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Abstract

The photophysics of green fluorescent protein (GFP) and red Kaede fluorescent protein (rKFP) are defined
by the intrinsic properties of the light-absorbing chromophore and its interaction with the protein binding
pocket. This work deploys photodissociation action spectroscopy to probe the absorption profiles for a series
of synthetic GFP and rKFP chromophores as the bare anions and as complexes with the betaine zwitterion,
which is assumed as a model for dipole microsolvation. Electronic structure calculations and energy decomposi-
tion analysis using Symmetry-Adapted Perturbation Theory are used to characterize gas-phase structures and
complex cohesion forces. The calculations reveal a preponderance for coordination of betaine to the phenoxide
deprotonation site predominantly through electrostatic forces. Calculations using the STEOM-DLPNO-CCSD
method are able to reproduce absolute and relative vertical excitation energies for the bare anions and anion-
betaine complexes. On the other hand, treatment of the betaine molecule with a point-charge model, in which
the charges are computed from some common electron density population analysis schemes, show that just
electrostatic and point-charge induction interactions are unable to account for the betaine-induced spectral
shift. The present methodology could be applied to investigate cluster forces and optical properties in other
gas-phase ion-zwitterion complexes.



Introduction

The discovery of green fluorescent protein (GFP) from
the Aequorea victoria jellyfish was a cornerstone in the
“green revolution” of biological fluorescence imaging and
the visualization of cellular processes.! Although the
Aequorea victoria jellyfish is an uncommon organism,
the desirable optical properties of GFP and derivative
fluorescent proteins, and the ease with which they can
be deployed as optical markers in biochemical systems
has led to widespread use in photobiology.? The op-
tical absorption and emission properties of GFP are
dictated by the S; electronic state of a chromophore
based on the deprotonated p-hydroxybenzylidene-2,3-
dimethylimidazolinone (pHBDI~, Figure 1) unit that is
situated within the S-barrel structure of the protein.>
The chromophore interacts with the protein binding
pocket through a complex network of hydrogen bonds,
involving amino acid residues and water molecules.*
The amalgamation of these interactions leads to the so-
called electrochromatic shift; different electrostatic en-
vironments in the binding pocket for mutant proteins
can tune the electrochromatic shift by upto 65nm.®

The importance of electrostatic interactions in defin-
ing the electrochromatic shift and the detailed pho-
tophysics of GFP has been inferred through numer-
ous experiments®® and large-scale calculations.%19-1?
Yet, it is interesting to note that the inherent (gas
phase) S +S absorption spectrum for pHBDI™ is only
sightly shifted compared with the GFP absorption spec-
trum (=37meV at T = 30K1'6).1719 Tt therefore has
been argued that although the protein environment may
have a determinative effect on the chromophore’s pho-
tophysics, including hindering isomerization and maxi-
mizing fluorescence quantum yield, there is no net per-
turbation to the Franck-Condon electronic structure in
GFP that would lead to an electrochromatic shift.

The principal motivation for applying gas-phase
action spectroscopy techniques to biochromophore
molecules such as pHBDI™ is to characterize the in-
herent photophysics of the chromophore and thus di-
rectly inform on the total perturbation by the pro-
tein binding pocket. Furthermore, gas-phase studies
potentially allow for straight-forward comparison of
experiment with theory and where deviation exists,
direction for refinement of theory. In a step towards
probing the sensitivity of electronic transitions in gas-
phase molecules to local electric field and intermolecular
perturbations, Brgndsted Nielsen and co-workers?® pro-
posed that information on the electronic character of
the chromophore’s transitions and their susceptibil-
ity to electric field perturbations could be obtained
through comparing gas-phase action spectra for bare
ions with spectra for ion-betaine complexes. Briefly,
betaine (N, N, N-trimethylglycine, Z in Figurel) is a
zwitterionic molecule possessing a substantial dipole
moment (|u|=11.5 — 11.9D),?5?2 and which exerts a
dipolar field of 50 — 70 MV cm~! at bonding separations
in intermolecular complexes (several Angstroms). The

crux of the betaine tagging strategy is that due to the
zwitterionic charge distribution, the betaine molecule
should preferentially coordinate with the charge site on
a gas-phase ion, leading to a polarization and stabi-
lization (lowering in energy) of the molecular orbitals
interacting with the charge site. This effect should be
most significant for ions with an asymmetric and highly
polarizable charge distribution and can inform on the
charge-transfer character of an electronic transition.
For example, electronic transitions that have a sub-
stantial fraction of charge-transfer character are blue-
shifted in gas-phase action spectra for the ion-betaine
complex. This is because a charge-transfer transition
involves migration of charge density away from the
charge site.?? In contrast, symmetric molecules with
low polarizability and/or those with electronic transi-
tions that involve high local excitation character show
only a small betaine-induced spectral shift (the red-shift
originating from symmetry breaking often cancels the
blue-shift due to induction forces). While the betaine
tagging strategy certainly does not model all aspects
of protein binding pockets, it provides an avenue for
assessing microsolvation and perturbations by charged
side chains to chromophore electronic structure.

