe Arom Hss 2.68 0.21
NH:Phe C.H : Phe CgH: 2.70 0.22
NH2-Phe Arom Hss : Phe Arom Hazs 2.80 0.22
NH-2-Phe Arom Hss: Phe CgH2 3.23 0.26
NH:-Phe Arom Hz¢6 : Phe Arom Hss 3.24 0.26
NH2-Phe Arom Hz¢6 : Phe CgH2 3.37 0.27
NH:-Phe Arom Hz¢6 : Phe Arom Hzs 3.50 0.28
NH2-Phe Arom Hss: Phe CaH 3.60 0.29
NH:-Phe Arom Hz¢ : Phe C<H 3.68 0.29

a Distance used as reference

8.2.5.Characterisation of dynamics of disruption and gel formation

'H NMR was used to monitor self-assembly processes of Phe in the presence of NH:-Phe.
'H NMR peaks of Phe and NH:-Phe became broader and less intense throughout the
gelation process of a hot solution of Phe/NH>-Phe (1:0.1) (Figure 8.18), consistent with
aggregation and formation of network components which are “silent” in solution-state
NMR.' Interestingly, NH>-Phe protons showed reduced peak intensities, a strong
indication that ca. 35 % of NH:-Phe molecules were entrapped into the rigid gel fibres
(Table 8.4).

As the concentration of NHz-Phe in Phe hydrogels was raised increased peak intensity for
Phe protons was recorded, reflecting a higher concentration of Phe dissolved in solution
(Figure 8.19 and Table 8.4). Sharp and intense 'H peaks revealed the molecular variations
associated with formation of a suspension at Phe/NH>-Phe (1:0.3), exhibiting spectral

features characteristic of isotropic solutions.
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Figure 8.18. Kinetics of gelation monitored by the acquisition of "H NMR spectra with time, immediately after

cooling down a hot solution of Phe/NH2-Phe (1:0.1) with gradual formation of a hydrogel, measured at 298 K.
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Figure 8.19. 'H solution-state NMR spectra of Phe (303 mM), Phe/NHz-Phe (1:0.1), Phe/NH>-Phe (1:0.15),
Phe/NH2-Phe (1:0.2), Phe/NHz-Phe (1:2) and NH2-Phe (606 mM) hydrogels, Phe/NH2-Phe (1:0.3) suspension

and Phe/NHz-Phe (1:1) solution measured at 298 K.
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Table 8.4. Concentration of dissolved gelator molecules calculated from 'H solution-state NMR peak intensity
for Phe (303 mM), Phe/NH>-Phe (1:0.05), Phe/NH2-Phe (1:0.15), Phe/NH2-Phe (1:0.2), Phe/NH2-Phe (1:0.55),
Phe/NH2-Phe (1:2) and NH2-Phe (606 mM) hydrogels, measured at 298 K.

[Phe] in solution [NH2-Phe] in solution
% mM % mM
Phe 47 142 - -
Phe/NH:-Phe (1:0.05) 50 152 90 3
Phe/NH:-Phe (1:0.1) 55 167 65 4
Phe/NH2-Phe (1:0.15) 61 185 56 22
Phe/NH2-Phe (1:0.2) 76 230 51 28
Phe/NH2-Phe (1:0.55) 88 267 63 105
Phe/NH:-Phe (1:2) 40 121 40 242
NH2-Phe - - 20 121

'H longitudinal relaxation times (T1) were monitored throughout the gel-to-solution
transitions of these thermoreversible materials. '"H T1 times were similar for different 'H
species in the Phe hydrogel (Figure 8.20), a behaviour associated with the presence of
strong homonuclear dipolar couplings and fast exchange processes occurring between gel
and solution states. The resulting '"H T1 values are averaged out for molecules in both
environments (this phenomenon is fully discussed in Chapter 6, section 6.2.7, page 178).
The increase of '"H T times with temperature for all hydrogels under study corresponded
to the “fast tumbling regime”, also corroborated by the decreased line widths with

increasing temperature.

When NH2-Phe was added to the Phe hydrogel at low concentrations, '"H Ti times were
similar for different 'H sites of NH>-Phe (Figure 8.21). The similarity of 'H T1 values
proved that Phe and NH:-Phe were strongly dipolar coupled and exchanging between gel
and solution states. After the addition of 40 mM of NH>-Phe (molar ratio of 1:0.15), such
similarity between T1 values for different groups was lost, with full distribution of T
times typical of solutions when the concentration of NH2-Phe was above 55 mM (molar
ratio of 1:0.2). Above this concentration, the system consisted predominantly of the fast
tumbling molecules of Phe and NH:-Phe dissolved in isotropic pools of solvent. This was
a consequence of the disruption of the supramolecular network, in agreement with the

sharp and intense peaks detected in the corresponding 'H spectrum (Figure 8.19).

Similarly, the distribution of 'H Ti1 times in pure NH:-Phe and mixed Phe/NH2-Phe

hydrogel, in the gel state, was similar to solutions of NH2-Phe (Figure 8.20). This pointed
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towards Phe and NHz-Phe being mainly dissolved throughout the range of temperatures.

This dispersion of values was more marked for the pure NH2-Phe system. These results

reflected different dynamics of exchange of molecules between the gel and solution

environments for the pure NH2-Phe and mixed gels when compared with the pure Phe

material. The time scale of these exchange phenomena is discussed below taking into

account all findings.
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Figure 8.20. 'H longitudinal relaxation times (T1) for Phe Arom, NH2-Phe Arom, C«H and CgH: of Phe (303

mM), Phe/NH:-Phe (1:2) and NH2-Phe (606 mM) hydrogels measured between 278 and 328 K. Experiments

were conducted with a recycle delay of 10 s, using a 500 MHz solution-state NMR spectrometer.
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Figure 8.21. 'H solution-state longitudinal relaxation times (T1) of Phe hydrogels with variable concentration

of NH2-Phe, Phe/NH:-Phe (1:2) and NH2-Phe (606 mM) hydrogels, and Phe (100 mM) and NH2-Phe (100 mM)

solutions.

Table 8.5. 'H solution-state NMR longitudinal relaxation times (T1) for Phe and NH2-Phe solutions (101 mM)

measured at 298 K, with error values in parenthesis.

HTi/s
Arom CaH CgH2
Phe NHz-Phe Hss  NH2-Phe Hzs Phe NH:z-Phe Phe NH:z-Phe
Phe 2.07 . 2.20 0.63
(solution) (0.02) (0.03) (0.01)
NH-Phe 2.31 0.66
(solution) i 1.96 (0.03) 313 (0.02) (0.02) (0.02)

STD NMR experiments were carried out to assess these dynamics of exchange at the

gel/solution interfaces. A mono-exponential evolution of build-up of saturation in

solution was observed for the Phe hydrogel (Figure 8.22), resulting from fast exchange

between gel and solution states on the NMR relaxation time scale, previously discussed in

Chapter 6 (section 6.2.8, page 179).
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Figure 8.22. Evolution of fractional STD response (nsm) for Phe hydrogels measured at 298 K, using a 500
MHz solution-state NMR spectrometer (STDon =1 ppm).

The initial slope for fractional STD response decreased gradually as higher concentrations
of NHz-Phe were introduced (Figure 8.23). More importantly, no build-up of saturation
was detected at concentrations of NH2-Phe above 55 mM (molar ratio of 1:0.2). Since STD
NMR experiments rely on the transfer of saturation from a large supramolecular network,
which acts as a reservoir of magnetisation, to protons in close proximity, these studies
proved that the supramolecular network loses its structural integrity at molar ratios
higher than Phe/NH:-Phe (1:0.2). This was consistent with 'H longitudinal relaxation
findings and with the loss of structural integrity observed macroscopically. These
experiments allowed the “breaking point” of the network to be determined at a molecular

level.

Low initial build-up values were observed in the pure NH:-Phe (STDo = 0.46 s') and
mixed Phe/NH2-Phe hydrogels (STDo = 0.03 s*) (Figure 8.23). These values indicated an
inefficient transfer of saturation at the interfaces or poor accumulation of saturation by
molecules returning to solution. This can occur when molecules interact very fast with the
surface of the fibres and have short residence time that prevents the efficient transfer of
saturation; or when molecules participate in very strong interactions at the interface,
remain longer at the gel surfaces and therefore do not accumulate as much saturation in
solution. During VT STD measurements, the transfer of saturation was more efficient

when molecular motions were slowed down (Figure 8.24 and Figure 8.25) translating
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longer residence times at the interfaces at lower temperatures. Henceforth, these data

clearly showed that, at 298 K, NH2-Phe molecules have considerably fast dynamics of

exchange on the NMR relaxation time scale, due to formation of weak intermolecular

interactions, which is consistent with NH:-Phe decreased gelation ability and higher

water solubility. Regarding Phe in multiple gelator hydrogels, as Phe exhibited lower STD

values than those recorded in the pure Phe hydrogel, it could be assumed that the rate of

exchange between free and bound states of Phe was fastened in the presence of the co-

gelator NH2-Phe, as a consequence of the weaker intermolecular interactions formed

between Phe and NH:-Phe.
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Figure 8.23. Initial slope of build-up curves (STDo) of Phe hydrogels with increasing concentrations of NH2-

Phe, measured at 298 K, using a 500 MHz solution-state NMR spectrometer (STDon =1 ppm).
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Figure 8.24. Evolution of fractional STD response (nsm) for Phe/NHz-Phe (1:2) hydrogels measured between

278 and 328 K, using a 500 MHz solution-state NMR spectrometer (S5TDon =1 ppm).
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Figure 8.25. Evolution of fractional STD response (nsm) for NH2-Phe hydrogels measured between 278 and
328 K, using a 500 MHz solution-state NMR spectrometer (STDon =1 ppm).

