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Abstract 

The nature of the structural and dynamical disorder of the nanoporous organic cocrystal 

carbamazepine-tartaric acid designed by liquid assisted grinding is investigated through 

complementary solid-state NMR, X-ray diffraction and broadband dielectric spectroscopy 

experiments combined with molecular dynamics simulations.  In this article, we especially 

highlight that the tartaric acid molecules present in the channel-like cocrystalline architecture 

show both translational and rotational dynamical disorder. Such a disorder seems only partial 

since tartaric acid molecules are strongly hydrogen-bonded to the carbamazepine molecules 

which form the channels and they thus share with them some order. Tartaric acid species are 

organized as one-dimension interrupted single files of molecules weakly hydrogen bonded 

between them. Translational dynamics occurs by small hops of about 6 to 7 Å consistent with 

the distance between first neighbors. At short times, it can be described as a single-file diffusion 

process while at longer times the classical diffusion (Fickian) is recovered.   Random motions 

are explained by the presence of several short single files of molecules in the channel instead 

of just one single file. Rotational dynamics is interpreted as rotational jumps between preferred 

orientations. It gives rise to a change of the molecular dipole moments orientations, which are 

detected by dielectric relaxation spectroscopy. Freezing out of the rotational molecular 

mobility is detected in the temperature range [173-193] K concomitantly with the presence of 

a kink in the temperature evolution of the crystalline cell volume which is usually associated 

with the glass transition phenomenon. It reveals a remarkable link between the molecular 

mobility of the tartaric acid molecules and the overall crystal anharmonicity.  The present 

findings aim to demonstrate the interest of disordered channel-like cocrystals for investigation 

of dynamics in nanoconfinement environments. 
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INTRODUCTION 

Investigation of the molecular mobility of small organic molecules (water, urea, alkanes 

alcohols, polyols, sugars, pharmaceuticals…) or even large biomolecules (peptides, proteins) 

in various confinement environments has attracted a lot of considerations for several years, 

from the fundamental physics point of view as well as for its relevance to biology, geology, 

and materials science for technological applications.1–4 Indeed, dynamical properties of fluids, 

as well as their structural and thermodynamical properties, can be significantly altered by their 

confining environments compared to those of bulk fluids. The degree of alteration is strongly 

dependent on the geometry imposed by the shape and the size of the pores and the nature of 

the interactions between the molecules and the surface of the host medium. Very diverse 

inorganic and organic confining environments are reported in the literature. For example, many 

works have been performed using mesoporous silica matrices,5–10 single-crystal beryl mineral 

silicates,11,12 metal−organic frameworks,13,14 zeolites,15–21 carbon nanotubes,22–24 nanoporous 

organic intergrowth crystals,25 cyclodextrin nanocavities,26–28 crystalline columnar assembly 

of macrocycles,29 transmembrane cyclic peptide nanotubes,30,31 block copolymer 

nanochannels,32,33 ion channels in cell membranes,34 phospholipid membranes,35 graphene slit 

pores,36 to cite only a few. Most studies of confined fluids have mainly focused on porous 

media larger than 1 nm. For extreme confining environments made of unidimensional channels 

of very narrow size of about 1 nm or less, the restricted geometry makes mutual passage 

between the molecules forbidden, and as a result, the sequence of molecules remains the same 

over time. This feature makes molecular diffusion nonconventional compared to that of 

isotropic diffusion in the bulk system and it is known as single-file diffusion. The microscopic 



 

 

origin of this unusual diffusion still remains unclear. In some cases, an intriguing transition 

from this single-file diffusion to the classical diffusion mechanism (Fickian) has been also 

reported at longer times depending on the length of the pores.10,12–16,18,19,24,27,29  

In this work, we aim to show that cocrystals may also offer a new type of interesting 

confinement environments including the possibility to investigate rotational and translational 

dynamics in a true nanometric size channel-like architecture. Cocrystals37–45 are molecular 

solids that are neutral crystalline single-phase materials composed of two or more different 

molecular compounds associated via weak supramolecular interactions such as van der Waals, 

hydrogen, halogen or π-π stacking. Cocrystals have shown a considerable increase of interest 

in recent years due to their possibility to improve many properties of pharmaceuticals such as 

aqueous solubility, dissolution rate, hygroscopicity bioavailability, or mechanical properties. 

This interest is particularly demonstrated by the number of structures submitted to the 

Cambridge Structural Database.46 While most of the cocrystals are fully ordered materials, 

some of them, such as carbamazepine (CBZ) cocrystals, exhibit a channel-like structure in 

which the coformer molecules such as tartaric, maleic, malonic or oxalic acids are disordered 

inside the channels.47,48 To the authors’ knowledge, the exact nature of this disorder (partial, 

total, translational, orientational, static or dynamic) has not been investigated yet. Despite their 

disordered nature, coformer molecules inside the channels are intrinsically part of the overall 

crystal and they do not leave the channels. These cocrystalline systems should thus not be 

confused with inclusion compounds or crystals with solvent inclusion in which the crystalline 

structure can also be made of channels filled with disordered molecules but for which the 

content can significantly vary.49,50  

For example, the pure carbamazepine form II shows a hydrophobic channel-like structure 

which may (or not) contain various type of disordered solvent molecules such as 

tetrahydrofuran,51 n-tridecane49 or toluene49 used for crystallization of this form. It has been 



 

 

shown that the presence of these solvent molecules contributes to stabilization of the crystal 

structure. However, only weak interactions between solvent molecules and the hydrophobic 

aromatic surfaces of the channels were suspected and such a stabilization would just originate 

from the filling of the voids in the structure. Solvent loss can be detected easily upon specific 

drying or heating procedures48,49,51 depending in particular on the size of the solvent molecules. 

An isostructural crystal of form II of carbamazepine has been also obtained in which some 

disordered hydrogen bonded water wires are encapsulated inside the channels.52 

In this study, we analyze in detail the exact nature of the disorder of the tartaric acid (TA) 

molecules in the CBZ:TA cocrystal assembled by liquid assisted grinding. Experimentally, the 

cocrystal was obtained using the pure isomer L-tartaric acid (Figure 1.a). The active 

pharmaceutical ingredient carbamazepine (Figure 1.a) creates a channel-like architecture, 

where dimers of CBZ molecules are stacked to each other in such a way that form 

unidimensional hydrophilic channels of about 1 nm size (Figure 1.b). These channels are filled 

with tartaric acid in a disordered state. The investigations are based on complementary 

Broadband Dielectric Spectroscopy (BDS), Powder X-ray Diffraction (PXRD) and 1H-13C 

CP/MAS solid-state NMR (ss-NMR) experiments combined with MD simulations. The 

synergistic combination of these studies provides a thorough analysis of the structural 

organization, the intermolecular hydrogen bonding interactions, the rotational and translational 

dynamics of the TA molecules in the CBZ channels.  

 

 

  



 

 

        

Carbamazepine                             L-tartaric acid 

 

Figure 1. (a) Molecular structures of carbamazepine (CBZ) and L-tartaric acid. (b) Projection of the unit 

cell along the [001] direction of the channel-like structure CBZ based cocrystal (monoclinic, space group 

P21/c, CSD Refcode MOXWIG). The hydrophilic channels formed by the CBZ molecules in the structures 

are illustrated in blue (empty channels). The diameter of one channel is about 1 nm.  