This work reports a series of photodissociation ac-
tion spectra as proxies for the absorption spectra of
six pHBDI-based chromophores (Figure 1) and their be-
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Figure 1: Molecular structures of the six target chro-
mophore anions and betaine (Z). The presence of alky-
lation on the six-membered ring provides steric inter-
actions around the deprotonation site. The negative
charge in the chromophores is delocalized over both oxy-
gen atoms.



taine complexes. While the betaine tagging strategy
has been previously applied to pHBDI™,!? there is no
detailed analysis of betaine-anion binding interactions
or calculations on the betaine-induced spectral shift.
The choice of the alkylated pHBDI™ species shown
in Figure1l was because of aqueous and alcoholic ab-
sorption spectroscopy measurements that revealed sub-
stantial red-shifts for the deprotonated anion, e.g. by
0.16eV and 0.40eV for 35Me~ and 35Bu~ compared
with pHBDI—,2* and also because alkylation provides
steric bulk around the deprotonation site and may di-
rect betaine binding toward an alternative geometry.
The origin for the red-shifted absorption of the alky-
lated anions in solution is unclear and was assumed in-
ductive in origin,?® although raises questions into the
degree of charge-transfer character associated with the
S; < Sp transition in isolated pHBDI~ molecules.

The key questions that this study addresses are: (i)
How strongly do the pHBDI™ series bind with betaine
and what is the nature of the binding forces? (ii) What
is the influence of betaine binding on the action spec-
tra? (iii) Can betaine-induced spectral shifts be re-
produced by electronic structure calculations of anion-
betaine complexes and/or treatment of betaine with
point-charges (electrostatics only)? (iv) Can we develop
a simple computational protocol using standard elec-
tronic structure methods for analyzing anion-betaine
complexes?

Methods

Experimental

Photodissociation action spectroscopy of the bare an-
ions and anion-betaine complexes was performed us-
ing the Sepl accelerator mass spectrometer.272% Elec-
trosprayed anions were accumulated in an octupole
ion trap that was emptied every 25ms (40 Hz repeti-
tion rate). The ion bunches were accelerated to a ki-
netic energy of 50keV and mass selected using a bend-
ing magnet. A nanosecond-pulsed laser system (EK-
SPLA NT342A, 20Hz, unfocused) excited every sec-
ond ion bunch midway along a 2.5m linear flight re-
gion (1079 Torr background pressure). Daughter ions
were separated using an electrostatic energy analyzer
situated after the laser-ion interaction region and de-
tected with a channeltron. For the bare anions, loss of
a methyl group accounted for more than 95% of the total
photofragmentation yield.!?-2973! For the anion-betaine
complexes, loss of the betaine tag molecule was the only
photodissociation channel under low laser fluence condi-
tions (1-2mJpulse™!, ~0.5cm?); these conditions give
rise to no more than a few percent of photofragment
yield. For a given wavelength, the difference in the
number of counts between the ‘laser-on’ and ‘laser-off’
injections provided the photoinduced signal.

It is worth noting that photodissociation of the bare
chromophores requires the absorption of two photons.
Because the S; <—Sg transition oscillator strengths are

large (f > 0.8), the OPO fluence of 1-2mJ pulse™! was
satisfactory to give good dissociation response across
each action spectrum. Further discussion on photodis-
sociation yield with OPO fluence for pHBDI™ is given
in Ref. 19 and for rKFP~ is given in Ref. 31.

Computational
Geometries

Anion-betaine complex geometries were first optimized
using the PM6 semi-empirical Hamiltonian starting
from a large number of test geometries, involving plac-
ing the betaine molecule at various positions around
the chromophore core. The lowest energy geometries
from these PM6 optimizations (and also the bare an-
ions) were reoptimized at the wB97X-D /aug-cc-pVDZ
level of theory and confirmed to be geometrical minima
through vibrational frequency analysis. 32734 The vibra-
tional frequency calculations provided the zero-point en-
ergy (ZPE) corrections. The geometry optimizations
revealed three betaine binding patterns shown in Fig-
ure2a: 1 coordination to the phenoxide O(1) atom, 2
coordination to the imidazolinone O(2) atom, and 3
side-on coordination over the m-bonding system (see ex-
ample in Figure 2b).

Using the wB97X-D optimized geometries, rela-
tive energies and adiabatic bond dissociation ener-
gies were computed at the DLPNO-CCSD(T)/aug-cc-
pVDZ level of theory with the TightPNO setting us-
ing ORCA 5.0.1.3%3¢ Benchmark studies considering
the DLPNO-CCSD(T) method have shown the capac-
ity to compute energies within ~20meV of CCSD(T)
theory,?” 39 although with a significant reduction in
computational cost. Full CCSD(T) calculations on the
present complexes are prohibitively expensive. Basis set
superposition error (BSSE) corrections to the DLPNO-
CCSD(T) calculations were included using the Counter-
poise method.*° It is relevant to note that diffuse basis
functions are important for the correct description of
the anionic chromophore and the anionic portion of the
betaine molecule, and also to describe the dipole mo-
ment of betaine.

