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The second-order nonlinear optical (NLO) responses of a donor—acceptor stenhouse adduct (DASA) are
investigated by using a computational approach combining molecular dynamics simulations and density
functional theory (DFT) calculations. Specific force fields for the open and closed photoswitching forms
are first parameterized and validated according to the Joyce protocol, in order to finely reproduce the
geometrical features and potential energy surfaces of both isomers in chloroform solution. Then, DFT
calculations are performed on structural snapshots extracted at regular time steps of the MD trajectories
to address the influence of the thermalized conformational dynamics on the NLO responses related to
hyper-Rayleigh scattering (HRS) experiments. We show that accounting for the structural dynamics

Received 23rd January 2024, largely enhances the HRS hyperpolarizability (furs) compared to DFT calculations considering solely

Accepted 5th March 2024 equilibrium geometries, and greatly improves the agreement with experimental measurements.
Furthermore, we show that the NLO responses of the NLO-active open form are correlated with the

bond order alternation along the triene bridge connecting the donor and acceptor moieties, which is
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1 Introduction

Stenhouse donor-acceptor adducts (DASAs) are a class of
organic molecules first synthesized by Read De Alanis and
colleagues in 2014,? that have attracted much interest over
the past decade due to unique reverse photochromic proper-
ties. The structure of these systems comprises an amine donor
and a dicarboxylate acceptor from either Meldrums or barbi-
turic acids at the terminal positions of a n-conjugated triene
bridge. When exposed to visible light, DASAs photoisomerize
from the thermodynamically stable conjugated (open) form to a
non-conjugated cyclic (closed) form, undergoing a loss of color
that reversibly recovers in the dark. The design of successive
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rationalized using simple essential state models.

generations of DASAs upon variation of the substitution pat-
tern, rationalized by quantum chemistry calculations, further
demonstrated high tunability in their photoswitching behavior
and excellent fatigue resistance.>'® In addition, the significant
change in (photo)physical and chemical properties upon photo-
isomerization makes DASAs very useful for many applications,
ranging from colorimetric sensing to photo-induced drug-
delivery systems.'”'® Recently, the potential of DASAs for
exploitation within light-responsive nonlinear optical (NLO)
materials and devices has also been demonstrated. Quantum-
chemical calculations performed on a large number of DASA
derivatives predicted that the alteration of the n-electron con-
jugation along the photocommutation should induce a signifi-
cant contrast in the first hyperpolarizability (8),">*° which was
subsequently proved experimentally by means of hyper-
Rayleigh scattering (HRS) measurements.”’ These extensive
experimental and theoretical investigations allowed to identify
the BA4 derivative (Fig. 1), incorporating a barbituric acid (BA)
acceptor moiety and a tertiary amine donor, as a highly effective
NLO switch due to its fast and efficient photoconversion,
intermediate time constant for the back reaction, and high
contrast in the second-harmonic (SH) intensity.

In this theoretical contribution, we investigate further the
second-order NLO responses of BA4 in both its closed and open
forms, by taking into account the effects of thermally-induced
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Fig. 1 Photocommutation between the open and zwitterionic closed
forms of BA4.

fluctuations in the geometry of the chromophore. Indeed,
molecular hyperpolarizabilities are highly sensitive to geo-
metrical distortions, and structural dynamic effects have been
shown to play a leading role in the NLO properties of organic
dyes.?” The computational approach involves classical mole-
cular dynamics (MD) simulations and subsequent quantum
chemistry (QM) calculations performed at the density func-
tional theory (DFT) level on statistical samplings of uncorre-
lated molecular snapshots extracted from the MD trajectories.
This sequential MD + QM (or MD + DFT) scheme®* 2 has been
previously employed to characterize the SH responses of vari-
ous organic species in solution, including photochromic
compounds.’’ > For example, it was shown to drastically
improve the description of the first hyperpolarizability contrast
between the open and closed forms of switchable indolino-
oxazolidine derivatives.”®

However, this computational strategy requires the develop-
ment of highly accurate and system-specific force fields (FFs),
as the NLO properties targeted by DFT calculations have high
sensitivity to geometrical changes. Therefore, the first part of
this work was dedicated to the derivation of force-fields able to
precisely reproduce the structural features of BA4 in both its
open and closed forms. Concretely, two quantum mechanically
derived force-fields (QMD-FFs** %) were specifically tailored for
either the open or closed BA4 forms, based on QM descriptors
purposely computed at the DFT level. In the second part, the
second-order NLO responses of BA4 and their variation upon
switching were computed at the DFT level along the MD
trajectories obtained with the QMD-FFs and validated against
previously reported experimental data.>® The influence of
dynamic geometrical distortions was then analyzed in detail
and rationalized in the light of simple essential state models.