 

RESULTS AND DISCUSSION 

Structure and intermolecular hydrogen bond interactions 

The CBZ:TA cocrystal, that was synthetized by Childs et al.,53 shows a channel-like 

architecture,47 where dimers of carbamazepine molecules are stacked to each other in such a 

way that it forms hydrophilic channels of nanometer size (Figure 1.b), which are filled with 

disordered tartaric acid molecules. The cocrystal described by Childs et al.47 was obtained 

using DL-tartaric acid as the cocrystal coformer. Nevertheless, DL-tartaric acid and L-tartaric 
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acid give similar X-ray diffractograms (data not shown), thus, and for simplicity, the 

investigation in this paper was performed using L-tartaric acid, hereinafter referred to as TA. 

In the cocrystalline structure of the channel-like CBZ:TA cocrystal, the position of the 

coformer TA molecules in the channels has not been solved due to the high disorder47 and, in 

addition, the exact stoichiometry was actually not determined.53  

In order to obtain more information on the nature of the disorder of the TA molecules into the 

CBZ nanometric channels, 1H-13C CP/MAS solid-state NMR (ss-NMR) measurements have 

been performed. The spectra of the CBZ:TA cocrystal as well as those for CBZ (form III) and 

TA parent compounds are shown in Figure 2. According to the literature,54 the two doublet 

resonances observed in the 13C CP/MAS NMR spectrum (Figure 2.a) of the L-tartaric acid 

crystal (monoclinic, space group P21, two molecules in the unit cell)55 reflect the non-

equivalence of the two carboxylic and the two -carbon atoms (Figure 1.a) due to the four 

different types of hydrogen bonds between adjacent molecules that constitute the hydrogen-

bonded networks of the TA crystalline structure.55 The peaks at 176.7 and 172.2 ppm are 

assigned54 to the carboxylic 13C sites (C1 and C4) and the resonances at 74.7 ppm and 72.7 ppm 

to the -carbons (C3 and C2) (see Figure 1.a). Figure 2.a shows that the resonance at 74.7 ppm 

is no longer present in the cocrystal, which is a strong indication that TA has been completely 

co-crystallized. However, the resonance at 72.7 ppm remains after cocrystallization which 

indicates that some order could persist. The carboxylic carbons are represented by a 

considerably broadened lines in the range of 176.7 and 172.2 ppm almost disappeared giving 

rise to a broad and very weak resonance indicating conformational site disorder affecting the 

TA molecules. This result corroborates the presence of disorder suggested by PXRD analysis.47 

The CBZ:TA cocrystal also exhibits a peak at 159 ppm attributed56 to the carbonyl carbon 

(C15) of the amide group of CBZ (see Figure 1.a). Figure 2.b shows the 1H-13C CP/MAS NMR 

spectrum in the range 145-120 ppm, where only characteristic CBZ signals appear (overlapping 



 

 

aromatic and ethylenic carbon signals).56 The resonances observed at 137.09 and 140.42 ppm 

in the CBZ form III (P-monoclinic, space group P21/c)57 correspond to the carbon sites C1 and 

C14 respectively (see Figure 1.a), i.e., the carbon (C1) near to the NH2 group of the amide 

moiety and the carbon (C14) near to the carbonyl oxygen atom.56 It should be noted that only 

a single broad signal at 140 ppm (due to a combined contribution from C1/C14 sites) is 

observed in the CBZ:TA cocrystal. It might be suggested that both –NH2 and C=O groups of 

the CBZ molecules in the vicinity of the C1 and C14 sites in CBZ could be affected by the 

presence of the disordered TA molecules. One may possibly find hydrogen bonds between the 

TA and the CBZ molecules as it will be seen by the MD simulations below. This possibility is 

also suggested in results48 for other CBZ based cocrystals filled with disordered small 

molecules capable of forming hydrogen bonds.  

 

 

 



 

 

 

 

Figure 2. 1H-13C CP/MAS solid-state NMR spectra of the cocrystal CBZ:TA (red line at the top) in 

comparison with pure parent compounds, carbamazepine form III, CBZ and L-tartaric acid, TA (olive and 

navy lines at the bottom). All spectra were acquired at 298 K using MAS rates of 10 kHz (a) and (b) 

Aromatic and ethylenic region of CBZ and CBZ/TA spectra. See Figure 1.a (molecular structures with 

carbon numbering) and text for details for peak assignment.  

 

In order to get a deeper insight into structural organization in the CBZ:TA cocrystal, we 

compared PXRD patterns of the pure parent compounds CBZ form III57 and TA58 used to 

design this cocrystal (Figure 3.a) and the CBZ:TA cocrystal itself obtained in the present study 

(Figure 3.b). The calculated PXRD pattern of the structure proposed by Childs et al.,47 i.e. 

without the TA molecules, is also represented in Figure 3.c. The diffractogram of the CBZ:TA 

cocrystal significantly differs from the PXRD pattern of the pure parent compounds and 
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matches well with the structure proposed by Childs et al.47 This resemblance between the two 

can be particularly observed at low-angle Bragg peaks at 2  ≈ 6.5°, 8.8° and 13.1° 

(corresponding to the Miller planes (020), (120) and (040)47), which are typical of the channel-

type architecture of the CBZ host framework (Figure 1.b and Figure 3.c). However, one may 

note a discrepancy between the diffractogram of the CBZ:TA cocrystal and the calculated 

PXRD pattern based on the structure proposed Childs et al.47 Indeed, quite an intense Bragg’s 

peak at 2  ≈ 15.8° is found experimentally for the CBZ:TA (see Figure 3.b) while it is almost 

absent from the calculated diffractogram (see Figure 3.c).  Nevertheless, a zoom of the 

calculated PXRD pattern around 2 ≈ 15.8° allows us to observe this peak but it exhibits an 

extremely weak intensity (see Figure S1). This peak at 2  ≈ 15.8°, corresponding to a Miller 

plane (140), has indeed been indexed in the resolution of the structure performed by Childs et 

al.,47 but the intensity clearly does not correspond to the intensity obtained from the 

experimental cocrystal (whether in this work or in the experimental result of Childs et al.53).  

Since the calculated PXRD pattern (Figure 3.c) is based on a structure not including the TA 

molecules, one might assume that the intense Bragg peak at 2  ≈ 15.8° (Figure 3.b) could 

originate from the presence of the TA molecules in the hydrophilic CBZ channels.  

 



 

 

 

 

Figure 3. (a) PXRD patterns (at 298 K) of the pure parent compounds CBZ (Form III)57 and L-

tartaric acid (TA),58 (b) PXRD pattern (at 298 K) of cocrystal CBZ:TA, (c) PXRD pattern 

calculated according to the literature (CSD Refcode MOXWIG). This PXRD pattern does not 

take into account the TA molecules in the channels since their atomic positions were not 

determined due to their high disorder and (d) PXRD pattern calculated based on MD simulations 

results of the CBZ:TA cocrystal in which the channel architecture MOXWIG is used for the CBZ 

molecules. The peaks labelled by one asterisk (𝟐𝜽 ≈ 6.5°, 8.8° and 13.1°) represent the 

characteristic peaks of CBZ channel structure in the cocrystal.47 The peak labelled with two 

asterisks (𝟐𝜽 ≈ 15.8°) represents a characteristic peak associated to the TA molecules inside the 

CBZ channel-like structure as shown by MD simulations (see text). 
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In order to shed light on the structural organization of the TA molecules in the CBZ nanometric 

channels, MD simulations have been performed (see details in section materials & methods). 