8.3. Concluding remarks and future work

It was found that NHz-Phe is able to independently self-assemble in water and to give rise
to strong brown gels above 388 mM. The tridimensional ordering of the needle-like
crystalline fibres was determined using single-crystal and PXRD diffraction methods. The
structure was in very good agreement with solid-state NMR experiments. These fibres
were composed of ca. 80 % of gelator molecules, with the rest being dissolved in solution
or partially trapped at the fibre interfaces. The dynamics of exchange was faster than that
of the pure Phe hydrogel, as weaker intermolecular interactions between NH:-Phe
molecules were formed. With the purpose of determining the predominant intermolecular
interactions dictating self-assembly of NH:-Phe, future work aims to generate an

interaction energies framework using CrystalExplorer.
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When Phe and NH:-Phe were mixed in water, different products were obtained
depending on the concentration and molar ratio of the gelator molecules. Hydrogelation
of Phe could be prevented when Phe was mixed with NH2-Phe at molar ratios between
1:0.2 and 1:2 (Phe/NH2-Phe), with either a suspension or solution being formed. 'H NMR
and longitudinal relaxation studies indicated that, as the concentration of NH2-Phe was
increased, there was gradual dissolution of Phe assemblies. The resulting sharp and
intense '"H NMR peaks were accompanied by a distribution of '"H T: times resembling
those of solutions. These features became more marked above the ratio of 1:0.2 ([NH2-Phe]
=55 mM and [Phe] = 303 mM). At this point, the considerable dissolution of the network
promoted by NH:-Phe led to the disappearance of the STD NMR response. This was
attributed to the absence of a supramolecular structure capable of accumulating and

transferring saturation, in agreement with the loss of structural integrity of the gel.

The assembly at higher concentrations of NH:-Phe led to a different scenario. NHz-Phe
was mixed with Phe at gel forming concentrations ([Phe] > 212 mM and [NH2-Phe] > 388
mM) and multiple gelator hydrogels of Phe/NH2-Phe were obtained. Their tridimensional
arrangements seemed to be dominated by the packing motif of NH2-Phe, as diffraction
experiments showed great similarity between the crystalline components of NHz-Phe and
Phe/NH:-Phe hydrogels. However, investigation of local molecular environments by
solid-state NMR spectroscopy showed a multiplicity of environments for both gelator
molecules. The line broadening observed in 'H-'*C CP/MAS spectra and the presence of
additional >N peaks for Phe provided evidence of formation of new environments for
both gelators in the mixed fibres. These fibres were organised in a less ordered fashion,
when comparing with the molecular arrangement of the pure hydrogels. The above
mentioned faster dynamics of exchange at the gel/solution interfaces resulted from these
structural variations that modulated the properties of the surface of the fibres. The
mixtures of Phe/NH:-Phe were very complex to understand due to the presence of
disordered multi-component gel fibres with most likely the presence of heterogeneous

domains.

While studying both disruption and gelation phenomena, it was found that NHz-Phe was
involved in pre-gelation aggregation. NH2-Phe manifested its disruption effects in early
nucleation processes of Phe, modulating kinetics of gelation of Phe. This was attributed to

the interference of NH2-Phe with the electrostatic interactions between Phe dimers, which
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are the anisotropic forces of self-assembly of Phe. Such interference by NH2-Phe resulted
in the formation of a clear brown solution at a ratio of 1:1. These data provided indirect
evidence of the interaction between both gelator molecules in solution and onto the
surface of the mixed hydrogel fibres. It is the affinity of Phe for NH2-Phe, and vice-versa,

that is behind the presence of both molecules in the solid fibres.

Despite significant progress being made towards understanding structures of multiple
gelator hydrogels prepared from Phe and NH:-Phe, through the application of the
combined computational, diffraction and NMR approach presented in this chapter, the
crystal structures of the mixed gel fibres and the patterns of interactions in such systems
still present some challenges. It is proposed that the acquisition of high-field *N solid-
state spectra of multiple gelator hydrogels takes place using *N-labelled NH2-Phe when
this labelled amino acid derivative becomes available. Indirect observation of unlabelled
NH:-Phe environments at the surface of the rigid gel fibres might be possible by

performing 'H-"N HSQC experiments in dry gel samples using HR-MAS spectroscopy.
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Chapter 9

9. Substituent interference on supramolecular assembly of

urea gelators: synthesis, structure prediction and NMR

Findings from this chapter are partly published in

Piana, F.; Case, D. H.; Ramalhete, S. M.; Pileio, G.; Facciotti, M.; Day, G. M.; Khimyak, Y.
Z.; Angulo, J.; Brown, R. C.; Gale, P. A, Substituent interference on supramolecular
assembly in urea gelators: synthesis, structure prediction and NMR. Soft matter 2016, 12
(17), 4034-4043.

An NMR-based methodology was developed and optimised in the previous chapters to
create a reliable approach of fully characterising supramolecular gels. The present chapter

tests this strategy on structurally and dynamically different materials.

9.1. Introduction

Hanabusa,?® van Esch and Kellogg'? 133 267 have extensively exploited the urea tape motif
as a building block to obtain new supramolecular gelator molecules. Urea is the molecular
equivalent of a Velcro® type hook-and-loop?® (Figure 9.1) and, for this reason, it is able to
promote molecular unidirectional self-association and form supramolecular assemblies.?¢”
20 For this purpose, molecular features of an urea derivative were varied systematically
throughout this work. The main focus of this work was to help understand the
relationship between molecular and self-assembled structure, with the purpose of
contributing to the rational design of new gel-based materials. Furthermore, the present
work helped validate the NMR-based methodological approach on a structurally different

molecule.
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Figure 9.1. Schematic representation of the urea tape motif.

The present chapter resulted from the collaborative work between the groups of Professor
Philip Gale (University of Southampton), responsible for the synthesis of gelator
molecules, gelation studies and microscopy imaging; Professor Graeme Day (University
of Southampton), who performed molecular modelling calculations; and my group, who
conducted the characterisation of the resulting gel materials using powder X-ray

diffraction and NMR spectroscopy.

9.2. Results and Discussion
9.2.1.Gelation studies

Prof. Philip Gale’s group systematically varied head substituents and tail length of an
urea-based scaffold (Figure 9.2). Eighteen N-aryl-N'-alkyl urea gelators were synthesised.
It was found that gelators bearing short alkyl chains did not form any gels due to their
high solubility, indicating that solute-solvent interactions prevailed over solute-solute
interactions. The initial motivation for investigating different aromatic substitutions
stemmed from the potential ability of electron withdrawing or donating substituents to
tune the acidity of the urea group. Upon substitution of the aromatic head group with an
electron withdrawing group (-NO:), cooperative hydrogen bonding between urea
functional groups was expected to be reinforced, leading to more acidic NH groups and
consequently improving gelation. However, the opposite was observed for long chain
gelator molecules and better gelation performance was reported in the presence of the

electron donating group -OCH: instead. These observations indicated that it is a balance
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of effects that dictate gelation, related to alkyl chain length, substituent electron

withdrawing/donating ability and, perhaps, less intuitive substituent effects.

In order to isolate the contribution of -NO2 and -OCHs head substituents on gelation
ability, two representative gelator molecules (1 and 2) (Figure 9.2) underwent
comprehensive thermo-mechanical, molecular modelling and NMR characterisation. Prof.
Philip Gale’s group performed gel formation studies in fifteen solvents, selected to cover a
wide range of polarities. Solvent polarity did not directly affect gelation performance,
despite reported evidence on other systems.”?> Hence, more comprehensive studies were

conducted with solvents with variable polarities: toluene, tetralin and DMSO.

H H

1.R=-NO,,n=13
2.R=-OCH;,n=13

Figure 9.2. Schematic representation of the investigated gelator structures.

CGC values for gelator 1 were higher than for gelator 2 (Table 9.1), reflecting that the
latter had increased tendency to self-assemble. Tge values obtained by DSC were 348 K for
organogel 1 and 359 K for organogel 2, showing the network formed by gelator 2 was
thermally more stable. Rheological tests reflected their solid-like behaviour, and
demonstrated that the strength of the materials increased from 1 to 2 (Figure 9.3).
Furthermore, environmental scanning electron microscopy (ESEM) showed
morphological differences in xerogels obtained from gels 1 and 2 (Figure 9.4), with
xerogel 1 showing a disorganised network. The thermo-mechanical and morphologic
differences identified between both systems reflected the influence of the head group in
conditioning the supramolecular packing of gelator molecules, similarly to what was

observed with halogenated derivatives of phenylalanine (Chapter 7, page 186).
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Table 9.1. Critical gelation concentration (CGC) values for organogels 1 and 2.

CGC/mgmL~
Gelator .
Toluene Tetralin DMSO
20 20 50
5 5 50
g g
100000 4 E
10000 - &+ 1 G'gel14
PR 7_7__,_4—.7.7_-:7' «— G"gel 14
B I «— G'gel 15
I R e —+—G"gel 15
A
1000 4 . S j\ — v 4
R NS,
100 T T
10 100 1000

Angular frequency (rad/s)

Figure 9.3. Storage (G') and loss (G") moduli with angular frequency sweeps of organogels 1 and 2 in toluene

(20 mg mL-).
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Figure 9.4. Environmental SEM images at 500x magnification of xerogels obtained from gels 1 and 2 (20 mg

mL-) in toluene.