2 Theory and methods
2.1 Training molecular descriptors

To build the training database required by the QMD-FF para-
meterization, selected molecular descriptors were computed at
QM (DFT) level for both the open and closed form of BA4. In
fact, as previously reported,"*° DASA derivatives incorporating
non-symmetric amines can adopt two different conformations
in their open form (Fig. 2), the first one with the smaller
substituent in the upper position being slightly more stable
(with a Gibbs free energy difference of 0.45 kcal mol " at 298 K).
Moreover, the most stable closed form of BA4 in chloro-

form adopts a zwitterionic structure, as illustrated in Fig. 2.
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Fig. 2 Possible open conformers (left) and zwitterionic closed form (right)
of BA4. Torsional angles and intramolecular non-bonded interactions
discussed in the text are also displayed.

Following the standard Joyce procedure,*®*” the QM training

data set for each form is composed by the optimized geometry,
its Hessian matrix and relaxed torsional energy scans along the
most flexible coordinates. To this end, reference geometries for
both forms of BA4 were obtained by optimizing all coordinates
using DFT, and the Hessian matrices were computed at these
conformations. In addition, the relaxed energy profiles were
obtained by minimizing all internal coordinates but the
scanned dihedral. All DFT calculations were performed using
the Gaussian16 package,’® employing the M06-2X*" exchange-
correlation functional (XCF) with the aug-cc-pVDZ basis set,
accounting for dispersion effects by means of the Grimme’s D3
correction®” and for solvent effects (here chloroform) by using
the solvation model based on density (SMD),** which was
shown to reproduce the relative thermal stability of open and
closed DASA isomers more accurately than other polarizable
continuum models.>* At this level of approximation, selected
according to benchmark calculations reported in ref. 21,
the open-to-closed Gibbs isomerization energy is equal to
6.73 keal mol ™.

2.2 QMD-FF parameterization

Based on the aforementioned QM training molecular descriptors,
two separate QMD-FFs, for either BA4 open and closed forms, were
parameterized exploiting the standard partition®***™*¢ of the total
QMD-FF energy, Eg’ﬁID_FF, in an intramolecular contribution, ruling
the molecular flexibility and an intermolecular term, which
describes the interaction with the solvent:

total

intra
EQmp-Fr =

t
= EqmpFr T Eglr\ff) FF (1)

The interactions between the BA4 solute and the surrounding
chloroform molecules, is hence accounted as:

Npag
mter

QMD FE = E EEBA4 CHCl3 (2)

where 7 and j run on the atoms of the Nga, solute and CHCl,
solvent, respectively, whereas E;M'CHC]“ takes the standard

expression:
; 12 ; 6
nter nter
. g g qiq;
461[;_1ter y _ y +( ) ) (3)
Tjj rij 4TE€()I"[/'
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The first term in square brackets on the right side of eqn (3) is
the standard 12-6 Lennard-Jones (L]) potential, while the second
term accounts for the Coulomb charge-charge interactions. In the
present work, only the latter term was derived from QM data,
whereas the LJ intermolecular parameters, consistently with the
description chosen for the CHCI; solvent, were transferred from
the OPLS database.*”** Conversely, the point charges were speci-
fically derived through the RESP method from the DFT electronic
density of either the open or closed isomers, exploiting their
optimized geometries computed for the Joyce parameterization.
A full list of the intermolecular parameters for both forms is
reported in the ESIt (Tables S1 and S7).

The QMD-FF parameterization of the intramolecular term in
eqn (1) was carried out according to the Joyce protocol,***” thus

computing Egup.r as:

Nitr Nond
EQMb-rr = ZEs(ri) + Z Ey(0))
i i
4)
Nitors Nitors

+ Z Ey(d) + Z Eq(0:) + Exg,
where the first two terms describe stretching and bending
contributions, respectively:

Ey(r;) = %kj? (i = 1) Eo(0) = %k}? 06" (5

being k°(k°) and r°(0°) the harmonic force constants and
equilibrium values. According to the standard Joyce proce-
dure,*¢*%%6%% the same harmonic expression is employed to
describe dihedrals, ¢, which are expected to be subjected to
small oscillations around their equilibrium position, as those
ruling the planarity of stiff aromatic rings or double bonds, i.e.:

AE($) = 343 (6~ )’ )

where ki* and ¢ are the force constant and equilibrium angle
for the stiff torsion i. Conversely, the more flexible dihedrals ¢
are described through sums of Fourier-like terms:

eos
AEq(8;) =Y ciell + cos(nixdiu + 73] 7)
x

Finally, as the MD runs are expected to explore a large portion
of the potential energy surface (PES) of the target molecule, in
which the open form might be found in varied conformations,
intramolecular non-bonded interactions were introduced
between selected atom pairs, to account for both the steric
repulsion between close atoms and the possible intramolecular
hydrogen bonds (HBs). Following the Joyce protocol, such
interactions can be introduced through specific LJ intra-
molecular model functions as:

o.i}_ltra 12 ai_mra 6
LI(.\ _ g intra v _ y
AES, (’ 41) = 4¢;; (8)
rij rij

It is worth noticing that ¢"™ and ¢™™™, the intramolecular L]

parameters entering in the above equation and describing the

This journal is © the Owner Societies 2024
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interaction between selected atom pairs belonging to the same
molecule (BA4), differ from ¢ and ¢ reported in (3), which were
instead designed to mimic the interaction among atoms per-
taining to two different molecules (here BA4 and chlorofrom).