The CBZ:TA cocrystal model was constructed based on the structure proposed by Childs et 

al.47 in which the channels were filled with TA molecules with random positions following the 

(3:1) stoichiometry established by LAG experiments.59 This initial structure was then heated 

and equilibrated at high temperatures at 530 K and above at constant pressure in order to allow 

the TA molecules to reorganize and adopt stable positions and orientations compatible with the 

presence of the CBZ molecules forming the channel-like structure. Some snapshots of the 

CBZ:TA cocrystal model are displayed in Figure 4.a and Figure 4.b. In Figure 4.b, one can 

notice that the channel is not completely filled. TA molecules are distributed in small groups 

of molecules separated by some “empty spaces”. In order of facilitate the comparison with the 

experimental data obtained from X-ray diffraction, we have also performed MD simulations 

by fixing the atomic positions of the CBZ molecules at their experimental values corresponding 

to the structure proposed by Childs et al..47 These structures were then also heated at 530 K 

and above but only at constant volume in this case. Subsequently, these structures were also 

optimized using a conjugated gradient algorithm. A snapshot of the optimized structure is 

displayed in Figure 4.c. In order to confirm the assumption made on the origin of the intense 

Bragg peak at 2  ≈ 15.8°, we have calculated the PXRD pattern based on the optimized 

structure obtained from MD simulations which includes both CBZ and TA molecules, as 

represented in Figure 3.d. As expected, since the atomic positions of CBZ molecules have been 

kept to the Childs et al.47 structure (Figure 3.c), Bragg peaks perfectly match. However, the 

intense Bragg peak at 2  ≈ 15.8° observed experimentally is also well reproduced confirming 

its origin linked to the presence of the TA molecules.  

This peak 2  ≈ 15.8° corresponds to a Miller plane (140) as indexed by Childs et al.,47  and 

thus to planes parallel to the crystallographic 𝑐 axis.  Based on the PXRD and indexation, no 



 

 

clear peak seems associated to some structural organization along the crystallographic 𝑐  axis. 

Interestingly, the snapshot of the CBZ:TA cocrystal optimized structure displayed in Figure 

4.c suggests that the TA molecules are actually less disordered than previously hypothesized 

by Childs et al.47 and form a sort of bridge through hydrogen bonds (HB) between two adjacent 

CBZ molecules along the direction of the channel. Indeed, by computing the HBs formed 

between TA and CBZ molecules (see details in section materials & methods), one finds that 

the hydroxyl group –OH belonging to the carboxylic groups of the TA molecules are hydrogen 

bonded to the carbonyl C=O of the carboxamide group of the CBZ molecules. It thus highlights 

some periodicity for the atomic positions of the TA especially for the carboxylic groups which 

does not seem to be detectable by PXRD. 

In order to support this idea, we have calculated the axial density distribution profiles along the 

channel direction of the oxygen atom belonging to the carboxamide C=O group of the CBZ 

molecules and the oxygen atom belonging to the –OH group of the carboxylic groups of the 

TA molecules at a relatively high temperature T = 530 K (figure 5.a). As a whole, both profiles 

display very similar trends of correlated periodical alternations due to the long range periodicity 

along the direction of the channel. Therefore, this figure clearly confirms the correlation 

between the position of the oxygen atoms belonging to both CBZ and TA molecules due to the 

formation of HBs. In Figure 5.b, the pair distribution function (PDF) of the center of mass of 

the TA molecules has been also calculated along the channels. It confirms the partial ordering 

of the TA molecules and the organization of the molecules which can be described as file of 

TA molecules along the channel. The average distance between the center of mass of 

neighboring TA molecules is about 6.5 to 7 Å and does not seem to be dependent of the 

temperature.   

A thorough analysis of the intermolecular HB associations that can be formed between the 

different TA and CBZ molecules in the cocrystal has been also performed. The TA molecule 



 

 

possesses four –OH hydroxyl groups and two C=O groups while the CBZ molecule possesses 

one amide group, –NH2CO (see Figure 1.a). The –OH and –NH moieties can participate to HB, 

either as H-donor or as H-acceptor while the C=O group can only be H-acceptor. Many HBs 

can thus potentially be formed in the system. It should be noted that CBZ molecules form a 

cyclic dimer in the crystal at the origin of the channel-like structure (see Figure 1.b and Figure 

4.a). In order to identify HBs, a geometric criterion has been chosen as follows: two molecules 

are considered to be H-bonded if i) the nitrogen-oxygen or the oxygen-oxygen distance is less 

than 3.4 Å and ii) the (N⋯H-O) or (O⋯H-O) angle is larger than 150°. This criterion is in some 

way arbitrary due to the lack of information on the electron density but it has been successfully 

used in many MD simulations and allows us to take into account relatively well formed HBs 

in statistics.60,61 Based on this criterion, no HB is found between the –NH moiety of the CBZ 

molecules and the C=O and –OH groups of the TA molecules. It should be mentioned that the 

use of a less strict criterion for the definition of the HB indicates that some very deformed HB 

can possibly exist between the –NH moiety of the CBZ molecules and the C=O and –OH 

groups of the TA molecules but they have not been investigated in the present study. 

Oppositely, a large number of very well formed HBs are found between the C=O group of the 

CBZ molecules and the four –OH hydroxyl groups of the TA molecules. Detailed results are 

reported in Table 1. For the optimized structure, data show that ca. 85% of all –OH of the TA 

carboxylic groups form one relatively well-formed HB with the C=O group of the CBZ 

molecules, which is consistent with the snapshot displayed in Figure 4.c. One may note that 

ca. 40% of the lateral –OH group of the TA molecule also form this type of well-formed HB 

but to a less extend. These features confirm the expected strong HB affinity between the TA 

molecules and the CBZ hydrophilic channel. Table 1 clearly also suggests that this HB affinity 

persists even at very high temperatures (T = 530 K). An analysis has been also performed for 

the HB associations between TA belonging to the same channel (Figure 4.b). Some HBs can 



 

 

be actually formed between TA molecules but their number remain relatively small compared 

to the number HBs formed between TA and CBZ molecules. Some examples of such TA...TA 

HBs are displayed in the Figure 4.b and Figure 4.c. It is highlighted in the snapshot displayed 

in Figure 4.b that the channels of the structure are actually not completely filled and some 

“empty spaces” can exist in between some of TA molecules, which limit the possibility to form 

HBs. The statistics of chains formed by the TA molecules and separated by “empty spaces” 

will be analyzed in the following section devoted to translational dynamics. It should be 

mentioned that the results obtained in the present study are in good agreement with the 

conclusions of a recent publication comparing the nature of the intermolecular interactions of 

other small molecules in channels made of CBZ molecules.48 We will see in the next sections 

that the organization of the TA molecules is not static. TA molecules experience rotational and 

translational diffusion and HBs can thus break and reform. 

It could be reasonably assumed that such many HB bridges formed by TA molecules between 

adjacent CBZ molecules along the channel direction (see Figure 4.c) could certainly contribute 

to the stability of the CBZ:TA cocrystal. It could particularly explain the origin of the (3:1) 

stoichiometry found in the stoichiometry screening59 made for this cocrystal. Indeed, a smaller 

number of TA molecules would decrease the number of TA and CBZ bridges, which would 

decrease the stability. A higher number of TA molecules would certainly help to fill the “empty 

spaces” mentioned above but would also increase the number of HBs between TA molecules. 

However, the highest propensity of HBs between TA molecules could also decrease the number 

of HB bridges formed by TA molecules between adjacent CBZ molecules along the channel 

direction and could thus also destabilize the overall structure.  

 

 



 

 

Table 1. Fraction of –OH groups of the TA molecules forming HB with the C=O group of the 

CBZ molecules (see molecular structures in Figure 1.a). –OH (lateral) refers to the hydroxyl 

groups bonded to carbon 2 and 3 in Figure 1a while –OH (carboxylic) to the hydroxyl group of 

the carboxylic group (carbon 1 and 4 in Figure 1.a). 