Anion-betaine binding interactions

The intermolecular bonding interactions in the anion-
betaine complexes were analyzed using symmetry-
adapted perturbation theory, SAPT, as implemented in
PSI4 version 1.3.2.41 SAPT is a well-established frame-
work for decomposing complex interaction energies into
physically meaningful inter-fragment terms.4?"%* The
SAPT framework uses perturbation theory to express
the interaction energy, Esapro, as:

Esapro = ES;JFESJ)FLE},Q})FLES))(—I,RJFE%)*Eg))(—D

(1)
where E](;L)q and E](;))( are the first-order [superscript (1)]
electrostatic term from two interacting charge densities



and the exchange (Pauli repulsion) term, respectively.
The remaining four terms are for second-order interac-
tions [superscript (2)]: Eﬁ)% is electrostatic induction,
i.e. the polarization of the molecular orbitals of one
fragment (chromophore ion) by the electric field ex-
erted by another fragment (betaine), EJ(EZ))(? 1 r is the
exchange contribution to the electrostatic induction en-
ergy, E(D2)

and Eg))(_ p is the exchange contribution to the dis-

is the dispersion energy, i.e. London forces,

persion energy. In physical chemistry, the Egg, E}Q})z

and Eg) terms are usually divided into several subcom-
ponents within classical point change models. In par-
ticular, Frg includes interactions between permanent
charges, dipoles and quadrupoles (or generally multi-
poles). E§21)2 includes attractive interactions between
a permanent multipole on one fragment with an in-
duced multipole on another fragment. Eg), which con-
tains London dispersion terms, are the weakest inter-
molecular forces and arise through temporary dipole
attractive forces on both fragments, i.e. induced dipole-
induced dipole attractions. SAPT calculations assumed
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Figure 2: Anion-betaine complexes. (a) major betaine
binding sites (1, 2 & 3) shown with respect to pHBDI ™.
O(1) and O(2) indicate the phenolate and imidazolinone
oxygen atoms, with the former being the deprotonation
site. (b) Hlustration of the 35Bu~-Z(3) complex in-
volving side-on binding — note that the HBDI-backbone
is slightly distorted due to complexation (allyl bridge
dihredral angle is 19°).

the wB97X-D optimized geometries and were mostly
performed using the jun-cc-pVDZ basis set due to com-
putational tractability and fortuitous cancellation of
some errors such as the BSSE at the SAPTO trunca-
tion level. 4

Vertical excitation energies

Vertical excitation energies (VEEs) for the S; < Sp
transition of the bare anions and anion-betaine
complexes were computed at the DLPNO-STEOM-
CCSD /aug-cc-pVDZ levels of theory.46 The choice of
the DLPNO-STEOM-CCSD method over other wave-
function theories, such as CC2 or ADC(2), was because
of good performance in several benchmarking studies
on quantum chemical approaches for electrochromatic
shifts.*"*® EOM-CCSD theory was not computation-
ally feasible to apply to the betaine clusters.

To explore the electrostatic and point-charge induc-
tion contribution to the betaine-induced spectral shift,
VEEs were computed assuming treatment of betaine
with a point-charge model. In this model, betaine atoms
in the complexes were replaced with point charges com-
puted from one of three population schemes: (i) mini-
mum basis set Mulliken populations (MBS),*® (ii) nat-
ural bond order (NBO) populations,®® and Hirshfeld-
CMS5 populations (CM5).%! The choice of minimum ba-
sis set Mulliken populations is because Mulliken popu-
lation analysis with ‘large’ basis sets, i.e. aug-cc-pVDZ,
are known to be non-physical.*® These three population
schemes were considered in order to explore variation in
computed atomic charges and because of ongoing con-
troversy in which method provides the most robust set
of point charges.

Results and Discussion

Photodissociation action spectra

Photodissociation action spectra for the bare anions
(black) and the betaine-anion complexes (red) are
shown in Figure3. Wavelengths of maximum response
for each spectrum are given in Table1. For pHBDI—,
the gray ELISA spectrum in Figure 3a was taken from
from Ref. 19 and is a photoneutrals spectrum recorded
in an ultra-high vacuum ion storage ring. The close
agreement of the present pHBDI™ spectrum recorded by
monitoring methyl loss with the ELISA spectrum sup-
ports that the spectra recorded in this work should be
good proxies for the S; <—Sg absorption profiles. This
conclusion is because the ELISA spectrum involved a
long detection window (many microseconds) while the
Sepl detection window is tens of microseconds. Longer
detection windows allow slower statistical dissociations,
e.g. for longer wavelengths, to go to completion. Fur-
thermore, both ELISA and Sepl experiments involve
dissociation in ultra-high or high vacuum environment,
which contrasts with many ion-trap based experiments
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Figure 3: Photodissociation action spectra for bare ions (black) and anion-betaine complexes (red): (a) pHBDI™,
(b) 26Me~, (c) 35Me~, (d) 35Bu—, (e) Phe™, (f) rKFP~. Action spectra for the bare anions were recorded by
monitoring the loss of a methyl group (>95% of photodissociation yield) and action spectra for the anion-betaine
were recorded by monitoring loss of the betaine molecule. In (a), the gray data are a photoneutrals spectrum taken
from Ref. 19 using the ELISA ion storage ring at Aarhus University. Solid lines are a moving average.