Once all potential terms have been assigned to each coordi-
nate, the QMD-FF parameters (i.e. all equilibrium coordinates
and force constants) were simultaneously determined from the
stored QM molecular descriptors with the Joyce software,’® by
minimizing the standard®***” objective function:

—6 " intre 2
fintra 3NZ( Wit |y (FESiberr
K<L C aQKaQL go

©)

Ngcom

. 2
+ Z W, [AU - E&t/r{(})-FFL
I

where the sum in the first term runs over the 3N — 6 dye’s
normal modes (Q), C is a normalization factor, and Hg; an
element of the QM Hessian matrix, evaluated in the minimum
energy geometry (go). In the second term, AU, is the QM
computed energy difference between the g and g, geometries,
while Ngeom is the number of different geometrical arrangements
sampled along the QM relaxed energy scans. The weights Wy,
and W, were set, as in most recent applications,*’*®*®*>°12 to
2500 (for K # L), 5000 (for the diagonal elements) and 1.0 for all
g geometries.

2.3 Molecular dynamics

MD simulations were carried out with the Gromacs code®
employing the parameterized QMD-FFs, either on each isolated
(gas phase) DASA isomer or on a system consisting of one open
or closed isomer and ~1000 explicit chloroform molecules.
Simulations were performed in the NVT ensemble at 298 K for
the isolated molecule in the gas phase and at constant pressure
and temperature (NPT, 1 atm and 298 K) in solution. For the
isolated molecule, a 5 ns trajectory at 298 K was produced,
storing DASA’s conformations every 100 ps. Conversely, the
solvated system was equilibrated in the NPT ensemble for 5 ns,
keeping temperature (298 K) and pressure (1 atm) constant in
the NPT ensemble through the Berendsen algorithm.>* There-
after, a 10 ns production run was carried out, keeping the same
temperature and pressure constant through the Bussi-
Parrinello® and Parrinello-Rahman®® schemes, which are cap-
able to preserve the correct statistics in the NPT ensemble.
In all runs, unless otherwise stated, no bond length was
constrained and the time step was set to 0.25 fs. A cut-off
distance of 12 A was employed for short-range interactions, and
the standard correction for energy and virial applied to LJ
potentials. Long range electrostatic was accounted for by the
particle mesh Ewald scheme (PME). Temperature and pressure
coupling constants tr and 1, were set to 0.1 ps and 5 ps,
respectively.

2.4 Reference molecular properties

The parameterized QMD-FFs were validated by comparing
geometrical, electronic and optical properties calculated using

Phys. Chem. Chem. Phys., 2024, 26,13639-13654 | 13641
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Fig. 3 (a) Specific atom labeling adopted during the Joyce parameteriza-
tion for the open DASA isomer. Only symmetry- or chemically equivalent
atoms share the same label. All label suffixes refer to the fragmentation
scheme evidenced with the red letters: A (ring A), B (ring B) and C (Chain).
(b) Definition and labeling of the most flexible dihedrals of the open DASA
isomer, all handled by the QMD-FF through egn (7), unless otherwise
stated. The internal non-bonded coordinate Mg:--Opy (see eqn (8)) is also
evidenced with a dashed cyan line.

Fig. 4 (a) Specific atom labeling adopted during the Joyce parameteriza-
tion for the closed DASA isomer. Only symmetry- or chemically equivalent
atoms share the same label. All label suffixes refer to the fragmentation
scheme evidenced with the red letters: A (ring A), B (ring B) and R (ring C)
and M (methyl). (b) Definition and labeling of the most flexible dihedrals of
the closed DASA isomer, all handled by the QMD-FF through eqgn (7). The
internal non-bonded coordinate ry ..o, (€dn (8)), is also evidenced with
a dashed cyan line.

MD geometries with those obtained from reference DFT calcu-
lations. Concerning the structural descriptors, particular atten-
tion was paid to the torsional degrees of freedom defined by
the dihedral angles () shown in Fig. 2 (see Fig. 3 and 4 for
3D representations), and to the length of intramolecular HBs
(ra,-0,, and 14 0,,)-

For the conjugated open form, the planarity of the central
part is measured through the dihedral angle ¢ = 1-2-5-6 (see
Fig. 2 for atom labels), while the overall molecular length is
estimated through the OA1-NC distance (see Fig. 3). Addition-
ally, bond length alternation (BLA) and bond order alternation
(BOA) along the triene bridge are defined as:

dys +dys  dip 4 dzg + dss

BLA = —
2 3

(10)
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023 + 045 012 + 034 + 056