 
 

T = 530 K 

Optimized structure 

T = 0 K 

–OH (lateral) 26 ± 2 % 40 ± 2% 

–OH (carboxylic) 58 ± 2 % 85 ± 2 % 

 

  

Figure 4. Snapshots of structures of the CBZ:TA cocrystal obtained from MD simulations. (a) 

One channel made of CBZ molecules and filled with TA molecules at T = 530 K. It is a projection 

in the (�⃗⃗⃗�, �⃗⃗⃗�)  crystallographic plane of  the structure, (b)  Example of one CBZ channel filled with 

TA molecules along the �⃗⃗� crystallographic direction at T = 530 K. At the bottom, the same 

snapshot is provided without the CBZ molecules for clarity and in order to show that the channel 

is not completely filled with TA molecules. TA molecules are organized in small groups or 

molecules separated by some empty spaces of about 5 Å. The total length of this channel is about 

126 Å (see section materials & methods) and (c) One local optimized structure (T = 0 K) showing 

the interactions between two TA molecules and the CBZ channel structure. For clarity, only the 

carboxamide functional group of the CBZ molecules are represented. Hydrogen bonds are 

represented by dotted lines. The distance between two adjacent C=O groups along the channel 

direction correspond to the crystal cell parameter 𝒄 ≈ 𝟓 Å.  



 

 

 

Figure 5. MD simulation results. (a) Axial density distribution profiles along the channel direction 

of the oxygen atom belonging to the carboxamide group of the CBZ molecules (C=O) and the 

oxygen atom belonging to the –OH of the carboxylic groups of the TA molecules (COOH) 

obtained at T = 530 K. The axial density along the channel is only represented between 20 and 60 

Å for clarity but it presents the same features all along the channel long of 130 Å and (b) Pair 

distribution function (PDF) of the center of mass of the TA molecules along the channel direction. 

PDF has been separately calculated for each channel then averaged over all channels. PDF is 

represented at 0 K (optimized structure), 550 K and 600 K. The signal is relatively noisy for the 

optimized structure since only one configuration is used for the PDF computations.  

 

 



 

 

Rotational dynamics 

PXRD, ss-NMR and MD simulations results indicate some partial disordered state for the TA 

molecules in the CBZ:TA cocrystal at room temperature. This disorder can be either static or 

dynamic in nature. Taking advantage of the fact that the TA is a polar molecule with a dipole 

moment μ = 2.8 Debye computed from Gaussian using the HF/6-31G* basis set,63 we used here 

dielectric spectroscopy to study molecular mobility. It is probed through the reorientations of 

dipoles under an alternating electric field of frequency () varying from 0.1 Hz to 10 MHz, in 

the temperature range from 143 to 373 K.  

Figure 6.a and Figure 6.b show the imaginary part (dielectric loss) of the complex permittivity 

(ε*() = ε′()-iε′′()) at representative temperatures, ε″(), and frequencies, ε′′(T), respectively. 

The well-defined peaks (and the step-like decrease seen in ε′() shown in Figure S2.a), which 

continuously shift to higher frequencies with increasing temperature, are typical features of 

thermally activated relaxation modes. These modes are found in many disordered materials,64,65 

including crystalline systems like orientationally disordered (or plastic) crystals66-68 that are 

molecular crystals in which the molecular centers of mass form a regular crystal, while some 

dynamical disorder exists in the molecular orientations.69,70 The dielectric behavior of the 

CBZ:TA cocrystal is completely different from that of the parent crystalline compounds 

(Figure 6.c). In the same frequency and temperature ranges, the dielectric loss spectra of CBZ 

and TA are featureless, as expected for the dielectric response from a fully ordered crystalline 

state where the dipoles are insensitive to electric fluctuations in the covered frequency range. 

In this way, we have clearly demonstrated for the first time the dynamic nature of the disorder 

of TA molecules in the CBZ:TA cocrystalline system. 

The dielectric loss spectra of the CBZ:TA cocrystal exhibit two relaxation features (Figure 6.a 

and Figure 6.b), a more intense one that we have called as “I-process” and a less intense one at 



 

 

high frequencies (faster) on the right flank of the slower I-relaxation, labeled as “II-process”.  

At temperatures above ca. 273 K, another process shows up as an increase of ε′′ and ε′ in the 

low frequency region of the spectra (Figure S2.b), which can be attributed to an interfacial 

Maxwell−Wagner-Sillars (MWS)8 process arising from the heterogeneous nature of the 

multicomponent system. It will be investigated in detail in a separate study. Here, we mainly 

focus on the behavior of the I- and II-relaxation processes. Solid lines in Figure 6.a are fits to 

the spectra using a sum of two symmetric Cole-Cole (CC)64,71  functions (equation (1) in 

Materials and Methods), as illustrated for the spectrum acquired at 233 K (dashed lines). The 

width (measured by the 𝛽𝐶𝐶 parameter) of the I-relaxation has been found to be almost constant 

in all temperature range (𝛽𝐶𝐶,𝐼 = 0.86) while the II-process becomes narrower with increasing 

temperature (𝛽𝐶𝐶,𝐼𝐼 varies from 0.4 (233 K) to 0.7 (313 K). Such deviations from the Debye 

behavior (𝛽𝐶𝐶 = 1 for non-interacting dipoles) indicate a distribution of relaxation times (the 

smaller the 𝛽𝐶𝐶 values, the wider the distribution of relaxation times), usual in disordered 

systems,8 including orientationally disordered crystals.66  We also analyzed the representation 

of ε′′ versus temperature at constant frequencies (isochronal plot) using a sum of two 

Gaussians (dashed lines in Figure 6.b) to obtain the maximum temperature of peaks, Tmax, for 

each measured frequency.  

 



 

 

 

 

 

Figure 6. (a) Dielectric loss spectra (ε′′()) of CBZ:TA cocrystal for selected temperatures (from 

233 K to 313 K, steps of 10°). Solid lines are fits to the experimental data using a sum of two Cole-

Cole (equation 1) functions as illustrated for ε′′() spectrum obtained at 233 K (royal dashed 

lines; processes I and II). (b) Isochronal representation, ε′′(T), at selected frequencies () (data 
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taken from isothermal measurements). Solid lines are the global fit using a sum of two Gaussian 

functions (illustrated for ε′′(T) at 36 Hz; red dashed lines). (c) Comparison of ε′′(T) of CBZ:TA 

cocrystal (red symbols; left-hand vertical axis) with TA (navy symbols) and CBZ (olive symbols; 

right-hand axis in a.u.), at indicated frequencies. 

 

Figure 7 shows the temperature dependence of relaxation times (𝜏) obtained from the two 

analyses of dielectric data: isothermal, 𝜏𝐶𝐶 (the most probable relaxation time related to the 

frequency of  ε′′() maximum, 𝜏𝐶𝐶 =  1/(2𝜋𝑚𝑎𝑥)) and isochronal, 𝜏 (𝜏 = 1/(2𝜋), at which 

ε′′(T) presents a peak at Tmax), that are in good agreement with each other. Both processes 

follow an Arrhenius-like temperature dependence, 𝜏(𝑇) = 𝜏∞𝑒𝑥𝑝(𝐸𝑎 𝑅𝑇⁄ ) (where 𝐸𝑎 is an 

energy barrier and 𝜏∞, the pre-exponential factor, is the limiting relaxation time at high 

temperature and R is the universal gas constant), in the whole temperature range investigated. 