in which collisions may quench some dissociations and anions show a small red-shift in peak wavelength
skew the action spectra. 52 with methylation (either 26Me~ or 35Me~) or tert-
The photodissociation action spectra for the bare butylation of the core chromophore. Although to a



Table 1: Photodissociation action spectra peak wave-
lengths (X in nm) for the bare anions and anion-betaine
complexes (see spectra in Figurel). A is the betaine-
induced spectral shift. VDE is the calculated vertical
detachment energy at the DLPNO-CCSD(T)/aug-cc-
pVDZ level of theory for the bare anion.

Species | Aonion  Abetaine A/ eVE VDE / eV
pHBDI™ | 484+2  468+2 0.09 2.62
26Me™ 49842  483+2 0.08 2.69
35Me~ 49842  476+2 0.13 2.60
35Bu~ 498+2 48642 0.06 2.75
Phe™ 55245  539+5 0.05 2.82
rKFP~ 6152  550+5 0.24 2.96

“Uncertainty is approximately +0.01eV.

lesser extent, this mirrors the trends seen in solution
absorption spectra,?* and is consistent with inductive
effects from the alkyl functional groups. On the other
hand, Phe™ and rKPF~ show significant red-shifts com-
pared with pHBDI™ due to their extended conjuga-
tion. For these latter two chromophores, there is a con-
comitant increase in the calculated vertical detachment
energy (VDE, Table1). It is worth noting that gas-
phase rKFP~ was recently investigated by some of the
present, authors using isomer-specific photodissociation
action spectroscopy,®' where it was shown that three
gas-phase forms may be generated using electrospray
ionization (two deprotomers and one tautomer). Fol-
lowing on from that study, judicious choice of solvent
and electrospray conditions in the present work allowed
generation of a pure gas-phase ensemble of the phenox-
ide deprotomer shown in Figure 1. Finally, we note that
the 26Me™-Z, 35Bu™-Z, rKFP~-Z spectral profiles have
different shape (broadened) compared with the bare an-
ion. For 26Me™-Z and 35Bu~-Z, this is consistent with
twisting of the chromophore backbone due to betaine
coordination (see next section). For rKFP~-Z, this may
be due to a mixture of betaine binding sites in the gas-
phase complexes.

Each of the chromophore anions may exist as Z and £
geometric isomers with respect to the allyl bond link-
ing the two rings in the core pHBDI unit. However,
the spectra have been interpreted in terms of just the Z
isomers for two reasons: (i) the synthesis and crystal-
lization procedure exclusively yields the Z isomer, (ii)
some of the present authors performed ion mobility ex-
periments with pHBDI™ to show that electrospray ion-
ization at T' = 300K produces only the Z isomer, with
collisional activation of the gas-phase ions required to
generate and kinetically trap the E isomer,'® and (iii)
vibrational spectroscopy starting from electrosprayed
ions at T = 300K indicate only the Z isomer.?® The E
isomer of pHBDI™ was calculated to lie 0.11 eV higher in
energy than the Z isomer and the Z-F barrier was cal-
culated at 1.26 eV, which is sufficiently large to prevent
thermal isomerization at room temperature.®* For this
work, we expect that only Z isomers are important be-

cause we used ‘gentle’ ion source conditions to transfer
nascent electrosprayed ions into high vacuum, i.e. mini-
mal collisional activation, and because gentle ion source
conditions are required to generate the anion-betaine
complexes. Furthermore, betaine-anion complex bind-
ing energies (CBEs, see next paragraph) are lower than
the Z—F isomerization barrier for pHBDI™ and pre-
sumably the other chromophores.

The betaine-induced spectral shifts are summarized
in Tablel. Compared with pHBDI™-Z, the shifts are
smaller for 26Me™-Z, 35Bu~-Z and Phe™-Z but are
larger for 35Me™-Z and rKFP~-Z. The spectral shift
for rIKFP~-Z (A = 0.24¢V) is substantial and is sim-
ilar to those previously reported for the oxyluciferin
(=0.20eV) and m-nitrophenolate (=0.30eV) anions?°
but less than half of that for protonated Schiff base reti-
nal (~0.60€V).%> Both the m-nitrophenolate and the
protonated Schiff base retinal in the gas phase are pro-
totype systems known to undergo charge-transfer tran-
sitions; these trends suggest that the S; <S¢ transition
in rKFP~ has significant charge-transfer character.