BOA = 2 — ; (11)

where d;; and o; are bond distances and bond orders between
atoms i and j, respectively. The bond order o; estimates the
number of electrons fluctuating concurrently between atoms i
and j. The different atoms are defined according to the quan-
tum theory of atoms in molecules (QTAIM)*” and their corres-
ponding overlap integrals were obtained from the AIMAIl
software.>® Finally, the bond orders were calculated using the
ESI-3D code®® ! using the following expression:®**

05 = ZJ J Pxe(r1,12)drdry = —2cov(N;, N;) (12)
iJj

where N; and N; are the atomic populations and py(ry, r,) is the
exchange-correlation density. Note that, while m-conjugation
metrics like BLA and BOA are known to be highly sensitive to
the choice of XCF,***® the M06-2X XCF was shown to reliably
describe these indicators for extended n-conjugated systems.®”*®

Turning to the optical properties, the Franck-Condon ver-
tical absorption energies between the ground and first excited
states, as well as the second-order NLO responses, were calcu-
lated using time-dependent (TD) DFT at the SMD:MO06-2X/
6-311+G(d) level. More specifically, the investigated NLO responses
are related to hyper-Rayleigh scattering (HRS) experiments, in
which the intensity of the light at the second harmonic fre-
quency, collected perpendicularly to the incident laser beam, is
proportional to the square of the first hyperpolarizability of the
molecular scatterers. Assuming a vertical polarization of the
scattered light (parallel to the Z axis of the laboratory frame)
and a non-polarized incident light (i.e. including both vertical
and horizontal components along Z and X, respectively), the
HRS hyperpolarizability reads:

<ﬁZXX2>
1+ 1/DR)

<ﬁZZZz>

Burs(—20; 0, 0) =
where the (f,,,°) and {f,xx’) rotational averages can be written
in terms of molecular ff tensor components as follows:

(13)

Yz X )2
ﬁ777 Z 31 y C{n 35 Z ﬁsggﬁmn
4 C#n {#n
4 x X7 X
3_ ﬂmsﬁﬁm 352135“/3;1;14 35;ﬂnst
4 Xz 1 X0,z
+m Z ﬁsu?ﬁﬂff +70z 105 . Z ﬂ'/ksﬁﬂii
(#n#E
X,z
losgégﬁéwﬁcéﬂ
Xp,2 X,2
105 Z 'Bs’lc 105 Z ﬁlﬂiﬁnC§

{#n# (#n#¢

(14)
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(15)

The depolarization ratio (DR in eqn (13)) is defined as the ratio
between these two components and provides information on
the symmetry of the second harmonic scatterer. It ranges from
3/2 for pure octupolar compounds to 9 for pure dipolar ones.
For strong push-pull n-conjugated molecules, the hyperpolar-
izability tensor is largely dominated by the diagonal component
of the f§ tensor oriented along the charge transfer axis (f,..); in
this case, the NLO scatterers are said “one-dimensional” (1D)
and the DR value is equal to 5. ffyrs and DR values were
computed in the static limit (o — 0 in eqn (13)), as well as in
the dynamic regime using an incident wavelength of 1300 nm
as used in the experiments.>" All f8 values reported hereafter are
given in atomic units (1 a.u. of §=3.6310"** m* V"' = 3.2063 x
102 C*m?®J % =8.641 x 10 >3 esu) and assume a Taylor series
expansion of the molecular induced dipoles with respect to the
external electric fields, according to the T convention.®®

All the computed geometrical and optical reference mole-
cular descriptors, obtained on the considered QM optimized
conformers, are collected in Table 1.

3 Results

3.1 QMD-FF parameterization

3.1.1 Open form. As detailed in Fig. 3a, the first step for the
QMD-FF parameterization of the open form consisted in
assigning specific atom types, taking into account the different
(internal) chemical background experienced by each atom.
Next, by looking at its chemical structure, it can be hypothe-
sized that the open BA4 isomer is characterized by a certain
degree of flexibility. Beside the trivial rotation of the methyl
groups (9, and J,) and the one around the C-OH bond (dop,
influenced by the intramolecular HB), possible dihedral distor-
tions can also take place along the conjugated chain, i.e. Jga,
0c1—0ca, On1, and most likely, dgp and Jn,. A summary of all
possible flexible dihedrals is sketched in Fig. 3b.

The Joyce parameterization was initially carried out with
varied choices concerning the flexible dihedrals and the model
potential energy function (8) to the internal ry_...o,, distance,
which led to the refinement of three different sets of QMD-FF

This journal is © the Owner Societies 2024
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Table 1 Reference geometrical and optical descriptors for open and
closed forms of BA4 used for QMD-FF validation (torsional angles ¢ and
£ (degrees) and distances ry 6-Onor MHyg=Ops and r0-N¢ (A), see Fig. 2 for
definitions), bond length alternation (BLA, A) and bond order alternation
(BOA) along the triene bridge, calculated at the SMD:M06-2X-D3/aug-cc-
pVDZ level; vertical So — S; absorption energy (AEq, eV), first hyperpolar-
izability (furs, @.U.) and depolarization ratio (DR) computed for an incident
wavelength of 1300 nm and in the static limit at the SMD:M06-2X/
6-311+G(d) level. For the open form, Boltzmann-averaged values calcu-
lated according the relative populations of the two conformers at room
temperature are also reported