The Arrhenius parameters calculated from the straight lines through the data points are 𝐸𝑎,𝐼  = 

67 kJmol-1, 𝜏∞,𝐼 = 810-16 s and 𝐸𝑎,𝐼𝐼 = 58 kJmol-1, 𝜏∞,𝐼𝐼 = 210-15 s, for the I- and II-

relaxation, respectively. The Arrhenius pre-exponential factor values are a little lower than 

expected from the inverse of a vibrational attempt angular frequency (ca. 1013−1014 Hz). The 

use of the Eyring formalism to describe the temperature dependence of the relaxation time, and 

the established relationships with the Arrhenius parameters,72 allow us to propose a physically 

reasonable interpretation in order to attempt to assign their molecular origin. The II-relaxation 

width was found to decrease with increasing temperature (increasing 𝛽𝐶𝐶,𝐼𝐼), indicating a 

distribution of processes composing it. The linear temperature dependence of the most probable 

relaxation time 𝜏𝐼𝐼(𝑇) can be rationalized by assuming the II-relaxation to be distributed in 

energy, but not in the pre-exponential factor (i.e., with no entropic contribution): 𝜏𝐼𝐼(𝑇) =

10−13𝑒𝑥𝑝[(58000 − 32.5𝑇) 𝑅𝑇⁄ ], where the most probable activation energy slightly 

decreases with increasing temperature (𝐸𝑎,𝐼𝐼 =  58000 + 𝑎𝑇 with 𝑎 = -32.5 Jmol-1K-1). For 

the I-relaxation, temperature affects the most probable time without modifying the profile of 



 

 

the frequency-dependent dielectric loss peak (𝛽𝐶𝐶,𝐼 constant). The Arrhenius pre-exponential 

factor value could reflect a non-zero and constant entropic contribution (Δ‡S⚬ = 35 JK-1mol-

1): 𝜏𝐼(𝑇) = [10−13.3𝑒𝑥𝑝 (−
35

𝑅
)] 𝑒𝑥𝑝 (

64000

𝑅𝑇
), where Δ‡H⚬  = 64 kJmol-1 (≅ 𝐸𝑎,𝐼 ) is the 

associated constant activation enthalpy. This slight molecular cooperativity points to an 

intermolecular origin of the I-relaxation. As shown in Figure 7, the extrapolated lines of 𝜏𝐼𝐼(𝑇) 

and 𝜏𝐼(𝑇) merge at high temperature when I = II  10-12 s, indicating a correlation between I- 

and the II-relaxation. The cyan lozenges in Figure 7, that coincide with experimental II(T), are 

the primitive (one-body, non-cooperative) relaxation times, 0(T), calculated by applying the 

Coupling Model (CM) equation,73,74 𝜏0 (𝑇) = (𝑡𝑐)𝑛𝜏𝐼(𝑇)1−𝑛, where (1 − 𝑛) ≡ 𝛽𝐾𝑊𝑊 is the 

fractional exponential of the Kohlrausch–Williams–Watts (KWW) stretched correlation 

function, 𝜙(𝑡) = 𝑒𝑥𝑝[−(𝑡/𝜏𝐾𝑊𝑊)𝛽𝐾𝑊𝑊],75–77 describing the many-body (cooperative) I-

relaxation in the time domain (𝛽𝐾𝑊𝑊 = 0.88 using the approximation78 𝛽𝐾𝑊𝑊 ≈ (𝛽𝐶𝐶)1 1.23⁄ ). 

In the CM context, the onset of cooperativity due to intermolecular coupling occurs at 𝑡𝑐, a 

constant crossover time (𝑡𝑐 ≈ 1-2 ps).74  In addition to the coincidence of II(T) with predicted 

0(T) values, the activation energies of the observed processes verify well the relationship 

𝐸𝑎,𝐼𝐼 =  𝐸𝑎,𝐼(1 − 𝑛) predicted by the CM,74 strengthening their correlation. Therefore, the II-

relaxation found here for the dynamically disordered TA molecules in the channels of the CBZ 

rigid matrix could be considered to be of intermolecular origin and, the (non-cooperative) 

precursor of the I-relaxation (slightly cooperative).  

For many molecular compounds,74 the freezing of the dipolar molecular motions in the 

dielectric measurement timescale (ca. 100 s − 1000 s) is associated to the well-known glass 

transition phenomenon in which an equilibrium liquid is transformed to a nonequilibrium 

disordered solid. This transformation is also evidenced from thermodynamic properties, such 

as the heat capacity or thermal expansivity.79 Interestingly, the glass transition phenomenon is 



 

 

also observed in rotationally disordered crystals or plastic crystals such as for example 

caffeine.67  

For the CBZ:TA cocrystal (disordered), no calorimetric signature is detected by DSC (see 

thermogram in Figure S3) in the temperature ranges at which the dipolar molecular motions 

reach 100 s − 1000 s in the dielectric measurements. However, glass-forming materials which 

exhibit molecular mobility having a very pronounced Arrhenius-like temperature dependence, 

i.e. the so-called strong glass-formers, usually show a barely detectable heat capacity Cp-jump 

characteristic by DSC.80,81 It is for example the case for caffeine.67 In contrast, while no change 

in the overall structure of the cocrystal is observed (Figure S4), the temperature dependence of 

the cell volume (V(T)) shows a clear kink at ca. 173 K (see inset in Figure 7 and Figure S5). 

Interestingly, this temperature corresponds very well to the temperature at which the freezing 

of molecular motions associated with II-process occurs (II = 103 s, extrapolated dashed line in 

Figure 7, at -log(II(s)) = -3) suggesting that they provide information about the local 

environment of disordered TA (guest) molecules in the CBZ rigid (host) matrix. It is well in 

line with the intermolecular HB interactions between TA and CBZ molecules shown by MD 

simulations (see Figure 4.c and Table 1). For the I-relaxation process, one finds I = 103 s at 

about a temperature of 193 K by extrapolation (see inset in Figure 7) which is also close to the 

temperature at which the kink in V(T) trace is detected. Thus, it reinforces the possible link 

suggested between both I- and II- processes. These results suggest that the statistical disorder 

observed by PXRD which is largely dynamic above TII(II = 103 s) = 173 K becomes static 

below this temperature, where the low amplitude II-relaxation is kinetically frozen. The small 

change in the degree of crystal anharmonicity (or molecular mobility amplitude) in the 

temperatures range at which the kink is detected is also in agreement with the absence of a heat 

capacity signal.  



 

 

 

Figure 7. Temperature dependence of the I- and II-relaxation times obtained from fits of 

isothermal, CC (open circles) and isochronal dielectric data,  (yellow filled circles) in an 

Arrhenius representation (-log10() versus 1/T). The solid lines are the fits with the Arrhenius law. 

Cyan lozenges are the relaxation times predicted from Coupling model, 0 (CM). Blue squares 

and spheres are times obtained from molecular dynamics (MD) simulations. See text for details. 

The temperature evolution of the volume of the crystalline cell of the CBZ:TA cocrystal is 

represented in inset (Figure S5 shows V(T) from 123 K to 373 K).  

 

The molecular mobility in the disordered CBZ:TA cocrystal revealed by BDS experiments has 

been also confirmed by MD simulations. Molecular reorientations have been probed at high 

temperatures at 530, 550 and 600 K in the pico- nano-second time range accessible by the MD 

simulations. Two descriptors were used to describe orientations: the vector �⃗⃗� orientated along 

the central C-C bond of the TA molecules (see inset in Figure 8) as well as the dipole moments 

�⃗� of these molecules.82 The dipole moments �⃗� cannot be easily represented because its 

orientation is strongly dependent of the conformations of the TA molecules, which vary 
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significantly. Indeed, the TA molecule possesses a very high flexibility that can be 

demonstrated by the very broad distribution of the dipole moment ‖�⃗�‖ (see Figure S6). In 

Figure 8.a, the distribution of the TA molecules orientations in the channels is represented 

based on the vector �⃗⃗�. This figure shows that the TA molecules actually adopt two preferential 

orientations by forming an angle of about 𝜃𝑢 ≈ 30° or 150° with the direction of the channels 

(see inset in Figure 8.a). This result is consistent with the local optimized structure (T = 0 K) 

displayed in Figure 4.c related to the interactions between TA molecules and the CBZ channel 

structure. The time evolution of the orientation of one targeted TA molecule is plotted in Figure 

8.b. It reveals that the orientation of the molecules is not fixed and several jumps between the 

preferable orientations (30° and 150°) are clearly observed over the duration of the simulation. 