9.2.2.Investigating the effects of the addition of head groups by molecular

modelling

To help interpret the observed differences in gelation between 1 and 2, Prof. Graeme
Day’s group performed electronic structure calculations on both isolated molecules, as

well as CSP calculations.
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To investigate the inductive effect of the head substituent, single molecule DFT
calculations were performed using DMol3 at the BBLYP/DNP level of theory to assess the
electrostatic potential around 1 and 2. These calculations revealed a slightly more positive
electrostatic potential at the polar hydrogen atoms of the urea in 1 compared to 2, as
shown in Figure 9.5, and a more negative electrostatic potential in the n-electron region of
the aromatic ring for 2. These differences reflected the expected influence of the electron
withdrawing or donating substituents. However, the most prominent difference between
the molecules was the introduction of a region of negative charge at the -NO: substituent
in gelator 1. The oxygen atoms in the -NO: group of 1 are particularly accessible; hence
they are positioned to easily compete with the urea oxygen as hydrogen bond acceptors
for the protons of the urea group. Similarly, the oxygen of the -OCHs substituent in
gelator 2 also introduced a region of negative charge, but one that was much weaker and

was shielded to some extent by the steric impedance of the methyl group.

The observed differences in the electrostatic potential are significant, as they can promote
disruption of the urea “zipping”, which is associated with favourable gelation
properties.?®® In a study of the effects of anions on urea gelators, Steed et al. (2012) have
reported that anions of sufficient hardness could disrupt this pattern.®® Therefore, the
increased acidity of the urea hydrogen atoms have the potential to enhance the formation
of urea tapes in 1, while the presence of competing hydrogen bond acceptors can to

disrupt their formation.

a)

- +0.13 a.u.

Figure 9.5. Calculated molecular electrostatic potentials of 1 (a-c) and 2 (d-f). The potentials are plotted on the
0.02 a.u. electronic isodensity surface. The red patches of positive electrostatic potential in b) and e)
correspond to the urea hydrogen atom positions. ¢) and f) show the view down the urea oxygen atom,

highlighting its negative electrostatic potential.
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The purpose of performing CSP calculations was to explore the balance of these
competing effects and the overall influence of the aromatic substituents on the preferred
intermolecular arrangement of these molecules and their influence on solid-state packing.
Prof. Graeme Day’s group applied CSP methods to take advantage of the developments
that have been made in this area over the past few years?”*?? in predicting the preferred
solid-state assembly of organic molecules using a global search of the lattice energy
surface. This global optimisation approach provides an unbiased assessment of molecular
packing possibilities in a solid-state environment, unlike other recent molecular modelling
studies of gel structure based on assumed supramolecular arrangements?* 274
conformational sampling of small molecular clusters?> or dynamical simulations of pre-

arranged fibre models.?”6 277

Prof. Graeme Day’s group performed both rigid-molecule and flexible-molecule searches.
The initial calculations displayed a clear difference in the predicted crystal packing
behaviours of gelators 1 and 2. The low energy predicted structures of gelator 2 displayed
hydrogen bonding between urea groups, predominantly forming the unidimensional urea
chains or tapes (Figure 9.6d,f) that are associated with fibre formation. The -OCHs did not
participate in hydrogen bonding. In contrast, the low energy structures of 1 lacked the N—
H:-Ourea hydrogen bonding linking urea into one-dimensional chains or tapes (Figure
9.6a,b). The CSP results suggested that the urea tape formation was disrupted by the

presence of the -NO: group, which acted preferentially as a hydrogen bond acceptor.

To verify that these findings were not biased by the simplification of using rigid
molecular geometries in the crystal structure search, further CSP calculations were
performed with flexibility of the molecular geometry allowed during structure generation
and lattice energy minimisation. These flexible-molecule calculations did not change the
overall conclusions from the initial calculations: hydrogen bonded urea tapes dominated
the low energy structures of 2, while the low energy structures of 1 were dominated by
urea hydrogen bonded to -NO:. Only small variations were observed in the angle and
length of these intermolecular interactions by giving the molecule freedom to distort from

its ideal geometry.

For gelator 1, a slight reorientation of the alkyl chain allowed the alignment of both -NO:

oxygen atoms with urea hydrogen atoms, forming a double hydrogen bond, as shown in
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Figure 9.6a. This interaction was found in the overall lowest energy predicted structures
of 1 and provided significant stabilisation of molecules. The total energy of the best
structure involving the double hydrogen bond (Figure 9.6a) was 9 k] mol-! lower than the
lowest energy structure involving only one -NO: oxygen in hydrogen bonding (Figure
9.6b). The lowest energy predicted crystal structure of 1 that displayed the urea hydrogen
bond tape motif was a further 13 k] mol- higher in energy (Figure 9.6c), outside the
energetic range that would be observable in small molecule crystal structures.* This gave
an indication of the strength of oxygen atoms on the -NO: group to interfere with the

urea-tape packing motif.

For gelator 2, the influence of molecular flexibility on the predictions was subtler. Here,
freedom of the molecule to distort from its gas phase geometry led to some low energy
structures with planar urea tapes (Figure 9.6e), whereas these interactions were twisted or

buckled in the best structures generated with the rigid gas phase geometry (Figure 9.6d,f).

The difference in lattice energies of the most stable predicted structures of each gelator
(-198.8 k] mol! for 1 vs. -176.7 k] mol" for 2) further highlighted the strength of the
urea--O:2N interaction. The calculated lattice energies of the lowest energy urea-tape
structures of each molecule, as shown in Figure 9.6¢c vs. Figure 9.6d, were remarkably
similar. Various types of interactions were present in these systems, including hydrogen
bonding and van der Waals interactions, which could be maximised by stacking of the
aromatic rings and aligning of molecular tails. Consequently, all of the low energy
structures in the CSP were densely packed. It was observed, though, that in the systems of
gelator 2 all of the types of interactions were associated within a pair of neighbouring
molecules, i.e., they had a tendency to align tails, urea groups and aromatic groups in
series, a behaviour that is thought to be associated with the formation of a self-assembled
fibrillar network (SAFiN) in gels. Contrarily, for gelator 1, there was instead a strong
interaction between the urea and the -NO: group of molecules, but these two molecules
could not then align their tails and arrange aromatic groups into n-stacks (Figure 9.6a,b).
These CSP results suggested that, rather than the acidity of the urea group determining
the difference in behaviour of 1 and 2, it was the compromise between sources of strong

interaction that may have caused the differing observations in gel formation.

252



a) Ejatt = -198.8 kd/mol d) Ejatt = -176.7 kJimol
¥ r ' 5 :

b) Eiatt = -189.8 ku/mol

b

RRRRL

€) Eja = -173.8 kJ/mol

~ 2o T o e o
EREZEHE
Bessses: bease

S HHERR
HRHHH

SHa it

Figure 9.6. Molecular packing in representative low energy predicted crystal structures of 1 (a, b, ¢) and 2 (d,

e, f), with the corresponding calculated lattice energies of each structure. a) and d) are the global minimum
energy crystal structures that have been located for each molecule. Hydrogen bonds are shown as dashed blue

lines. Hydrogen atoms on the alkyl chains are hidden in (f) for clarity.
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9.2.3.Determination of the packing motifs of the gel fibres

PXRD studies were conducted to find experimental evidence to support the previous
conclusions. The observation of diffraction peaks in PXRD patterns (Figure 9.7) acquired
on gel samples without removing any amount of solvent confirmed the presence of

semicrystalline structures, attributed to the gel fibres.

The comparison between the simulated and observed diffraction patterns must take into
account the expected discrepancies between the lattice parameters of modelled structures
and packing in the gel fibres, which are usually a few percent in lattice parameters, as well
as differences in reflection intensities caused by orientation of the gel fibres. Nevertheless,
several of the predicted crystal structures for each molecule were identified as giving
similar simulated diffraction patterns to those observed from the gels (Figure 9.7). The
simulated patterns are not expected to match perfectly the observed patterns as these are

not well-ordered crystals.

Diffraction data supported the conclusions from structure prediction calculations: for
gelator 2, those structures that included hydrogen bond urea tapes gave similar PXRD
patterns, whereas urea-nitro hydrogen bonding was present in all structures of gelator 1
that gave good agreement with the experimental diffraction pattern. These included the
lowest energy predicted structures of each molecule (Figure 9.6a: -198.8 k] mol' for 1 and

Figure 9.6e: —176.8 k] mol~" for 2).
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Figure 9.7. PXRD patterns of a) the organogel samples of 1 and 2 in DMSO (30 mg mL"), compared to b-g) the
simulated diffraction patterns from the six lowest energy predicted crystal structures, all of which contained
urea-nitro (N-H---O) hydrogen bonding for 1 and urea-urea hydrogen bonding for 2. The simulated patterns

from the predicted structures are labelled by their calculated lattice energies.

9.2.4.Assessment of the local environments of rigid components of gels by NMR

The multiphasic character of these materials required both solution and solid-state NMR
spectroscopy to probe mobile and rigid components of the gel network, respectively.
NMR studies were carried out with organogels and xerogels prepared from DMSO to

avoid overlapping of aromatic peaks with solvent peaks from toluene and tetralin.