Open
Conformer 1  Conformer 2  Averaged Closed

Sra 0 0 0 47
OrB 37 46 40 108
der 180 180 180 —
dca 180 180 180 —
dcs 180 180 180 —
Sca 179 179 179 —
Sn1 176 1 — 142
Sna 70 80 73 170
¢ 180 180 180 —
TH-0,, 1.575 1.575 1.575 —
11,0, — — — 1.832
To,,-N, 11.44 11.46 11.45 4.51
BLA —0.001 —0.006 —0.003 —
BOA —0.017 —0.038 —0.024 —
AEy, 2.53 2.54 2.53 3.63
Purs (1300 nm) 4860 6133 5267 292
DR (1300 nm) 2.69 3.16 2.84 2.38
Burs (static) 3669 4381 3897 344
DR (static) 2.52 2.81 2.61 2.29

parameters, hereafter labeled as FF1, FF2, and FF3. Concretely,
for all FFs, the stretching, bending and stiff dihedrals coordi-
nates were described through the harmonic terms (5) and (6),
whereas the flexible dihedrals d,, dra, Org, Oc2, 9c3, Oon, On1 and
Onp were instead modeled with the Fourier-like term (7). Note
that in consideration of the high barriers and the rather
unfavourable local minima found in QM scans required by
the training data base, dihedrals dc; and ¢, were treated as
flexible torsions only in the first two QMD-FFs, while in FF3
they were considered as stiff torsions, and hence approximated
through harmonic terms (see also Table 2).

Additionally, it is worth stressing that the ry...o,, distance
between the hydroxyl proton Hp and either one of the carboxyl
oxygen atoms O,, is involved in two different mechanisms, and
hence pivotal to determine the BA4 open form conformations:
(i) the internal Ho---Oa, hydrogen bond, and (ii) the co-
planarity of the C and A fragments, which in turn affects the
delocalization of the electron cloud from the ring to the chain.
For this reason, particular attention was paid to the LJ para-
meters entering eqn (8) for the Ho/O,, pair, and different sets
of ¢ and "™ parameters were evaluated for each consid-
ered FF, as summarized in Table 2.

Once the LJ intramolecular parameters have been assigned,
all the remaining QMD-FF parameters were determined with
the Joyce code, by minimizing the standard objective function
(9). All parameters are reported in Tables S2-S6 (ESIt).

Phys. Chem. Chem. Phys., 2024, 26,13639-13654 | 13643
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Table 2 Summary of the different parameterization settings for the QMD-FFs of the DASA open form. All ™™ and ¢

in kI mol™ and A, respectively. Atom labeling refers to Fig. 3
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ntra parameters are reported

L] Ho- - -Oa» L] He---Hp LJ He, - -Hs,
QMD-FF Et()rs(5C1) Etors((sczl) 6inlra o_intra 6inlra O_intra 6inlru O_intra
FF1 Cos Cos 0.33209 1.750 0.125 2.46 — —
FF2 Cos Cos 15.000 1.410 0.125 2.46 0.125 2.46
FF3 Harm Harm 15.000 1.410 0.125 2.46 0.125 2.46

3.1.2 Closed form. A specific QMD-FF was also parameter-
ized for the closed conformer, applying the Joyce protocol, but,
as discussed in the following, with slight different settings with
respect to the open form, due to the very different shape and
flexibility exhibited by the two isomers.

In fact, as evident in Fig. 4, the formation of the five-
membered ring (R) from the conjugated chain (C, in open
DASA, see Fig. 3) implies a chemical change in the involved
atoms, which leads to different atom types and to a significant
reduction of the flexible dihedrals since, apart for §; and J,, the
only allowed internal rotations are those around the ¢ bonds
connecting the four A, C, R and M fragments, as evidenced in
Fig. 4b. Yet, despite the reduced number of torsional degrees of
freedom, the QM relaxed torsional scans required to build the
Joyce training data set revealed a significant complexity of the
conformational space accessible to the DASA closed form. Such
features are mainly caused by both the steric hindrance of the
rotable groups (that may “hit” onto each other upon rotation)
and by the delicate interplay settled among different kind of
“through space” intramolecular interactions, as the n-stacking
between the A and B rings, or the internal HB between Hyy and
O,, atoms, in turn affected by possible rotations. To account for
these features, the sole use of bonded valence term is clearly
not sufficient, and the sum in the intramolecular non bonded
energy term in eqn (8) has to be extended to a larger number of
interacting pairs. Such procedure has been here performed
specifically for the target molecule, manually selecting the most
plausible interacting pairs, defining them through " and
o™ sets tuned to reproduce a particular interaction, e.g.
OPLS*”*® parameters between heavy atoms of ring B and ring
A for mimicking n-n stacking, or scaled parameters to simply
account for steric repulsion. Such set of intramolecular LJ
parameters, reported in detail in Tables S12 and S13 (ESIf),
was fixed at the beginning of the Joyce parameterization, which
was carried out on all the remaining harmonic and cosine force
constants, according, as for the open form, to eqn (5)-(9).
All parameters obtained for the closed form are reported in
Tables S8-S13 (ESIY).