This last result nicely confirms that the TA molecules are partially ordered in the channels as 

shown in the previous section (see for example Figures 2, 3d, 4c and 5) but also present 

molecular mobility. In Figure 9, the time-dependent self-correlation function Φ𝑢(𝑡) =

〈�⃗⃗�(𝑡). �⃗⃗�(0)〉 and Φ𝜇(𝑡) = 〈�⃗�(𝑡). �⃗�(0)〉 have been represented for the two orientational 

descriptors.82 The symbol 〈 〉 indicates an average over both time and molecules. Figure 9 

confirms that TA molecules are actually rotating and allows extracting some additional 

information, in particular, the times characterizing the rotational dynamics. The long-time 

behavior of the Φ𝑢(𝑡) and Φ𝜇(𝑡) functions can be fitted by a stretched exponential function 

𝑎𝑒−(𝑡/𝜏)𝛽
 where 𝑎, 𝜏 and 𝛽 are the fitting parameters. In a first approximation, the complex 

frequency dependent permittivity ε*() measured experimentally by BDS is actually roughly 

proportional to the Fourier transform of the time-dependent correlation function of the dipole 

moment Φ𝜇(𝑡).83 The characteristic decay time 𝜏𝜇 and 𝜏𝑢 extracted from the fitting procedure 

of the Φ𝜇(𝑡) and Φ𝑢(𝑡) function respectively can thus be compared to the relaxation times 

determined from the BDS experiments for the I- and II-relaxation processes. Figure 7 shows 

that both times 𝜏𝜇 and 𝜏𝑢 determined from the MD simulations roughly correspond to the 



 

 

extrapolated lines in the high temperature range for the I- and II-relaxation processes. The 

agreement between BDS experiments and MD simulations is thus very reasonable. However, 

only one main process is seen from MD simulations while two processes, I and II, are observed 

from BDS. This discrepancy could origin from the progressive merging of the I- and II-

relaxation processes upon increasing temperatures, which makes these processes 

indistinguishable in the MD simulations. Figure 9 also clearly reveals the presence of faster 

dynamical processes at very short time (10 to 100 ps) for both Φ𝑢(𝑡) and Φ𝜇(𝑡) functions. The 

characteristic times of these fast processes are clear outside of the BDS accessible time window 

and they were not analyzed in this work. They could be tentatively attributed to small and rapid 

rotational motions experienced by the TA molecules. In Figure 8.b, the time-evolution of the 

angle 𝜃𝑢 shows such small and rapid changes when the TA molecule is in one the preferable 

orientations (30° or 150°) which could explain the fast dynamical processes. Additional works 

are clearly required to identify their microscopic origin.  

 

Figure 8. MD simulation results. (a) Distribution 𝑷(𝜽𝒖) of the orientation of the TA molecules in 

the channels at T = 550 K using the angle 𝜽𝒖 as a descriptor of the molecular orientation. In the 

inset, 𝜽𝒖 is defined as the angle between the vector �⃗⃗⃗� pointing along the central C-C bond of the 



 

 

TA molecule and the direction of the channel.  (b) Time-evolution of the angle 𝜽𝒖 for a targeted 

TA molecule.  

 

Figure 9. MD simulation results. Normalized time-dependent self-correlation function 𝜱𝒖(𝒕) =
〈�⃗⃗⃗�(𝒕). �⃗⃗⃗�(𝟎)〉 associated to the reorientation of the TA molecules in the cocrystal. The vector �⃗⃗⃗� is 

pointing along the central C-C bond of the TA molecule. In inset, normalized time-dependent self-

correlation function 𝜱𝒖(𝒕) = 〈�⃗⃗⃗�(𝒕). �⃗⃗⃗�(𝟎)〉 associated to the reorientation of dipole moment of the 

TA molecules. Solid lines represent fits of the long-time decay using a stretched exponential 

function  𝒇(𝒕) = 𝒂𝒆−(𝒕/𝝉)𝜷
 where 𝒂, 𝝉 and 𝜷 are the fitting parameters.  𝜷 = 0.65 and 0.83 at 550 

K and 600 K respectively. 

Translational dynamics 

The transport phenomena distinct from the classical Brownian motion found in confinement 

media having very narrow pores (about 1 nm) is particularly intriguing12,14,34,15–18,22,23,29,32 but 

seems universal. It is tempting to use the present (disordered) CBZ:TA system to investigate 

the translation diffusion of the TA molecules in the narrow channels of about 1 nm size formed 

in the crystal. To the authors’ knowledge, this is the first attempt to investigate this type of 

transport properties in this class of materials (cocrystal channel-like). In addition, the snapshots 

displayed in Figure 4 as well as the periodicity revealed in the axial density of the hydroxyl 

oxygen in Figure 5.a and the PDF of the centers of mass in Figure 5.b clearly suggest the 



 

 

possible existence of some files of TA molecules in the channels and then a possible single-

file motion. Figure 10.a shows the trajectory as function of time along the channel direction of 

some targeted neighboring TA molecules belonging to the same channel. Other trajectories of 

some targeted neighboring TA molecules are also provided as supplementary materials (Figure 

S7). Figure 10.a demonstrates the presence of translational dynamics of the TA molecules in 

addition to the rotation dynamics shown in the previous section. The low number of HBs 

formed between TA molecules as described before and the presence of “empty spaces” in the 

channels (see Figure 4.b) should certainly facilitate this translational mobility. The trajectory 

can be roughly described as small fluctuations of about 1 Å combined larger hops of about 6 

Å to 7 Å. The extend of these hops is consistent with the distance between the centers of mass 

shown in Figure 5.b. The trajectory of the molecules seems also very correlated well in line 

with a possible single-file diffusion process. It should be also noted that in all analyzed 

trajectories, we do not observe TA molecules passing each other due the small size of the 

channel. However, a more detailed analysis of the trajectories for all molecules belonging to 

the same channels reveals some decorrelations at long times between the motions of 

neighboring molecules and between non-neighboring molecules (Figure S7). Indeed, the 

channels of the cocrystal CBZ:TA are not completely filled (see Figure 4.c). Thus, there are 

some empty spaces between some groups of TA molecules. They actually enable the molecules 

to not move in the same direction as it should be expected in a perfect single-file diffusion 

process. In the optimized structure (T = 0 K), calculations performed from MD simulations 

show that channels are filled by 25% of single chains, i.e. one non-interrupted chain of TA 

molecules, and 75% of two chains, i.e. two chains of TA molecules separated by one empty 

space. At T = 550 K, we found 40%, 50% and 10% of single chains, two chains and three 

chains respectively. At T = 600 K, the distribution becomes 16%, 52%, 28% and 4% of single 

chains, two chains, three chains and four chains respectively. These statistics nicely 



 

 

demonstrate the increased number of chains in the organization of the channels upon increasing 

temperature and thus the possibility for the translation dynamics to not evolve following the 

single-file dynamics. In Figure 10.b, this trend is confirmed based on the calculation of the 

mean square displacement (MSD) 〈𝑟2(𝑡)〉. MSDs have been calculated for all TA molecules 

along the three crystallographic axes �⃗�, �⃗⃗� and 𝑐.  (�⃗�, �⃗⃗�) is in the plane of the channel while 𝑐 is 

along the direction of the channel (see Figure 4.a and Figure 4.c). As expected, diffusion along 