H-3C CP/MAS NMR experiments were used to study the molecular packing of the gel
fibres. Despite the presence of high contents of solvent which was expected to lead to
increased mobility and reduced efficiency of polarisation transfer, I was able to acquire
H-3C CP/MAS NMR spectra of organogels 1 and 2 (Figure 9.8 and Figure 9.9,
respectively). The detection of peaks in 'H-*C CP/MAS NMR spectra of these gels was
indicative of a rigid 3D fibrous network, with densely packed molecules as predicted by
molecular modelling studies. These are rare examples of supramolecular gels in which
H-3C CP/MAS NMR peaks were detectable without any physical modification of the
organogel samples, ie. removing any amount of the solvent or lowering the

temperature.1? 132278
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For organogels 1 and 2, aliphatic carbons appeared as sharp resonances, while low
intensity peaks were observed for the aromatic and carbonyl carbons (and -OCHs carbon
in organogel 1) in the spectra measured at 298 K and 1 kHz MAS rate, as shown Figure
9.8a and Figure 9.9a. The presence of sharp peaks was in agreement with the
semicrystalline fibres identified in PXRD experiments. Lowering the temperature to 288,
283, 278 and 273 K enabled us to record 'H-3C CP/MAS NMR spectra at higher MAS
rates, as shown in Figure 9.8b-g and Figure 9.9b-g. This led to significant narrowing of the
aromatic and carbonyl carbons (and -OCHs carbon in organogel 2), with spinning
sidebands present in accordance with the specific MAS rate. No significant differences

were observed for the chemical shift values in the spectra acquired at lower temperatures.

Regarding organogel 1, the 'H-C CP/MAS NMR spectrum of frozen organogel 1
acquired at an MAS rate of 8 kHz (Figure 9.8g) presented a single peak per carbon,
indicative of one magnetic environment for each carbon site. Peaks at 125.7 and 117.2 ppm
resulted from overlapped resonances of carbons Cz2 and Cs, and Cs and Cs, respectively, as
predicted by solid-state DFT calculations. The variation of chemical shift values between
the reference solid powder 1 (Figure 9.8h) and the resulting organogel suggested the

molecular organisation of the gel fibres was different from the original solid powder.

In contrast to organogel 1, frozen organogel 2 acquired at an MAS rate of 8 kHz (Figure
9.9g) showed several peaks per carbon in the aromatic region, indicating the same carbon
experienced different magnetic environments in different molecules. These results
suggested the presence of multiple symmetrically independent gel molecules in the
structure. Structures with multiple independent molecules (Z’ > 1) are not uncommon in
molecular crystals and it is not surprising that this phenomenon carries over to gel fibre
packing.?” This observation reflects the symmetry of molecular packing and does not
imply a less organised structure. However, this finding does mean that the packing in the
organogel 2 fibres cannot be perfectly described by any one of the predicted crystal
structures, since the molecular modelling studies were conducted considering only one
molecule in the asymmetric unit (Z” = 1). ®C chemical shifts for the aromatic carbons of
gelator 2 were significantly shielded in comparison with gelator 1 (except Cs4, which was
directly bonded to an oxygen), supporting the DFT predictions of a more negative
electrostatic potential in the m-electron region of the aromatic ring. Furthermore, the

similarity in chemical shift values of the reference solid powder 2 (Figure 9.9h) and the
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resulting organogel pointed towards a self-assembled network with a 3D organisation

similar to that of the crystalline powder.
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Figure 9.8. 'H-3C CP/MAS NMR spectra of organogel 1 (30 mg mL-! in DMSO-ds) acquired a) at 298 K and 1
kHz MAS rate; frozen gel samples acquired at b) 288 K, ¢) 283 K and d) 278 K and 1 kHz MAS rate; frozen gel
samples acquired at 273 K and e) 1 kHz, f) 4 kHz and g) 8 kHz MAS rates; and h) reference solid powder
measured at 298 K and 10 kHz MAS rate. All experiments were acquired with a recycle delay of 20 s, 1024
scans and 7/2 pulse lengths of 4.0 us (*H) and 3.0 ps (**C), using a 400 MHz solid-state NMR spectrometer.

Low-resolution aromatic peaks are highlighted with triangles and spinning sidebands with asterisks.
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Figure 9.9. 'H-3C CP/MAS NMR spectra of organogel 2 (30 mg mL-! in DMSO-ds) acquired a) at 298 K and 1
kHz MAS rate; frozen gel samples acquired at b) 288 K, ¢) 283 K and d) 278 K and 1 kHz MAS rate; frozen gel
samples acquired at 273 K and e) 1 kHz, f) 4 kHz and g) 8 kHz MAS rates; and h) reference solid powder
measured at 298 K and 10 kHz MAS rate.

NMR chemical shielding calculations were then carried out by Prof. Day’s group on sets
of the lowest energy predicted crystal structures of gelators 1 and 2 using CASTEP'®? and
the GIPAW? methodology. These gave reasonable agreement with the gel X-ray
diffraction patterns (Figure 9.7). Despite the similarities in intermolecular interactions,
reasonable variation was found in the chemical shifts predicted from the selected
structures (Table 9.2 and Table 9.3). Amongst these structures, the simulated *C chemical
shifts for the lowest energy predicted structures (—=198.8 k] mol' for 1, reported in Figure
9.6a, and —176.8 k] mol! for 2, reported in Figure 9.6e) were found to be in best agreement
with the BC chemical shift values observed for gel fibres (Figure 9.10), with RMSD
(predicted — observed) of 1.8 ppm for 1 and 1.4 ppm for 2. These deviations were as low as

those seen in comparing observed *C chemical shifts with those predicted from known
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single-crystal structures of small organic molecules.?® These results strongly supported

the relevance of the predicted structures in interpreting the properties of the two gelators.

Table 9.2. Experimental 3C chemical shift values (8) for frozen organogel 1 measured at 298 K and an MAS

rate of 8 kHz vs. calculated values for the six lowest energy predicted crystal structures.

Organogel 1
3C 8 / ppm from TMS
Assignment  peference Gel Calculated structures / k] mol?
solid 273K
powder  SkHz 19884 19670 19502 -19114 -18727 -185.73

Carbonyl 155.5 155.7 149.2 151.4 153.0 152.2 148.5 148.7
Ci 145.5 146.3 148.8 149.9 152.2 150.9 148.4 147.7
Cs 141.2 141.3 137.7 137.5 139.7 138.0 135.4 135.7

(@) 127.7 1259 127.7 129.5 130.9 129.9 126.6 126.0

Cs 126.4 126.9 128.1 129.0 128.2 126.1 125.7

GCs 120.1 1175 118.8 118.8 120.0 118.3 116.0 117.0

Cs 113.5 118.1 117.4 122.0 120.2 117.2 116.8
NHCH: 42.7 41.7 414 41.7 42.1 41.5 40.3 38.5
11 x CH2 33.7 344 33.9 34.2 35.5 354 325 33.0
CH:CH:s 25.1 26.3 26.1 27.5 29.1 28.3 24.9 249
CHs 159 16.5 16.5 16.5 16.5 16.5 16.5 16.5
RMSD - - 1.83 2.13 2.62 2.33 2.57 2.37
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Table 9.3. Experimental '*C chemical shift values (3) for frozen organogel 2 measured at 298 K and an MAS

rate of 8 kHz vs. calculated values for the six lowest energy predicted crystal structures.

Organogel 2
BC d / ppm from TMS
Assignment  pefarence Gel Calculated structures / k] mol?
solid 273K
powder  8kHz -17378 —173.69 16917 -168.26 -167.00 16475 -164.33
Carbonyl 155.5 154.8 153.6 155.2 156.9 155.9 157.7 154.4 158.9
158.2 158.2
Cs 155.2 156.7 157.2 157.1 160.8 155.9 158.4
157.1 157.0
C1 131.6 131.5 130.9 131.9 135.5 132.6 136.0 135.0 134.4
128.1 127.9
Cz 123.2 127.5 130.2 125.6 126.1 125.6 127.6
125.0 125.0
Cs 120.7 120.7 122.1 121.5 125.4 124.9 125.1 122.9 124.5
118.8
GCs 116.6 ———— 1169 121.3 121.8 121.2 123.1 121.6 121.8
117.4
Cs 111.3 111.3 110.1 117.4 116.2 116.3 119.0 112.9 115.3
OCH; 55.1 549 549 56.1 58.6 59.2 61.0 57.6 59.1
NHCH: 439 43.8 40.9 42.7 459 42.1 46.8 427 44.6
11 x CH: 34.7 34.7 34.7 34.1 35.2 35.3 38.7 355 38.2
CH:CHs 26.3 26.3 26.3 22.7 30.4 29.2 34.1 30.4 31.6
CHs 15.6 15.5 15.5 155 155 155 15.5 15.5 155
RMSD - - 1.44 1.84 2.64 3.19 4.44 1.92 3.43
16074 1, -108.8 karmol X
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Figure 9.10. Experimental "*C chemical shift values (3) for frozen gels 1 and 2 measured at 298 K and an MAS
rate of 8 kHz vs. calculated values for the predicted structures that give best agreement with both NMR and
PXRD studies from the gel. Calculated isotropic chemical shieldings were converted to chemical shifts by
matching the calculated and observed chemical shift of the CHs carbon in gel. The structures for gelators 1 and

2 correspond to those reported in Figure 9.6a and e, respectively.
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The increased resolution obtained for the aromatic and carbonyl carbons (and -OCHs
carbon in organogel 2) upon spinning at higher MAS rates, with no significant changes for
the aliphatic carbons, strongly indicated that chemical shift anisotropy was considerable
for the aromatic and carbonyl carbons (and -OCH: carbon in organogel 2), even in the gel
state. The solid-state DFT calculations of NMR parameters performed for the low energy
predicted crystal structures confirmed that the anisotropy of the shielding tensors for the
aromatic and carbonyl carbon atoms was much larger (in the range from 108 to 192 ppm)
than for the aliphatic carbons (in the range from 19 to 43 ppm) for both gelators,
supporting the previous conclusions. The -OCHs carbon in organogel 2 was narrower
than the aromatic carbons, but the peak sharpened as a result of spinning faster, in
agreement with the DFT calculated intermediate anisotropy of the shielding tensor (ca. 70
ppm). Hence, the significantly broadened peaks detected for the aromatic and carbonyl
carbons at low MAS rates in 'H-"*C CP/MAS NMR spectra of gels 1 and 2 were most

likely due to the high values of chemical shift anisotropy for these carbon sites.