3.2 QMD-FF validation along the QM PES

To judge the performance of the different FFs, we have moni-
tored some of the specific geometrical descriptors discussed in
the previous sections. Firstly, FF1 presented an issue in preser-
ving the intramolecular hydrogen bond during the conforma-
tional dynamics occuring in MD simulations. In fact, as
appears by looking at Fig. S1 (ESIt), the average ry__o,, distance

13644 | Phys. Chem. Chem. Phys., 2024, 26, 13639-13654

(>2 A), registered in the MD runs carried out on the isolated
molecules, deviates significantly from the QM reference values
(1.575 A, see also Table 1), hence suggesting that the intra-
molecular HB is not adequately described. To overcome this
lack, the FF2 force field was designed by refining the intra-
molecular L] parameters as summarized in Table 2. The
resulting change in the distribution of ry_,, from FF1 to
FF2 can be monitored in Fig. S1 (ESIf). Notwithstanding the
correct treatment of the intramolecular hydrogen bond
obtained through the LJ refinement, some additional issues
were found on the structures produced with FF2, revealed by
both a structural analysis and preliminary calculations of the
p responses. In fact, few snapshots revealed an anomalous twist
of the backbone (see Fig. S3, ESI{), implying a distortion of the
¢ dihedral, which in turn leads to a decrease of the molecular
length (7o, n_, see Table 1) and eventually to critical over-
estimation of the computed first hyperpolarizability. To avoid
such inconvenience, as previously mentioned, a third QMD-FF
(FF3) was prepared, where dc; and ¢, are considered as stiff
torsions and hence described with harmonic potentials (see
Table 2). As a consequence, a slight reduction in the standard
deviation of both ¢ and the molecular elongation has been
observed and illustrated in Fig. S1 and S2 (ESIf). A final
validation on the intramolecular terms of FF3 was carried out
by computing selected linear and nonlinear optical properties
along the trajectory in solution for the open form (Table S14,
ESIT). The addition of the planarity constrains contributes to
slightly reduce the standard deviation of the corresponding
NLO response. The aforementioned observations have led us to
the choice of FF3 as the best fit among the built FFs for the case
of open DASA. In the following, we will therefore refer to FF3 for
the discussion on the results obtained for the open form.

The parameterization of the FFs yielded standard deviations
of the objective function (9) respectively of 0.8 and 1.9 k] mol "
for the open and closed isomers, and, as shown in Fig. 5, a good
general agreement between the QM and QMD-FF optimized
structures and vibrational modes. A more quantitative evalua-
tion of the accuracy of the QMD-FF in reproducing the target
QM data in a local harmonic approximation is given in Table 3,
where the deviation between the two structures is reported in
terms of internal coordinates. Excellent agreement is obtained
for all coordinates in both cases, with the exception of the
deviation found in the dihedrals (>10°) for the open form,
which lies essentially in a misalignment of a CH; rotation,
hence negligible to our scopes.

Besides well reproducing the optimized conformers and
their oscillations around the respective equilibrium structures,
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Fig. 5 (a) Open conformer: overlap between QM (gray solid spheres) and
QMD-FF (transparent green spheres) optimized geometries (right) and
comparison of QM and QMD-FF frequencies and normal mode overlap
(left). (b) Closed conformer: overlap between QM (purple solid spheres)
and QMD-FF (transparent orange spheres) optimized geometries (left) and
comparison of QM and QMD-FF frequencies and normal mode overlap
(right).
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Table 3 RMSD between QM and QMD-FF optimized geometries in terms
of bond lengths, bending angles, dihedrals and molecular normal modes
(total) for the open and closed DASA isomers

Bond Bending Dihedrals Total
Conformer lengths (A) angles (degr) (degr) (a)
Open 0.000 0.096 14.00 0.31
Closed 0.001 0.305 3.43 0.22

to reliably sample the conformational space explored by MD, it
is pivotal to accurately account for the flexibility of the target
molecules. For these reason all the relaxed torsional scans were
recomputed at QMD-FF level, and compared to the corres-
ponding QM profiles in Fig. 6 and 7. All the QM torsional scans
computed for the open isomer appear to be well reproduced by
the FF3, with high accuracy obtained for both the most flat
profiles (5,, ogrg and Jy,) and the ones presenting higher
barriers, as dgra, Oc2, Ocs and Jyy. Furthermore, the choice of
representing dc; and dcs with harmonic potentials does not
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Fig. 6 Comparison of QM (full circles) and QMD-FF (FF3, dashed lines)
relaxed torsional energy profiles for all the scanned dihedrals of the open
isomer. In all panels, a dashed line is drawn to show 10kgT (25 kJ mol™).
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Fig. 7 Comparison of QM (full circles) and QMD-FF (dashed lines) relaxed
torsional energy profiles for all the scanned dihedrals of the closed isomer.
The results obtained for the same dihedrals in the open form is also drawn
with empty circles (QM) and dotted lines (QMD-FF, FF3). In all panels, a
dashed line is drawn to show 10kgT (25 kJ mol™3).