�⃗� and �⃗⃗� is actually very limited as demonstrated by the very small value of the MSD computed 

between 0.1 and 1 Å2.  TA molecules cannot obviously cross the space occupied by the CBZ 

molecules and cannot move from one channel to the neighboring channel. Oppositely, a clear 

diffusion is observed along the direction of channel 𝑐. The MSD along 𝑐 cannot not be adjusted 

using just a single diffusion law. Figure 10.b shows that two diffusion laws are clearly 

necessary to reproduce the global behavior of the MSD 〈𝑟2(𝑡)〉 as function of time. At short 

time, the MSD can be fitted by the law 〈𝑟2(𝑡)〉 ~ 𝑡1/2 which is classically associated to the 

single-file diffusion process.12,14,34,15–18,22,23,29,32 At longer times, Figure 10.b also shows a 

change and the classical diffusion law 〈𝑟2(𝑡)〉 ~ 𝑡 corresponding to Fickian motion is 

recovered. Interestingly, this transition between two diffusion mechanisms is therefore seen in 

the present disordered cocrystal as reported in other systems.16,18,29 The crossing between both 

types of diffusion is found in the range 〈𝑟2(𝑡)〉 ≈ 25 Å2 to 36 Å2, thus, roughly corresponding 

to a displacement of the molecules of about 5 Å to 6 Å. This distance is close to the small hop 

distance of ca. 6 to 7 Å, well in line with the distance between the centers of mass shown in 

Figure 5.b. Tentatively, one may suggest that molecules first start moving as “single-file” but 

just over about one hop distance. In this regime, the molecules are confined to advancing one 

behind the other in the same direction since the narrow channels size (1 nm) exclude mutual 

passages of the molecules along the channel. Then, at longer times, they are allowed to move 

following the classical Brownian process. It is important to note that the single-file diffusion 



 

 

〈𝑟2(𝑡)〉 ~ 𝑡1/2 is actually fully correct for hypothetical infinitely long channels.29 Periodic 

boundary conditions are used in the present MD simulations so channels could be considered 

as infinite. However, the TA molecules in the channels are not organized as one long single 

file but as several shorter files made of few molecules separated by empty spaces (see Figure 

4.b) as analyzed previously. It seems reasonable that the single-file diffusion mechanism may 

not persist at longer times since molecules have the possibility to use these empty spaces for 

their moves in a not correlated way. Further investigations should be performed in order to 

confirm these preliminary findings. The size of the required systems (see materials & methods) 

and CPU computations times do not presently enable the authors to fully analyses translational 

dynamics in more details.  

 



 

 

 

Figure 10. MD simulation results obtained T = 550 K. (a) Position of the center of mass as function 

of time along the channel direction of three neighboring TA molecules belonging to the same 

channel. (b) Mean square displacement 〈𝒓𝟐(𝒕)〉 of the TA molecules (center of mass) along the 

three crystallographic directions (�⃗⃗⃗�, �⃗⃗⃗� and  �⃗⃗�). The channels are orientated along the c direction 

(see also Figure 3). Solid lines indicate fits using two diffusion laws:  〈𝒓𝟐(𝒕)〉 ~ 𝒕𝟏/𝟐 describing a 

single-file diffusion process and 〈𝒓𝟐(𝒕)〉 ~ 𝒕 corresponding to the normal diffusion (Fickian).  

  



 

 

CONCLUSIONS 

In this article, we have analyzed the nature of the structural and dynamical disorder in the 

organic cocrystal CBZ:TA exhibiting a true nanometric channel-like architecture in which 

disordered TA molecules are filling the CBZ based channels.  By means of complementary 

solid-state NMR, X-ray diffraction and dielectric relaxation spectroscopy experiments 

combined with molecular dynamics simulations, the structural organization and intermolecular 

HB interactions, rotational and translational dynamics have been in deep discussed.  

 

We find that the TA molecules in the channels are partially disordered as shown by solid-state 

NMR. Oppositely, a clear partial organized structure is detected based on the radial density of 

the hydroxyl groups and PDF of the centers of mass computed along the channel by MD 

simulations. The organization of the molecules in the channel can be simply described as one-

dimension files of molecules whose centers of mass are separated by ca. 6 to 7 Å. TA molecules 

are weakly hydrogen-bonded between them but strongly hydrogen-bonded with the CBZ 

molecules forming the channels. TA molecules do not form a single long file in the channels 

but several files composed of molecules separated by some empty spaces.  A large number of 

very well formed HBs is found between the –OH hydroxyl groups of the TA molecules and the 

C=O group of the carboxamide CBZ molecules. It can be thus concluded that the TA molecules 

organization is completely driven by the ordered CBZ channels through intermolecular HBs. 

These latter are actually not static. HBs can break and reform and it enables molecular mobility. 

 

It is demonstrated experimentally that TA molecules in the channels show rotational dynamics 

using dielectric relaxation spectroscopy which is a technique of choice to investigate molecular 

mobility. A thorough analysis reveals the presence of two relaxation processes characterized 

by an Arrhenius temperature dependence, with activation energies of about 58 and 67 kJmol-



 

 

1 well in line with the values reported for local processes in HB liquids. Interestingly, there is 

evidence of the suppression (freezing out) of the molecular mobility in the temperature range 

[173, 193] K concomitantly with the presence of a kink in the temperature evolution of the 

crystalline cell volume which is usually associated with the glass transition phenomenon. It 

reveals a remarkable link between the molecular mobility of the TA molecules and the CBZ:TA 

crystal anharmonicity. Rotational dynamics is confirmed by MD simulations which also show 

that TA molecules adopt preferable orientations with the direction of the channel. Molecular 

motions could thus be interpreted as rotational jumps between preferred orientations.  

It is demonstrated that TA molecules in the channels show translational dynamics by MD 

simulations. Molecular motion occurs by small hops of ca. 6 to 7 Å consistent with the distance 

between first neighbors determined by the PDF analysis. At short times, the single-file 

diffusion process is revealed while at longer times the classical diffusion (Fickian) is recovered.  

This transition between the two diffusion mechanisms is explained by the presence of the 

empty spaces in the channels which creates several short files instead of a single long file and 

which thus offers to the molecules the possibility to have uncorrelated motions. 

 

This work is a first attempt to demonstrate that disordered channel-like cocrystals offer a new 

type of interesting nanoconfinement environments. It clearly motivates to test the universality 

of our findings on other cocrystalline systems. Several examples of molecules with different 

sizes, shapes or HB properties able to form disordered channel-like structure with 

carbamazepine have been proposed by Childs et al.47 The single-file diffusion and its transition 

to the classical diffusion mechanism suggested by MD simulations clearly challenge 

experimentalists for a validation. To our knowledge, this is the first study to fully understand 

the exact nature of the disorder (partial, total, translational, orientational, static or dynamic) for 



 

 

this class of materials. Such understanding presents a fundamental significance, but also a 

possible interest for the control of particle transport in chemical and pharmaceutical processes.  

 

 

 

  



 

 

 

MATERIALS AND METHODS 

Experiments. 

Materials. Carbamazepine (form III) from Duchefa Farma BV (purity 99.8%) and L-tartaric 

acid from Sigma-Aldrich (purity 99.5%) were used as supplied, without further purification. 

Cocrystal Synthesis.  