9.2.5.Investigation of the local environments of mobile components of gels by

NMR

The increased acidity of the urea group predicted for gelator 1 using DFT calculations was
confirmed by the downfield N chemical shift observed in solution for the urea nitrogen
atoms of organogel 1, in comparison with organogel 2 (Table 9.4). This deshielding effect
was a consequence of a nearby electron withdrawing nitro head group. *N chemical shift
values of solutions and gels did not show any significant difference, due to the detection
of mainly free gelator molecules in both samples, which prevented any conclusions to be

drawn on the environment of NH groups in the gel state.

Table 9.4. Experimental "N NMR chemical shift values (3) from 2D 'H-'>N HSQC experiments for gelators
and organogels 1 and 2 (30 mg mL-" in DMSO-ds) measured at 298 K with a recycle delay of 2 s and 8 scans,

using an 800 MHz solution-state NMR spectrometer.

5N § / ppm from liquid NH3

Gel Solution
NH. 130.71 130.71
! NHb 112.26 112.26
) NH. 125.39 125.39
NHb» 101.63 101.63
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9.2.6.Identification of spatial connectivities in the gel state

2D 'H-'H NOESY solution-state NMR experiments provided information on spatial
connectivities between molecular regions in aggregated states.’? Cross-peaks in 2D 'H-"H
NOESY spectra of gels 1 and 2 displayed the same phase as the diagonal peaks (Figure
9.11) indicative of negative nOe enhancements, which are characteristic of large
molecules. Since these systems are exclusively formed of small gelator molecules (< 400
Da), these negative enhancements can be attributed to medium-to-large supramolecular
aggregates, 23 which are the building blocks required for gel formation. Therefore, NOESY

experiments allow the probe of interactions responsible for determining the gel network.

As shown in Figure 9.11, the cross-peaks between the —CHs protons of the alkyl chain and
the aromatic and urea ones were identified in organogel 1, whereas they were not
detected for gel 2. The presence of such cross-peaks in organogel 1 revealed close
proximity between the end of the aliphatic chain, the benzene ring and the urea moiety
(Table 9.5) belonging either to the same or to surrounding molecules. Such an
arrangement was suggested by CSP calculations, indicating that the urea H:--O:N
interaction led to interdigitation of the aliphatic chains, as shown in Figure 9.6a,b, which
placed the end of the chain near to the aromatic rings of neighbouring molecules.
Furthermore, intermolecular cross-peaks between distant NHa and He or Ha (Figure 9.11)

suggested proximity of the aromatic ring to another molecule with a different orientation.

Conversely, the absence of cross-peaks between the alkylic -CHs protons, the aromatic,
the urea and the -OCHs sites in organogel 2 confirmed a well-aligned network in which
the long aliphatic chains were positioned separately from aromatic and urea groups. In
addition, the absence of cross-peaks between NHa and Hc or Ha was also in agreement
with the predicted, well-defined stacking of the aromatic rings in the 3D network of

organogel 2.
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Figure 9.11. 2D 'H-'H NOESY spectra of organogels 1 and 2 (30 mg mL~ in DMSO-ds) measured at 298 K
with a mixing time of 0.5 s, a recycle delay of 2 s and 32 scans, using an 800 MHz solution-state NMR

spectrometer. Relevant cross-peaks have the corresponding spatial connectivity assigned (coloured lines).

The cross-peaks observed between the —CH: and the aromatic protons in organogel 2
(Figure 9.11) do not contain structural information, as they resulted from indirect nOe
enhancements caused by a network of strong 'H-'H dipolar couplings (spin diffusion),

only observable at long mixing times (Figure 9.12).
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Figure 9.12. Evolution of normalised nOe enhancements (Iis) with mixing time (tm) for the cross-peaks

between He-Ha (grey squares) and NHz:-Ha (black circles) in organogel 2, highlighting the characteristic lag

time of indirect nOe enhancements.

263



Internuclear distances were thus calculated (Table 9.5) according to the initial rate
approximation, which is described in Chapter 2, section 2.3.16.3, page 116. This
methodology establishes that the initial build-up of nOe enhancements with mixing time
is approximately linear.’®> The relationship between nOe intensity and internuclear
distance allowed the observed nOe intensities to be calibrated relative to a known

internuclear distance (H—Hd) within the supramolecular system.48 15215

Table 9.5. Intermolecular distances calculated from initial rates of nOe build-up curves with mixing time,

using the H—Hau distance as reference.

] Organogel 1 Organogel 2
Pair of protons o .
o5 /st 3/ % r/A o /st 3/ % r/A
H./Ha (ref) 0.99 0.155 2.49 0.40 0.106 2.47
NH. / NHb 0.44 0.051 2.85 0.37 0.071 2.50
CHs/ He 0.04 0.005 424 - - -
CHs/ Ha 0.05 0.004 4.11 - - -
CHs/ NHa 0.06 0.004 4.03 - - -
CHs / NH» 0.04 0.014 4.31 - - -
NH./ H. 0.09 0.030 3.74 - - -
NH./ Ha 0.11 0.039 3.58 - - -
NHb / He 0.24 0.063 3.16 - - -
NHb/ Ha 0.15 0.021 3.40 - - -

a Distance used as reference

9.3. Concluding remarks

I believe the main aim of this work was met since molecular level understanding of
differences observed in gelation performance of urea gelators with electron-withdrawing
(-NO2) or electron-donating (-OCHs) head substituents was provided. Critical gelation
concentration values revealed remarkable gelation performance in the presence of the
electron donating group —-OCHs, in comparison with the —-NO: head group. Gelator 2
showed increased tendency to self-assemble, increased strength of gel fibres and a more
fibrillar network, in clear contrast with the analogue 1. The thermo-mechanical and
morphologic differences identified between both systems reflected the influence of the

head group in the supramolecular packing of the corresponding gelator molecules.

DFT calculations revealed a slightly more positive electrostatic potential at the polar

hydrogen atoms of the urea group in 1 compared to 2. This increased acidity of the urea
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hydrogen atoms had the potential to enhance the formation of urea tapes in 1. However,
the introduction of a region of negative charge at the -NO: substituent consequently made
oxygen atoms from this group particularly accessible. This allowed them to compete with
the urea oxygen as hydrogen bond acceptors for the protons of the urea group. CSP
calculations showed that the low energy structures of 1 lacked the N-H-‘Ourea hydrogen
bonding. Instead, urea-nitro hydrogen bonding was present in all structures of gelator 1
that matched the observed powder diffraction pattern. The chemical shifts generated from
these calculated structures were in excellent agreement with the experimentally
determined 3C chemical shifts from CP/MAS solid-state NMR studies. Moreover, the
presence of cross-peaks in NOESY spectra of organogel 1 between the —-CHs protons of the
alkyl chain and the aromatic and urea ones revealed close proximity between the end of
the aliphatic chain, the ring and the urea moiety belonging either to the same or to
surrounding molecules. This provided experimental evidence that the NOzHurea strong
interaction led to interference of urea tape formation by the -NO: group. This was
responsible for disrupting the order of supramolecular packing and giving rise to a

rheologically weaker and less organised material.

Contrarily, a more negative electrostatic potential in the m-electron region of the aromatic
ring was found for gelator 2 in DFT studies. The low energy predicted structures from
CSP calculations of gelator 2 displayed hydrogen bonding between urea groups,
predominantly forming unidimensional urea tapes, and showed a tendency to align tails,
urea groups and aromatic groups in series. All structures that produced simulated
patterns similar to PXRD patterns included hydrogen bonded urea tapes. The chemical
shifts generated from these calculated structures were in excellent agreement with the
experimentally determined "*C chemical shifts from CP/MAS solid-state NMR studies. In
addition, the absence of cross-peaks in 2D NOESY spectra of organogel 2 between the
alkylic -CHs protons, the aromatic, the urea and the -OCHs sites proved a well-aligned
network was formed, in which the long aliphatic chains were positioned separately from
the aromatic and urea groups, which explained the gel increased strength and thermal

stability.