seem to introduce significant errors: the steepness of the
repulsive branches around the minimum (180°) is in nice
agreement with the one found at the QM level, whereas the
QM barrier that should be crossed to populate the (high energy)
local minima at 0° are located at energies well above 10kgT,
excluding such possibility.

Fig. 7 displays the QMD-FF torsional profiles for the closed
form, focusing on the four most important dihedrals by com-
paring them with both their QM counterparts and with the
open form profiles of the same dihedrals. Notwithstanding a
slightly worse agreement, due to the aforementioned complex-
ity of the closed isomer PES, the QMD-FF appears to be capable
to catch all minima and barriers of the reference QM data, and,
most importantly, the completely different profiles resulting
after the open-to-closed interconversion.

3.3 QMD-FF validation on geometrical properties

Choosing FF3 as the best option among the constructed FFs, we
considered 1000 structural snapshots from MD trajectories
carried out in chloroform solution, and investigated first the
evolution of the geometrical and electronic parameters of both
the open and closed forms of BA4. Considering the open
isomer, preliminary MD runs were carried out to investigate
the equilbrium between the two conformers shown in Fig. 2. To
this end we chose to extend the simulation time to 50 ns, yet
constraining all bonds through the LINCS algorithm” and
using an increased time step of 1 fs. Fig. 8 shows the time
evolution of the Jy; dihedral along such MD runs, starting
either from conformer 1 or 2, as well as the relative populations
of the two conformers. At room temperature, this time range is
not sufficient to observe interconversion between the two
conformers. However, if the temperature is raised to 500 K,
conformer 2 does indeed convert to conformer 1, which is
slightly favored. This result demonstrates that FF3 is suitable
for studying the conformational equilibrium in the open form
of BA4, and that the interconversion barrier could be crossed
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Fig. 8 Time evolution of the dy; dihedral in the open form (top) and
relative populations of conformers 1 and 2 (bottom) along MD trajectories
of 50 ns at various temperatures.

with longer observation times. However, since conformer 2 is
not populated along the 50 s MD run performed at room
temperature, the geometrical and optical properties obtained
using the MD + DFT approach are compared hereafter to DFT
results calculated for conformer 1.

As shown in Table 4, average values of geometrical para-
meters computed using the MD + DFT scheme are consistent
with DFT calculations on the equilibrium geometry. However,
large standard deviations are observed for dihedral angles,
reflecting the high structural flexibility of the chromophore.
In the open form, very broad statistical distributions are found
for the drg and dy, torsional angles (Fig. S4, ESIt), as expected
from the low rotational barriers shown Fig. 6. Similarly, BLA
and BOA values computed using the DFT-optimized geometry
(referred to as ‘““rigid”’ calculations hereafter) are very close to
average values issued from the sequential MD + QM approach,
while structural fluctuations induce broad distributions in
the values of these two parameters, which are expected to have

Table 4 Geometric and electronic parameters computed at the
SMD:M06-2X-D3/aug-cc-pVDZ level for the open and closed form, using
their equilibrium geometry (conformer 1 for the open form), and using the
MD + DFT scheme. All angles are in degrees, all distances in A

Open Closed

DFT MD + DFT DFT MD + DFT
Ora 0 1+10 47 40 £ 6
ORrB 37 80 + 54 108 116 + 13
dcn 180 180 £ 9 — —
dca 180 180 + 11 — —
dcs 180 180 + 10 — —
Sca 179 180 £ 9 — —
N1 176 179 + 14 142 133 + 62
Onea 70 82 + 24 170 55 + 65
¢ 180 180 + 19 — —
TH,-0,, 1.575 1.675 £ 0.168 ~ — —
g0, — — — 1.832  1.933 + 0.389
BLA —0.001 —0.001 £ 0.025 — —
BOA —0.017 —0.005 £ 0.066 — —
13646 | Phys. Chem. Chem. Phys., 2024, 26, 13639-13654
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significant impact on the NLO responses (see Fig. 9). We should
also keep in mind that our classical MD sampling leads, for
high frequency motions as those behind the fluctuations of the
BLA, to narrower conformational distributions as compared to
a fully quantum treatment.”' Therefore, we can expect such
fluctuations to be even larger. This outcome could be achieved
through methods that ensure a QM sampling, such as Path-
Integral MD,””> or by adopting hybrid quantum-classical
schemes,”® which allow treating the high frequency motions
at QM level, while retaining the classical description for low
frequency ones. For the purposes of the present investigation,
though, the adopted fully classical sampling completely fulfills
our needs in an efficient way.