The photodissociation action spectra can be com-
pared with earlier aqueous and ethanol absorption spec-
tra (Table 2). In aqueous solution, all six chromophores
show blue spectral shifts (particularly 26Me™), al-
though the 35Bu™ spectral shift is small. In ethanol,
five of the six chromophores show blue spectral shifts,
although to a lesser extent than in aqueous solution.
The red spectral shift for 35Bu™ in ethanol relative
to the gas phase (and small blue shift for aqueous) is
consistent with the tert-butyl groups sterically encum-
bering solvation and therefore stabilization of the de-
protonation site. It is also interesting to compare the
betaine-induced spectral shifts with the solution absorp-
tion spectra. For example, the aqueous-induced shifts
for pHBDI™ and 35Me~ are approximately four-fold
larger than the betaine-induced spectral shift, while
the 26Me~ aqueous shift is around seven-fold larger
(presumably because of geometry and charge-transfer
changes). In contrast, for 35Bu™ the betaine-induced
spectral shift is approximately two-fold larger than the
aqueous shift, attributed to the betaine binding pattern
detained in the following two subsections. The Phe™
and rKFP~ species have larger aqueous-induced spec-
tral shifts than for pHBDI~, but similar to that for
26Me~. The larger spectral blue-shift for pHBDI™ in
solution (full coordination sphere) compared with the
betaine complex is consistent with increased stabilisa-
tion of the occupied frontier orbitals in solution, for
example, it is well known that biochromophores with
phenoxide deprotonation show large solvation-induced
shifts. 56

Anion-betaine binding

The optimized geometries for the anion-betaine com-
plexes reveal three low energy coordination patterns,
shown in Figure 2. Betaine binding site 1 has the posi-
tive end of the betaine molecule coordinated to the phe-



Table 2: Photon energies at the absorption peak for
the bare anions in aqueous (E,q) and ethanol (Eep)
solution. Values in parentheses are solvation-induced
spectral shifts, i.e. relative to the bare anion.

Species E.q | €V Ee | €V
pHBDI- 2.92% (0.36) 2.81% (0.24)
26Me~  3.02% (0.53) 2.81% (0.32)
35Me~  2.76% (0.27)  2.60% (0.12)
35Bu~  2.52% (0.03) 2.44% (-0.05)
Phe~ 2.74 (0.49)  2.60 (0.15)
rKFP~  2.52% (0.50) 2.34 (0.32)

aRef. 24. PRef. 31.

noxide oxygen atom O(1). Betaine binding site 2 has
the positive end of the betaine molecule coordinated to
the imidazolinone oxygen atom, O(2). In these geome-
tries, the anion and betaine molecule are roughly in the
same plane. For betaine binding site 3, the betaine
molecule is positioned side-on over the core HBDI unit,
with the positive end of the betaine molecule directed
toward the phenoxide oxygen atom - see example in
Figure2b. The calculated relative anion-betaine com-
plex energies are given in Table3. Aside for 26Me~-Z
and 35Bu~-Z, betaine binding site 1 with coordination
to the phenoxide deprotonation site corresponds to the
lowest energy complex. For 26Me™-Z, the preference
for betaine binding site 3 is linked to torsion of the al-
lyl backbone due to intramolecular steric interactions
by the methyl groups (see illustrations in the Support-
ing Information). For 35Bu~-Z the preference for be-
taine binding site 3 is connected with steric interactions
from the tert-butyl groups in site 1 — further details are
given in the next section. We conclude that the tert-
butylation provides sufficient steric bulk around the de-
protonation site to direct coordination of betaine to an
alternative site.

The relative energies of the complexes given in Ta-
ble 3 were sensitive to the incorporation of BSSE cor-
rections. In particular, betaine binding site 3 was cal-
culated as the lowest energy structure for each chro-
mophore when BSSE corrections were neglected (true
also at the wB97X-D/aug-cc-pVDZ and MP2/aug-cc-
pVDZ levels of theory). This is because of the increased
variational freedom in the wavefunction due to betaine
atomic orbital functions describing the m-system on the
pHBDI unit, with BSSE corrections at =~10% for be-
taine binding sites 1 & 2 and ~30% for site 3. As
a check with a larger basis set, we computed the en-
ergies for the pHBDI™-Z complexes at the DLPNO-
CCSD(T)/def2-TZVP level of theory. In this case, the
BSSE corrections are much smaller and betaine bind-
ing site 1 is predicted to be 31 meV more stable than
betaine binding site 3. The conclusion is that betaine
binding site 1 is the preferential site in the gas-phase
for pHBDI—, 35Me~, Phe™ and rKFP~, although the
electrosprayed ion beam at 7" = 300 K may have a mi-
nor contribution from binding site 3 complexes — see

Supporting Information.