Henceforth, I suggest that the availability of substituent groups to form competing
interactions must be considered in any programme of rationally designed self-assembling

building blocks.
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Chapter 10

10. General discussion and conclusions

Despite the wide range of existing and potential applications of supramolecular gels,
fundamental understanding of the mechanism of formation of their complex fibrous
networks is still limited. In addition, the correlation between molecular structure of
gelator, conditions of assembly and self-assembled structure remains unclear. Such
knowledge is of paramount importance to predict behaviour, design and control the

properties of these materials for specific applications.

One of the main challenges regarding the characterisation of supramolecular gels is how
to efficiently probe and determine structure of such heterogeneous, disordered and
dynamic materials. Herein, a general approach is presented for the study of
supramolecular gels developed using gels of amino acids and urea derivatives as model

materials, giving special emphasis to NMR spectroscopy.

10.1. Structure and dynamics of gel-crystallisation of Phe

To date, Phe is one of the smallest molecules known to form supramolecular hydrogels
and it is of a particular interest due to its crystalline gel state.?’?> Although the groups of
Gazit, Khushalani, Thakur, Bowers, Hansmann and Harris have contributed for a better
understanding of the early stages of aggregation, intermolecular interactions and
structure of the gel fibres of Phe, the supramolecular packing motifs and dynamics of the

resulting hydrogels remain unclear.

The “gel-crystallisation” phenomenon described by Myerson?? was confirmed by the
determination of the structure of the gel fibres as being the crystalline monohydrate form
of Phe, using single-crystal and powder XRD and 'H-C CP/MAS solid-state NMR
experiments performed directly on the hydrogel fibres. In addition, 'H solution-state
NMR chemical shift values, coupled to molecular modelling optimisations, showed how
the electrostatic interactions of the zwitterionic Phe molecule lead to anisotropic assembly

and consequently fibre formation, having hydrogen bonding and hydrophobic
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interactions as secondary stabilising interactions. These findings contradicted previous
reports by Thakur?® and Mossou®. From a dynamic perspective, the evolution of 'H peak
intensities and 'H T: relaxation times throughout aggregation processes at increasing
concentration and at variable temperature revealed the formation of a supersaturated
solution that immediately precedes gelation. Moreover, these studies showed Phe gels
were dominated by fast exchanging processes of molecules at the interfaces (on the NMR

relaxation time scale).

10.2. The effects of structural modifications of Phe

The understanding gained on the crystal packing of fibres, non-covalent driving forces
and dynamic processes of self-assembly of Phe enabled strategies of controlling self-
assembly processes and tuning gel properties of the resulting materials to be investigated.
It was discovered that the introduction of substituents to the aromatic ring of Phe resulted
in a significant variation of hydrogelation properties (Table 10.1). These structural
variations had a large impact in kinetics of nucleation and supramolecular aggregation of

Phe derivatives in water.

Table 10.1. Gelation results, critical gelation concentration (CGC) and water solubility (swatr) of Phe and its

derivatives at 298 K, organised in descending order of gelation ability.

Compound Product CGC/mM) swater/ g L1, 298 K
NH:-Phe Gel 388 39.01
Phe Gel 210 29.60
F-Phe Gel 160 18.59
2F-Phe Gel 140 2.08
Cl-Phe Gel 100 0.96
2Cl-Phe Gel 85 0.24
5F-Phe Gel 80 0.33
Br-Phe Metastable gel 40 0.47
Tyr (Phe-OH)  Insoluble/precipitate - 0.45
I-Phe Insoluble/precipitate - 0.15
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The introduction of a hydroxyl group to the para-position of Phe (Tyr) resulted in a poorly
water soluble compound (styr = 045 g L' at 298 K), which fully prevented its
hydrogelation. Despite Tyr not being able to create SAFiNs capable of entrapping the
totality of the solvent, the ability of tyrosine to participate in unidirectional anisotropic
interactions forming well-ordered fibrillar nanostructures has been reported previously.?!
This is consistent with the fact that tridimensional fibre branching and entanglement
ultimately determines whether a self-supporting material is formed or, instead, the fibres

precipitate out of solution.®

The addition of halogen atoms resulted in a general improvement of the hydrogelation
ability and the mechanical properties of the resulting gels, due to decreased water
solubility. The increased strength of intermolecular interactions from Phe to fluoro and
chloro derivatives was reflected by their faster kinetics of gelation, lower CGC values
(Table 10.1) and slower dynamics of exchange at the gel/solution interfaces. The slower
rates of exchange of F-Phe and Cl-Phe gelators relative to Phe was reflected by the
observation of a dispersion of 'H T: times in the gel state (contrarily to Phe), coupled to
the very low fractional STD response that decreased further as temperature was
increased. Detailed description on how dynamics of exchange modulates 'H T values and
STD response is found below (sections 10.7 and 10.8, respectively). Regarding the bromo
and iodo derivatives, there was a stepped change with the addition of Br or I to the para-
position on the aromatic group, with the formation of dominant type II halogen-halogen
interactions preventing formation of stable gel materials. This behaviour was different to
that observed for the Fmoc-Phe derivatives, where gelation still occurred for Br and I

derivatives, as the hydrophobic Fmoc group is a strong driving force of gel formation.23223

In contrast to the fluoro and chloro derivatives of Phe, upon the addition of a strongly
hydrophilic amine group to the para-position of the benzene (NH2-Phe), there was a
decline in the hydrogelation ability due to its increased water solubility (snHzphe = 39.01
g L1 at 298 K). This contributed to slower kinetics of fibre growth and resulted in the
formation of much shorter fibres. The tridimensional ordering of these needle-like
crystalline fibres was determined successfully using single-crystal XRD, and confirmed by
solid-state NMR experiments. The dispersion of 'H Ti times in the gel state and the
detection of higher STDo values at lower temperature (278 K) pointed towards the

dynamics of interfacial exchange of NH>-Phe being faster than that of the hydrogel of Phe.
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In conclusion, an inverse relationship was found between solubility and rate of exchange.
Molecular solubility affects the strength of solute-solute and solute-solvent interactions.
The strength of these intermolecular interactions then modulates the “residence” times of
molecules at the interfaces and, consequently, determines the rate of the dynamic
exchange processes that occur between gel and solution environments. In general terms,
these findings showed how molecular structure determines supramolecular organisation
of the gel fibres which, in turn, impacts on the interfacial properties, such as relaxation

profiles and mobility of interfacial molecules.

10.3. Multi-component hydrogels of Phe

The introduction of co-gelators or non-gelating additive molecules has been reported
previously in other gel systems to create an extra level of control and to allow tailoring of
the physical properties of gels.’ ® Henceforth, non-gelating additive molecules were
introduced to Phe hydrogels (Leu, Ser, Tyr and Trp) (Figure 10.1ab,c), but also
investigated the modulation of multiple gelation processes upon the addition of a gelator
that forms fibres isostructural to the monohydrate form of Phe (F-Phe), or upon the
introduction of a gelator that gives rise to fibres with a supramolecular organisation
different from that of Phe (high concentrations of NH:-Phe) (Figure 10.1c). It was also
found that certain additives have the ability to fully prevent gelation of Phe (low
concentrations of NHz-Phe) (Figure 10.1d). The molecules studied covered a wide range of
structural diversity and water solubility, although several features were common to all

systems, which are described below.
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Figure 10.1. The introduction of additive molecules was investigated regarding their effects on the
organisation of the 3D network. a) Representation of a single-component hydrogel (Phe) and introduction of a
non-interacting additive (Leu). b) Modification of the gel properties resulted from the introduction of a
partially disruptive additive (Ser). ¢) Representation of multi-component (Phe/Trp, Phe/Tyr) and multiple-
gelator materials (Phe/F-Phe, Phe/NH2-Phe). d) Gelation could be fully prevented upon the introduction of a

disruptive additive (low concentrations of NH2-Phe).

10.4. Tuning of rheological properties by preparation of multi-component

hydrogels

Mechanical properties of gels are one of the most important features that determine the
potential applications of the material. It was possible to alter the viscoelasticity of Phe
hydrogels by the simple introduction of additive molecules, independently of their
individual gelation abilities. The resulting mixed materials largely preserved the
supramolecular arrangements of the fibrous structures of the pure hydrogels. The
addition of Trp resulted in a higher content of molecules incorporated within the solid
structures, detected by decreased 'H peak intensities in solution-state NMR spectra and
appearance of ®C peaks from the additive in '"H-®C CP/MAS spectra. This most likely
promoted the formation of an increased number of fibres and interfibrillar cross-links,
which was reflected at larger scales by the formation of a material more resistant to

deformation.
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In contrast to this, the strength of Phe fibres decreased when the additive molecule (Ser or
high concentrations of NHz-Phe) led to an effectively lower concentration of Phe in the
solid fibres. The evolution of 'H peak intensities and line widths throughout the early
stages of gelation processes of these mixed gels allowed the conclusion to be drawn that
kinetics of gelation was slowed down in the presence of such additives. In addition,
hydrogelation of Phe was fully prevented in the presence of NH2-Phe at molar ratios
between 1:0.2 and 1:1.3 (Phe/NH2-Phe). All these data pointed towards the interference of

Ser and NH2-Phe with early nucleation and fibre-growth processes of Phe.