CBZ:TA cocrystal was prepared by liquid-assisted grinding stoichiometric amounts of 

crystalline parent components, CBZ (form III) and L-TA, at a (3:1) molar ratio. Grinding was 

performed at room temperature using a Mixer Mill MM 400 from Retsch, at 30 Hz for a total 

time of 30 min. A small volume of acetonitrile (10 µL for each 100 mg of mixture) was added 

to the physical mixture of crystalline parent components before grinding.84 The thermal 

stability of the synthetized CBZ:TA cocrystalline phase in the explored temperature range was 

first confirmed by differential scanning calorimetry (Figure S3). The cocrystal is thermally 

stable up to the onset of melting (Tm,onset = 418 K). No loss of TA molecules is detected till 

melting. No solid-solid transition has occurred from 123 K to 373 K, as confirmed by PXRD 

measurements at variable temperature (Figure S4.a). 

Powder X-Ray Diffraction (PXRD). Powder X-Ray diffraction analysis was carried with a 

PANalytical X'Pert pro MPD diffractometer equipped with a Cu X-ray tube (selected 

wavelength λCuKα = 1.54056 Å) and a X'celerator detector. The powder samples were 

enclosed in a 0.7 mm diameter Lindemann glass capillary, which was rotating around their 

vertical axis during data collection to reduce the effect of a possible preferential orientation. 

The diffraction patterns were collected by steps of 0.0167° (in 2-theta) over the angular range 

3–60°, with a counting time of 50s per step. 



 

 

Solid State NMR. 1H–13C cross-polarization magic angle spinning (CP/MAS) solid-state 

NMR spectra were acquired on a Bruker Avance III solid-state NMR spectrometer equipped 

with a triple resonance probe operating at 400.23 MHz for 1H and 100.64 MHz for 13C equipped 

with magic angle spinning. The powder of each sample was packed in 4 mm zirconia rotors 

with Kel-F caps. These were rotated at an MAS rate of 10 KHz. The spectra were acquired at 

298 K. The Hartmann–Hahn conditions for 1H–13C CP/MAS experiments were set using 

hexamethylbenzene (HMB) and all spectra were referenced to external tetramethylsilane 

(TMS). 1H–13C CP/MAS NMR spectra were acquired using 1H π/2 pulse length of 4.5 μs and 

1H–13C CP contact time of 2000 μs. For the CBZ:TA cocrystal and TA, 128 scans were 

acquired with a pulse delay optimized to 20 s and for CBZ form III had 32 scans acquired with 

a pulse delay of 100 seconds.  

Broadband Dielectric Spectroscopy. Dielectric measurements were carried out using a 

Novocontrol Technologies GmbH Alpha Analyzer in the frequency range from 10−2 to 107 Hz 

at temperatures ranging from 143 to 373 K (in isothermal steps of 2 degrees). The powder of 

each sample was slightly compressed between two gold-plated electrodes (diameter of 1 cm). 

The temperature regulation was managed by a Quatro cryo-system (Novocontrol) with a 

temperature stability better than 0.2 K, using a gas stream being evaporated from a liquid 

nitrogen Dewar.  

The dielectric spectra (imaginary and real part) were analyzed by fitting a sum of the 

phenomenological Cole-Cole (CC) function64,71  to the isothermal data:  

𝜀∗(𝜔) = 𝜀′(𝜔) − 𝑖𝜀′′(𝜔) = 𝜀∞ +
Δε

1+(𝑖𝜔𝜏𝐶𝐶)𝛽𝐶𝐶
    (1) 

where 𝜔 is the angular frequency;  ∆𝜀 = 𝜀𝑠 − 𝜀∞ is the dielectric strength; 𝜀𝑠 and 𝜀∞ are the 

low-frequency and high-frequency limits of ε′(𝜔), respectively. 𝜏𝐶𝐶 is a characteristic 

relaxation time at which ε′′(𝜔) is maximum (𝜏𝐶𝐶 = 𝜏 =  1/(2𝜋𝑚𝑎𝑥)), and the exponent 𝛽𝐶𝐶 



 

 

(0 < 𝛽𝐶𝐶 < 1) referred to as a measure of a symmetric broadening of the ε′′(𝜔) peak compared 

to the Debye function (𝛽𝐶𝐶 = 1) valid for non-interacting dipoles. Deviations from the Debye 

behavior usually indicate a distribution of relaxation times, typical of disordered systems. The 

smaller the 𝛽𝐶𝐶 values, the wider the distribution of relaxation times. Solid lines in Figure 6.a 

and Figure S2 are a sum of two CC functions describing the I- and II-relaxation processes. 

 

Simulations  

Molecular dynamics (MD) simulations have been performed using the DL_POLY package85 

and the GAFF force field86 (General Amber Force Field). This force field was chosen due to 

its capability of reproducing successfully large number of experimental data of low molecular 

weight molecules.87 As recommended for the GAFF force field,86 atomic partial charges were 

calculated from ab-initio computations using the Gaussian program at the HF/6-31G* level63 

with the restrained electrostatic potential (RESP) fitting approach. Electrostatic contribution 

was computed by using the Ewald sum with a convergence parameter of 0.36 Å-1. For both van 

der Waals and electrostatic interactions, the same cutoff radius of 10 Å was employed. Periodic 

boundary conditions were applied in all directions. The time step to integrate Newton’s 

equation of motion was chosen to 0.001 ps. Simulations have been conducted either in the NPT 

or NVT statistical ensemble where P is the pressure, T the temperature and V the volume.  

Pressure and temperature were controlled with a Nose-Hoover barostat and thermostat 

respectively. All NPT simulations were realized at atmospheric pressure. The Nosé Hoover 

thermostat and barostat relaxation times have been set at 0.2 and 2.0 ps respectively. The 

equilibrated volume of the simulation box during the NPT simulation was considered to 

compute the averaged density of system and used to perform the subsequent production 

simulation in the NVT ensemble. MD simulations were performed at three temperatures 530 

K, 550 K and 600 K. Since periodic boundary conditions are used in the MD simulations, it is 



 

 

possible to overheat the crystalline state even at very high temperatures above the melting 

temperature (Tm,peak = 431 K; see Figure S3) without melting the structure. We have 

systematically checked that the overall channel-like structure formed by the CBZ molecules is 

thus always maintained. 

The equilibration/production times range from 10/120 ns to 20/250 ns from the highest to the 

lowest investigated temperature. Two systems have been investigated. A crystal (31Å x 28 Å 

x 31 Å) composed of a total of 72 CBZ molecules and 24 TA molecules. This crystal possesses 

6 “short” channels including 4 TA molecules each. A crystal (21 Å x 28 Å x 126 Å) composed 

of a total of 192 CBZ molecules and 64 TA molecules. It possesses 4 “long” channels including 

16 TA molecules each. The L enantiomer is used for the TA molecules. In order to generate 

the initial atomic positions of the CBZ molecules in the crystalline structure, we have used the 

MOXWIG47 structure (a = 10.300 6 Å, b=26.972 Å , c = 5.0718 Å, 𝛽 = 104.235°, Z = 4 , P21/c) 

available at the Cambridge Structural Database.46 Then, the relevant number of TA molecules 

was inserted in the channels with random positions in order to maintain the required 

stoichiometry (3:1). It should be noted that a few MD simulations have been performed in 

which the position of the CBZ atoms are fixed in order to generate PXRD patterns using the 

VESTA program88 for a comparison with the PXRD obtained from experiments or generate 

based on the published MOXWIG47 structure. By fixing CBZ atoms, Bragg peaks positions 

originating from CBZ atoms are thus maintained at the same positions in the PXRD patterns 

and it thus allows discussing the impact of the TA molecules on the PXRD pattern more easily.  

The density of the model of the CBZ:TA cocrystal computed by MD simulations is about 1.38 

g/cm3 at T = 0 K and 1.26 at T = 550 K.  The experimental density is about 1.40 g/cm3 at 173 

K and 1.39 g/cm3 at 298 K. A precise comparison cannot be performed with the experimental 

data since different temperatures have been investigated. However, the agreement seems 

reasonable for a classical force-field.   
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