Adiabatic anion-betaine complex binding energies
(CBEs) and vertical detachment energies (VDEs), both
including BSSE corrections, are given in Table3. CBE
values for sites 1 & 3 are 0.9-1.1eV, which is roughly
twice that for pHBDI~-H50 complexes.?”%® Computed
VDE values are all roughly 1eV higher for the com-
plexes relative to the bare anions. An interesting out-
come of complexation is that the S; <Sy absorption
bands for each anion-betaine complex is situated below
the respective detachment threshold, which will have
important implications for the gas-phase excited state
dynamics. For example, it is known that excitation of
pHBDI™ at T'= 300K in the gas phase using a photon
resonant with the peak in the S; +-Sg band results in
a competition between vibrational autodetachment, in-
ternal conversion and isomerization on a sub-picosecond
timescale, 18:59:%0 however, the vibrational autodetach-
ment channel will be unavailable in the betaine com-
plex leading to a situation similar to the protein en-
vironment. Future time-resolved spectroscopy on the
betaine complexes may prove insightful for exploring
microperturbations to GFP chromophore photophysics.

SAPT analysis

The anion-betaine intermolecular binding interactions
were analyzed using SAPT theory. The total SAPTO
energy and decomposed terms for each complex are
summarized in Table4. The total SAPTO energies
(Esapro) when expressed as CBE values indicate an
overestimation of the complexation energy by ~10%
compared with the (adiabatic) DLPNO-CCSD(T) val-
ues in Table4. The overestimation is, in significant part,
because the SAPT framework calculates diabatic ener-
gies that neglects geometry relaxation effects for sepa-
rated fragments. Inspection of the SAPT terms in Ta-
ble4 (usually as a pair of the binding interaction with
exchange contribution) reveal some general trends:

e The electrostatic term dominates complex cohe-
sion for betaine binding sites 1 and 2 for each
of the six chromophores. While O(1) is the de-
protonation site, electron delocalization through
conjugation to O(2) likely means that the elec-
trostatic term is dominated by charge-dipole in-
teractions in both complex geometries (1 and 2).
Taking into account Pauli repulsion, the electro-
static term accounts for 40-50% of the interac-
tion energy (~30% for 35Bu~-Z(1), discussed be-
low), while induction and dispersion account for
~30% and ~20%, respectively.

e The predominant cohesion for betaine binding
site 3 are dispersion forces, accounting for 50—
60% of the complex cohesion. Although the elec-
trostatic and induction terms are substantial for
these complexes, they are largely countered by
Pauli exchange due to the extensive overlap of



Table 3: Relative anion-betaine complex energy, E in meV, for binding site 1/2/3. CBE (in e€V) complex binding
energy, i.e. anion-betaine — anion + betaine, for betaine binding site 1/2/3. VDE (in €V) is the vertical detachment
energy of the complex for betaine binding site 1/2/3. All values are at the DLPNO-CCSD(T) /aug-cc-pVDZ level

of theory and include BSSE correction.

E CBE VDE
Binding site 1/2/3 1/2/3 1/2/3
pHBDI~-Z 0/145 /52 1.09/0.95/1.04 3.66/ 3.61 / 3.64
26Me-Z 73 /228 /0 1.03/0.86/1.09 3.69 /3.67 /3.71
35Me™Z 0/145 /62 1.02/0.87 /096 3.61/3.50/3.57
35Bu~Z 83/104/0 0.88/0.85/0.96 3.81/3.60/3.77
Phe™-Z 0/166 /10 095 /0.78/0.94 3.71/3.64/3.71
rKFP~-Z 0/8 /31 0.88/0.80/085 3.85/3.69/3.83

Table 4: Symmetry adapted perturbation theory (SAPT) analysis of the anion-betaine complexes. * indicates the
lowest energy complex. Contributions with superscript (1) are a first-order perturbation terms, and those with
superscript (2) are second-order perturbation terms. Negative and positive terms indicate binding and repulsive
interactions, respectively. Energies are in kJmol~! except for the complex binding energy (CBE), which is in eV.