The aggregation processes of these mixtures were translated by variations on 'Hs local
magnetic environments, which were more marked for the aliphatic protons of Phe and
NH:-Phe, consistent with the very strong through-space nOe correlations observed. Thus,
it was concluded that NH:-Phe interferes with the electrostatic interactions occurring
between Phe dimers, which are the anisotropic forces of self-assembly of Phe. This is
plausible, as there is an initial indication from the analysis of the crystal structure of NHo-
Phe that electrostatic interactions play an important role in the formation of unidirectional
assemblies of NH2-Phe. To confirm that these are indeed the predominant intermolecular
interactions dictating self-assembly of NHx-Phe, it is aimed to generate an interaction

energies framework using CrystalExplorer.

The potential that additive or guest molecules have in modulating mechanical properties
of the gel fibres is very relevant in host-guest chemistry, particularly when
supramolecular gels are used as biomedical vehicles for transporting drugs, growth

factors and/or cells.

10.5. Modulation of the structure of the gel fibres and of interfacial dynamics

in multiple gelator hydrogels

When two molecules capable of individually forming self-organised gel networks are
mixed, the resulting multiple gelator materials can create several scenarios: formation of
self-sorted separate orthogonal networks, formation of co-assembled fibres from
intimately blended gelators, and/or formation of new architectures created due to the co-

existence of both gelators.*
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Therefore, it was considered important to assess how the preparation of multiple gelator
hydrogels from isostructural solid components (Phe and F-Phe) affected gel formation.
The viscoelastic properties and supramolecular arrangements of the fibrillar structures of
the pure and mixed hydrogels were very similar. A continuum of the unit cell parameters
was determined from the PXRD patterns of the variable Phe/F-Phe ratios, which was
consistent with the formation of co-assembled solid solution fibres. It is not unusual to
observe formation of solid solutions when two compounds form isostructural crystalline
phases and the molecules are of similar size. In addition, the detection of broad *C
CP/MAS peaks and extra “F signals in mixtures confirmed the formation of new
molecular environments within the rigid components. In combination with diffraction
studies, the resolution gained using high-field F NMR studies allowed it to be proved
that Phe and F-Phe intimately interact in co-assembled fibres that retain the monohydrate

form as the main building block.

Similarly, the self-assembly of mixtures of gelators that give rise to structurally different
hydrogels (Phe and NH:-Phe) was investigated. PXRD and 'H-*C spectra of multiple
gelator hydrogels of Phe/NH:-Phe showed structure-determining gelation behaviour, in
which the most abundant gelator dictates the supramolecular arrangement (one network
templates the other). But when mixed at a 1:2 ratio (Phe/NH2-Phe), the crystal motifs of
the mixed fibres were different from those of the pure gel fibres. The detection of broader
13C CP/MAS peaks and additional ®"NHs*-Phe environments in the rigid fibres of multiple
gelator hydrogels (when comparing with spectra acquired on the pure materials) resulted
from an increased distribution of possible orientations due to the presence of considerably
less ordered fibres. These data showed that the packing motifs of Phe were modified in
the presence of the co-gelator NH2-Phe, most likely resulting in co-assembled fibres

structurally different from the supramolecular arrangements of the pure networks.

Summarising, strong experimental evidence was found for the mixed materials prepared
from Phe and F-Phe or NH>-Phe that pointed towards formation of co-assembled gel
fibres. This is not surprising, as Buerkle and Rowan (2012) proposed that similar gelator
molecules present a thermodynamic preference to form mixed co-assemblies.’® However,
it should be highlighted that PXRD and solid-state NMR studies only provide a general
view of the several phenomena that might be present (co-assembly, self-sorting and/or

new architectures). At the moment, it is still not possible to probe the existence of domains
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nor the interaction between fibrils at larger length scales, as defended by Draper and

Adams (2016).56

Having a glance at the dynamic behaviour of these materials, multiple gelator hydrogels
prepared from Phe, F-Phe and NHz-Phe presented intermediate D values, '"H T1 times and
fractional STD responses in solution-state and HR-MAS NMR experiments, when
comparing with the values obtained for the pure materials. As discussed previously for
Phe (section 10.2, page 267), such observations arise from the modification of the rate of
exchange of molecules at the gel/solution interfaces. These findings highlighted the fact
that the presence of co-assembled gel fibres has a strong effect in modulating the

fibre/solution interfacial properties.

10.6. General strategy for the characterisation of supramolecular gels

The main outcome of these studies was the development of a general strategy for the
characterisation of structurally and dynamically heterogeneous supramolecular gels. The
protocol described below has been optimised for molecular gels and it was consistently
validated by different molecular gelators in a variety of solvents, concentrations and self-
assembly conditions. The applicability, advantages and limitations of each technique,

which are highly dependent on the properties of the gel, were also discussed.

This methodology is based on the combination of microscopy, rheology, X-ray diffraction
and computational techniques which help validate findings from NMR spectroscopy. The
co-existence of different regimes of mobility (solid, semi-solid and liquid) was taken

advantage of to utilise solution, solid-state and HR-MAS NMR experiments (Figure 10.2).
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Figure 10.2. Schematic representation of the NMR methods optimised throughout these studies to probe

different length scales of self-organisation and time scales of molecular motions in supramolecular gel

materials.

Regarding the detection of rigid fibrous structures, the combination of NMR spectroscopy
with computational and X-ray diffraction studies, designed as NMR crystallography,
provided valuable insight into molecular level organisation, offering likely motifs of
intermolecular packing and local structure in the gels. All the materials under study were
composed of crystalline or semi-crystalline fibres. The presence of semi-ordered
assemblies in supramolecular hydrogels is highly advantageous, as it enables the
determination of the crystal structure by single-crystal XRD (for large and good quality
crystals) and identification of the tridimensional organisation of the entire gel network by
powder XRD. With this combined strategy, the crystal packing motifs of the crystalline
hydrogel fibres of Phe, F-Phe, 2F-Phe, Cl-Phe and NH-Phe, and of the semi-crystalline
organogel fibres of -NO: and -OCHs urea derivatives were confidently determined.
However, this approach is not applicable when molecular gels lack well-ordered
supramolecular structures, as the crystal structure prediction calculations generate
perfectly crystalline arrangements. Even though first-principles computations have
been optimised for small rigid molecules, their use in predicting organisation of complex
flexible molecules has proven successful in surfactant-templated silicate frameworks

without 3D periodicity.’®! The combination of molecular dynamics and density function
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theory calculations is now becoming an essential tool for the elucidation of structure of

increasingly complex materials.

CP/MAS solid-state NMR experiments were used to detect the solid-like fibrous
components without any physical modification of the gel samples, i.e. without removing
any amount of the solvent or lowering the temperature. Despite the presence of high
contents of solvent that were expected to lead to an increased mobility and a reduced
efficiency of polarisation transfer, I was able to successfully acquire 'H-3C CP/MAS NMR
spectra on wet gel samples. '"H-3C CP/MAS NMR spectra acquired on both wet and dry
states showed similar chemical shift values and peak splitting patterns, proving that
experiments conducted with dry samples can be indicative of the original structure of the
hydrogel fibres, assuming validation is conducted on the native (wet) state using other

methodologies.

The detection of semi-solid molecules at the interfaces between the solid fibres and the
liquid pools of solvent required the use of PFG HR-MAS experiments. The small
dimensions of the Phe derivatives became a limitation, as it was not possible to
differentiate between the several motional regimes present in a molecule (solvent-exposed
regions vs. regions deeply incorporated within the fibre). I believe this technique has its
full potential in differentiating motional regimes of larger gelator molecules, as Igbal et al.

(2010) reported successful application of PFG HR-MAS in organogels of tetrapeptides.!'

It should be noted at this point that when performing experiments under MAS the effects
that the centrifugal forces have on the gel samples and NMR observables need to be
considered, especially for rheologically weaker networks. Possible consequences include
centrifugal disintegration of the sample, structural reorganisation of the network and local
heating effects. Frictional heating affects molecular motions, consequently weakening
dipolar couplings.*? Similarly, MAS modulates spin diffusion by averaging out of dipolar
couplings, which modulates 'H-*C CP/MAS, 'H T relaxation and nOe pathways, and
promotes translational diffusion. Even though these factors do not prevent the attainment
of good quality data, they should always be taken into account when interpreting data

acquired under MAS.

Since only a fraction of gelator molecules is required for gel formation, 'H solution-state

NMR spectra of supramolecular gels frequently present well-defined peaks. These arise
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from mobile molecules. To determine their structure and dynamics, one can rely on the
characterisation of spectral variations, 'H T1 times and fractional STD response. The
application of the last two experiments in molecular materials is discussed below in more
detail (sections 10.7 and 10.8, respectively, pages 276 and 277). However, this approach
has some limitations that should be accounted for during interpretation of data. The
detection of good quality solution-state spectra is not always achievable, since the fraction
of dissolved molecules can be below the limit of detection. In addition, determination of
the concentration of molecules in solution is not always accurate in molecular gels. This is
because NMR “silent” molecules are not necessarily within the rigid fibre (as they might
exist in semi-solid interfacial regions) and the presence of dynamic exchange at the
interfaces has the potential to give rise to a 'H peak that is the average between both
environments. The presence of molecules with these intermediate motions is manifested
in solution-state NMR by the detection of considerably broadened 'H peaks, which show
similar 'H T1 times due to their strong homonuclear couplings and lead to the observation

of negative intermolecular nOe correlations.

10.7. Interpretation of "H T: measurements in supramolecular gels

To understand dynamics of these materials, one of the key experiments is the
determination of the dependence of 'H T: times with increasing concentration of gelator
and at variable temperature. VI NMR measurements of 'H T: times indicated that Phe-
based hydrogels were in the “fast tumbling regime”, also corroborated by the decreased

line widths observed with increasing temperature.