Eps  Epx  Ern Bpxin Bp  Epx_p Esapro CBE
*pHBDI--Z(1) | -131.6 72.3 -57.0 147 286 5.3 1249 1.29
pHBDI=-Z(1)® |-1285 729 -57.7 147  -362 6.3 -1285 133
pHBDI=-Z(1)" |-1283 728 -59.1 158  -37.8 66 1299 135
pHBDI=Z(2) |-106.3 583 -402 109 275 42 1004 1.04
pHBDI-Z(3) |-1144 928 -61.3 232  -714 89 1222 1.27
pHBDI=Z(3)" |-111.9 927 -61.3 242  -87.0 106  -135.0  1.40
26Me-Z(1) 1301 723 575 187  -344 6.0 1259 1.30
26Me~-Z(2) 1077 631 411 115 -328 47 1023 1.06
* 26Me~-Z(3) | -133.2 1027 -66.0 246 -804 100  -1423 148
*35Me-Z(1) |-131.2 780 -58.6 154  -345 5.9 1251 1.30
35Me~-Z(1)* | -127.9 784 -60.7 166  -446 7.2 -130.6  1.36
35Me~-Z(2) 1079 592 411 111 -278 4.3 1023 1.06
35Me~-7(3) 1164 954  -63.2 242 739 9.2 1248 1.29
35Me~-Z(3)® | -113.7 953 -65.5 123  -89.8 109  -137.6 1.3
35Bu--Z(1) 1146 810 504 138 493 6.3 1131 117
35Bu~-Z(2) 1043 572 -394 10.7  -27.9 4.2 99.5  1.03
*35Bu~-Z(3) |-124.2 1103 -729 265  -80.0  10.7  -138.7 1.4
* Phe—-Z(1) 1262 69.1 544 135 228 5.1 1207 1.25
Phe~-Z(2) 909 522 -375 117 -269 3.9 874 091
Phe~-Z(3) 1102 914 -59.1 226  -739 9.1 1201 1.25
*IKFP—Z(1) |-1179 665 521 165 311 53 1127 117
rKFP~Z(2) 1004 559 -384 104 271 41 956 0.99
rKFP~Z(3) 1121 972 -64.8 240  -793 9.6 -1254  1.30

@aug-cc-pVDZ basis set. ’jun-cc-pVTZ basis set.

the occupied molecular orbitals of the two frag-
ments.

e For betaine binding sites 1 and 3, increase of
the basis set to jun-cc-pVTZ yielded only small
changes in each term, indicating that the jun-
cc-pVDZ basis set within the SAPTO framework
should provide a satisfactory description.

It is interesting to examine the 35Bu™-Z species since
one of the motivations to study the present series of
chromophores was because alkylation around the de-
protonation site, O(1), may sterically hinder betaine
binding. In this case, betaine binding site 3 corre-

sponds to the lowest energy complex, which contrasts
with pHBDI™-Z and 35Me™-Z for which betaine bind-
ing site 1 is lower in energy. The SAPTO terms for the
pHBDI™-Z — 35Me™-Z — 35Bu~-Z alkylation series
show only a small decrease in the electrostatic term for
35Me~-Z(1) compared with pHBDI~-Z(1), but a signif-
icant decrease for 35Bu~-Z(1) when taking into account
the Pauli repulsion (steric) term. On the other hand,
there is an increase in the dispersion forces contribution
for 35Bu~ complexes to ~40% such that they dominate
the complex cohesion forces.

In summary, betaine molecules are predominately co-
ordinated to the phenoxide sites of gas-phase pHBDI



chromophores through electrostatic forces. Introduc-
tion of steric hindrance from tert-butyl groups around
the deprotonation site leads to alternative side-on com-
plex binding in which dispersion forces become domi-
nant.

Anion-betaine spectral shifts

Calculated vertical excitation wavelengths for the
S; Sy transition in the bare anions, anion-betaine
complexes and point-charge complexes are given in
Table 5. Before discussing these data, it should be out-
lined that the experimental betaine-induced spectral
shifts correspond to averaged values for the complexes
at T ~ 300K because the complexes are highly flux-
ional because intermolecular complexes have ‘shallow’
potential energy surfaces. For example, the calculated
average thermal energy for pHBDI™-Z(1) at T = 300K
from a harmonic partition function is 0.67eV, which is
nearly two thirds of the CBE. For this reason, compar-
isons between calculations assuming only equilibrium
geometries and experiments should focus on trends such
as mean deviations compared with experiment rather
than quantitative agreement.

Computed transition wavelengths for the bare anions
(Table5) are generally in good accord with the experi-
mental data. Across the chromophore series, the mean
deviation in terms of photon energy between bare anion
calculation and experiment is 0.04 eV, with the largest
deviation being for 35Me™ at 0.06 eV (comparable with
A values in Tablel). Interestingly, for the lowest en-
ergy anion-betaine complexes, the mean deviation is the
same at 0.04eV, indicating that the STEOM-DLPNO-
CCSD /aug-cc-pVDZ level of theory satisfactorily ac-
counts for the betaine-induced spectral shift.

It is worth noting that the complexation of betaine
causes geometric changes to the chromophore anions.
For betaine binding sites 1 and 2, the perturbation
is small and calculated transition wavelengths for the
bare chromophores anions at their complex geometries
leads to spectral shifts of > 0.01eV. For 26Me~-Z(3)
and 35Bu~-Z(3), which correspond to the lowest energy
complexes for those chromophores, the side-on bind-
ing interaction causes an internal twisting of the al-
lyl bridge. For 26Me~ (see illustrations in Supporting
Information) the dihedral angle across the methylene
bridge is 18° [bare anion]| and 39° [26Me~-Z(3)]. For
35Bu~-Z(3) the dihedral angle is 19°. These twists alter
the transition compared to the bare anion by ~0.04 eV,
accounting for much of the betaine-induced shift. Thus,
for betaine binding site 3, a substantial part of the
betaine-induced shift results from distortion of the chro-
mophore backbone. Again, the present calculations con-
sider minimum energy geometries and do not account
for gas-phase fluxionality in the experimental data.

In addition to the quantum mechanical treatment of
betaine, vertical excitation wavelength calculations were
performed using the STEOM-DLPNO-CCSD frame-
work in which the betaine atoms were replaced with
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point changes computed using three common atomic
population schemes (Table5). Mean deviations of cal-
culated values relative to experiment are 0.04 eV (MBS),
0.07eV (NBO), and 0.10eV (CM5). For comparison, the
average difference in the action spectra between max-
ima bare anion and anion-betaine complex is 0.11eV.
Thus, while the point-charge models correctly predict
blue-shifted absorption, agreement with experiment is,
on average, substantially worse (particularly CM5) than
with quantum mechanical treatment of betaine. We
conclude that more than just electrostatic and point-
charge induction forces are necessary to account for ex-
perimental anion-betaine spectral shifts. Fortunately,
the favourable computational scaling of the STEOM-
DLPNO-CCSD method allows the methodology to be
applied to substantially larger betaine complexes on
conventional laboratory computing resources. For ex-
ample, the 35Bu™-Z(3) complex with 69 atoms took
~12 hours to compute the first three excited states on a
laboratory computer with dual Xeon E5-2680v2 CPUs
and 256 GB RAM. The point-charge model calculations
for the 35Bu~-Z complexes took =4 hours.

Conclusions

This work has reported photodissociation action spec-
tra at T = 300K for bare anions and betaine com-
plexes of six pHBDI-based molecules. In each case,
betaine complexation leads to a blue-shift of the ac-
tion spectrum. For complexes in which betaine is co-
ordinated to the phenoxide deprotonation site, electro-
static forces are primarily responsible for complex cohe-
sion although induction and dispersion forces still have
an important contribution. On the other hand, steric
crowding around the deprotonation site and/or allyl
backbone torsion result in a side-on complex geome-
try in which dispersion forces dominate cohesion of the
complex. The anion-betaine spectral shifts are readily
reproduced using the STEOM-DLPNO-CCSD method,
although with the caveat that comparison with exper-
iment is not always trivial because of fluxionality. A
point-charge model does not satisfactorily account for
the betaine-induced spectral shifts, consistent with the
fact that induction and dispersion forces are important
for complex cohesion. The methodology assumed in
this work could be applied to characterize other anion-
betaine complexes, or presumably more general ion-
zwitterion complexes.

One of the original motivations for development of
the betaine tagging strategy was to inform on the
charge-transfer character of electronic transitions, pro-
vided there is a single and known betaine binding site
for asymmetric target molecules. While the S; <Sg
transition for pHBDI™ in the gas phase or in GFP
is thought to involve some degree of charge-transfer
character,”?%:61 deployment of a robust theoretical
framework to charge-transfer properties in the chro-
mophores/complexes considered in this work would be



Table 5: Calculated Sy < S transition wavelengths (DLPNO-STEOM-CCSD /aug-cc-pVDZ level of theory) for the
bare anions, anion-betaine complexes, MBS, NBO, and CM5 point charge models of betaine. Values in parentheses
are deviations in eV from the experimental data in Table1. 1eV=96.49kJ mol~!. This table is reproduced in eV in

the Supporting Information.

MBS
1/2/3

NBO
1/2/3

CM5
1/2/3

bare anion complex
Binding site 1/2/3
pHBDI™ 494 (0.05) 463 (0.03) / 479 / 485
26Me~ 499 (0.00) 479 / 444 / 490 (0.04)
35Me~ 510 (0.06) 469 (0.04) / 490 / 492
35Bu~ 507 (0.04) 485 / 498 / 480 (0.03)
Phe™ 564 (0.05) 551 (0.05) / 567 / 533
rKFP~ 608 (0.02) 568 (0.07) / 568 / 541

432 / 440 / 477
480 / 477 | 476
460 / 483 / 470
464 / 505 | 487
538 / 506 / 531
573 / 576 / 551

441 ] 433 ] 475
487 / 449 / 468
460 / 499 / 486
469 / 499 / 490
542 / 548 / 527
568 / 575 / 549

447 /436 / 479
481 / 458 / 448
470 / 460 / 474
476 / 507 / AT5
548 / 544 / 536
585 / 582 / 554

a useful direction for future work.

Future experiments will endeavour to apply time-
resolved strategies such as femtosecond pump-probe
photoelectron imaging across a similar series of pHBDI-
based chromophores and complexes with molecules such
as water, methanol or betaine. Such experiment should
inform on how complexation affects intrinsic photo-
physical properties including excited state lifetimes and
photoisomerization propensity, 5% as well as changes
in vibrational autodetachment and internal conversion
competitions due to the increased electron detachment
thresholds in the complexes.

Supporting Information Available

Solution absorption spectra of Phe™. 26Me~ and
26Me~-Z(3) geometries. Boltzmann populations of the
anion-betaine complexes with binding site.
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