Using 'H T1 times of Phe in solutions and hydrogels as an example, at low concentrations
or at high temperatures (conditions in which a solution is present), there was a
distribution of the relaxation times for different 'H sites, which reflected differences in 'Hs
local dynamics. The 'H Ti times of the aromatic and CgH2 protons were contrasted by the
three-fold shorter T: values of neighbouring C,H protons. This dispersion of T: values in
solutions occurs because of the individual relaxation profiles of different protons. Upon
the formation of the gel, 'H T relaxation times for different 'H sites became similar. This

reflected enhanced 'H-"H spin diffusion as a result of restricted mobility of the gelator
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molecules and corresponded to averaged values resulting from exchange phenomena of

the gelator molecules between solution and gel states.

Moreover, three distinct stages in the temperature-dependent transformation of the
hydrogel were identified. During stage I, the sample was in the gel state and 'H T: times
of Phe were similar for different 'H sites. During stage II, a heterogeneous distribution of
T1 times typical of Phe solutions was observed, which reflected the disassembly of the
network. As temperature was raised further, gradual dissolution of the fibres led to
progressive destruction of the hydrogel, which finally resulted in the loss of structural
integrity at the beginning of stage IIl. This temperature matched Tge. The dispersion of
these values increased with temperature as the dissolution of the supramolecular network

weakened 'H-'H dipolar couplings, making spin diffusion mechanisms less efficient.

More importantly, when assessing the incorporation of an additive molecule within the
rigid fibres or determining if the additive contacted with the surface of the fibres, 'H T:
times enabled straightforward interpretation. A correlation between the distribution of 'H
T1 times and the dynamics of exchange between gel and solution states was successfully
established. Similar '"H T1 values are observed in the gel state for molecules experiencing
fast exchange processes at the gel/solution interfaces (on the NMR time scale) (as Phe, Tyr
and Trp). In contrast with this, a dispersion of 'H T1 values is observed in the gel state
when there is detection of mainly free fast tumbling molecules. This can result from free
molecules that do not participate in the formation of fibres (as Leu and Ser) or from
molecules experiencing slow or very fast exchange processes at the gel/solution interfaces
(on the NMR time scale) (as F-Phe, Cl-Phe and NH:-Phe). In conclusion, variations of 'H
T: times were correlated with molecular level events, highlighting the importance of
longitudinal relaxation measurements in probing local molecular motions of dynamic soft

materials.

10.8. Probing dynamic processes at the interfaces — the role of STD NMR

Saturation transfer difference NMR is becoming an increasingly important tool in the
study of supramolecular gels.'? 14 15 15 STD NMR experiments have been used by
Wallace et al. (2017) to characterise indirectly fibre surface properties, such as charge,

hydrophobicity and ion-binding dynamics of hydrogels of N-functionalised dipeptides.’>
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They measured and compared STD signals to assess the affinity of probe molecules for the
gel fibres.’> Similarly, STD NMR spectroscopy has been used to investigate the interaction
of dopamine and related substances with amino acid based hydrogels.'® These authors
were also able to create a binding epitope of the interaction of these additives with the
gelator molecules at the surface of the fibres.!*> In another study by Jiménez-Barbero and
co-workers, STD NMR experiments were used to explore the molecular orientation of
gelator molecules at the interfaces and the participation of solvent in aggregation

processes of organogels prepared from tert-butyl esters of asparagine and tyrosine.?

Throughout the present work, the applicability of this technique has been expanded and
its limitations in the study of molecular gels have been assessed. The evolution of
fractional STD response with saturation time was found to be a powerful probe of the
dynamics of exchange at the interfaces of supramolecular gels. When the rate of interfacial
exchange is fast on the NMR relaxation time scale (as for the case of pure hydrogel of
Phe), a mono-exponential evolution of the fractional STD response with saturation time is
observed. When intermolecular interactions are strong and the dynamics of exchange is
slowed down, the longer “residence” times of gelators locked onto the gel fibres prevents
saturated molecules from returning to solution during the time of the experiment. This
results in inefficient accumulation of saturation and leads to the detection of very low STD
values, as in the case of the pure hydrogel of F-Phe. In contrast to this, when significantly
weaker non-covalent interactions lead to much faster rates of exchange between gel and
solutions, the transfer of saturation from the network to weakly bound molecules is
inefficient and low fractional STD responses are also detected, which occurred in pure
hydrogels of NH2-Phe. Henceforth, VI STD NMR studies can help clarifying the regime

present, due to the dependence of rates of exchange on temperature.

In addition, it was noticed that when assessing the effect of additive molecules on
hydrogels by means of STD NMR, observations from CP/MAS experiments should also be
taken into account to clarify whether the additive is found within the rigid gel fibres. For
example, Leu additive showed a dispersion of 'H Ti times in the gel state typical of
additives that remain fully dissolved. But this additive received some saturation from the
gel network (low fractional STD values) and presented negative intermolecular nOe

correlations with Phe. Henceforth, this combined approach helped understanding that
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Leu weakly interacted with the gel/solution interfaces, but there was no incorporation of

this additive within the rigid components of the network.

The main limitation of STD NMR in the study of multi-component hydrogels of Phe was
the small dimensions of the gelator and additives molecules involved, which prevented us
from drawing conclusions about specific structural details on the bound state. Larger
gelator molecules are advantageous in STD NMR studies as it becomes possible to

understand preferential binding and solvation patterns.

Concluding, STD NMR experiments can be applied to assess the above mentioned
exchange phenomena at the gel/solution interfaces, with particular potential for the
identification of the role of gelator, solvent, additive and disruptive molecules in the
processes of self-assembly of multi-component supramolecular materials. This technique
will most likely become widely used in the investigation of dynamics of exchange,
binding preferences, solvent exposure and role of guest molecules in supramolecular self-

assembled materials.

10.8.1. Proposed mechanism of transfer of saturation in molecular gels

From the present studies, it was proposed the following pathway of transfer of saturation
throughout supramolecular networks in STD NMR experiments (Figure 10.3). The
network was considered the supramolecular entity that can be saturated selectively. Such
saturation is then transferred viz nOe throughout the network and finally
intermolecularly passed over to the bound gelator molecules. Dissociation of the weakly
bound molecules from the network into the pools of water results in accumulation of
saturation in the isotropic solution phase for molecules that exchange faster than their
relaxation rates (Figure 10.3). This accumulation occurs due to the much longer T: times
for unbound fast tumbling molecules than for bound slow tumbling molecules.'™ In this
way, the STD difference spectrum will only exhibit signals of protons of gelator molecules
that, being in solution, have been in contact with (and hence received saturation from) the

fibrous network.
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Selective
saturation

fast exchange

Selective
saturation

Figure 10.3. Proposed mechanism for the transfer of saturation in supramolecular gels during STD NMR

experiments. Gelator molecules forming the network (bound state, left) are in fast exchange with those in the

bulk solution phase (free state, right), allowing accumulation and detection of saturation in solution.

L

10.9. Overall conclusions

Structural modifications of the aromatic group of Phe had a great impact on
supramolecular aggregation. A strong correlation was found between solubility in
water, strength of intermolecular interactions, kinetics of gelation and dynamics of

exchange at the gel/solution interfaces.

The development of multi-component systems proved to be an elegant strategy to
modify the rheological properties of supramolecular systems. Additive molecules
showed the potential to change the mechanical properties of the resulting multi-
component hydrogels, independently of the gelation ability of the additive. A direct
correlation was found between the strength of the network and the concentration of
gelator molecules incorporated within the rigid fibrous structures. The present
studies emphasised the dynamic complexity of multi-component gels: the additive
molecules can create different patterns of interactions with the gels, thus having the
potential to modify the properties of gel/solution interfaces. It was consistently
observed that supramolecular reorganisation of gel fibres resulted in modification of
interfacial properties, more specifically, in modulation of the dynamics of molecular
exchange between fibre and solution environments. These findings are particularly

relevant when supramolecular gels are developed as biomedical vehicles.
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Detailed understanding of the structure, local mobility and dynamics of interfacial
processes across a range of length and time scales of multiphasic materials was
achieved with the combination of rheology, microscopy, X-ray diffraction,
computational and NMR spectroscopic methods. Single-crystal and powder XRD,
and solid-state NMR measurements conducted directly on the gel fibres proved to
be a reliable approach of determining the tridimensional organisation of rigid and
crystalline fibres. Variations of 'H longitudinal relaxation times were correlated
with molecular level events, highlighting the importance of these measurements in
probing local molecular motions of dynamic soft materials. Moreover, the
understanding of saturation transfer difference NMR experiments has been
expanded, with special focus in their applicability for the study of exchange
dynamics and binding processes at the interfaces of supramolecular soft systems.
Such a combined approach is essential in understanding the complexities of

supramolecular soft materials.

The application of the presented approach enables a better understanding of the role
of guest molecules, such as co-gelators, non-gelating additives, cells or drugs, in the
self-assembly and disassembly processes of molecular solids, which is of paramount
importance in knowledge-based design of new functional materials. This NMR-
based strategy is applicable to related fields of science and technology, enabling the
determination of molecular mobility, dynamic processes and structural organisation
in host-guest chemistry, colloidal science, supramolecular chemistry and interface

technology.
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