We can also note that BLA and BOA, which both measure the
extent of the n-conjugation in the open form, show an expected
inverse correlation, as illustrated in Fig. S5 (ESIf). In our
simulations, we did not find any direct correlation between
the bond length/order alternation and any of the torsional
parameters if taken individually (see Fig. S6, ESIt). The fact
that BOA is directly correlated to BLA but not to the dihedrals
may be attributed to the complete lack of conjugation effects in
our FF. Such effects could be incorporated through explicit
coupling terms,’” also implemented in Joyce, but at the price of
a much more complex parameterization procedure.

As found for the open form, the rotational motions asso-
ciated with the terminal phenyl ring in the closed form have
also low energy constraints (see Fig. 7), leading to broad
distributions of the dgg and dy, angles. Compared to the open
isomer, the distribution of Jgp is less spread, due to the
proximity of the rings RA and RB, which develop larger non-
covalent van der Waals interactions that reduce the rotational
flexibility of the RB fragment. Reversely, the dy, distribution is
more spread in the closed form than in the open form, which
comes from the greater ease of rotation around a sp*-hybridized
nitrogen compared to a sp>-hybridized one, for which the rotation
breaks the n-conjugation. We also note the larger average length
of the hydrogen bond (compare ry o, to 4y o,, in Table 4),
consistently associated with a larger standard deviation.

4 Discussion
4.1 Dynamic behavior and nonlinear optical properties

We monitor in this section the fluctuations of the optical
properties of the open and closed forms along the MD runs,
focusing on transition energies from the ground to the lowest-
energy bright excited states as well as on HRS responses at
1300 nm. The data computed at the DFT and MD + DFT levels
are collected in Table 5. Note that for the open form, three
structural snapshots were considered as outliers and excluded
from the statistics, as they provide very low AE,; values
(<2.0 eV) and massive NLO signal (> 10 a.u.) due to frequency
dispersion effects. For consistency, these outliers were removed
from all statistics on the open form.

The MD + DFT probability distributions of vertical transition
energies (related to the S, — S; transition for the open form

This journal is © the Owner Societies 2024
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Fig. 9 Statistical distribution of BLA (a) and BOA (b) values, calculated using the MD + DFT scheme at the SMD:M06-2X-D3/aug-cc-pVDZ level. Vertical
dotted lines show the average value, and the value computed at the DFT level using the equilibrium geometry (conformer 1) of the chromophore.

Table 5 Linear and nonlinear optical properties computed at the
SMD:M06-2X/6-311+G(d) level for the open and closed forms, using their
equilibrium geometry (conformer 1 for the open form), and using the MD +
DFT scheme. Transition energy (AEq4) and hyperpolarizability (8) values are
in eV and a.u., respectively

Open Closed

DFT MD + DFT DFT MD + DFT
AEy; 2.53 2.46 £ 0.10 3.63 3.62 £ 0.14
AEy, — — 4.17 4.07 £ 0.16
Brrs (1300 nm) 4860 10969 + 5999 292 343 + 41
DR (1300 nm) 2.69 3.69 £ 0.77 2.38 2.21 £ 0.26
Burs (static) 3669 5525 + 2169 335 369 + 36
DR (static) 2.52 3.35 + 0.74 2.03 2.15 + 0.22

and to the S, — S; and S, — S, transitions for the closed form)
are plotted in Fig. 10 against the absorption spectra simulated
at the DFT level and the experimental spectrum for the open
conformer. For the closed form, the average AE,; value calcu-
lated with the MD + DFT approach coincides with the maximal
absorption energy calculated using DFT, while geometrical
fluctuations induce a redshift of 0.1 eV of the S, — S, transi-
tion. Similarly, the S, — S; transition energy calculated for the
open form using MD + DFT is 0.07 eV lower than that predicted
using the S, equilibrium geometry of the chromophore.
However, it is still significantly overestimated compared to
experiments (2.46 eV vs. 2.18 eV as reported in ref. 21). This
discrepancy can be mainly attributed to the inherent limita-
tions of the DFT approximation, but also, to a lesser extent
originates from the fact that vertical transitions provided by TD-
DFT calculations are not strictly comparable to experimental
maximal absorption energies. In addition, although the MD
configurations sample (albeit classically) the different vibra-
tional degrees of freedom, the MD + DFT approach fails in
reproducing the band shape asymmetry observed experimen-
tally, which broadens in the high-energy region (Fig. S7, ESIT).
Similar discrepancy of the sequential MD + DFT approach was
previously reported for another DASA derivative,”® suggesting
that this failure is intrinsic to the computational approach

This journal is © the Owner Societies 2024

irrespective of the force field used in the MD simulations, and
that more robust comparisons with experiments require the
calculation of vibrationally resolved spectra using full QM
approaches, as reported in ref. 74.

As illustrated in Fig. 11, geometrical fluctuations also largely
affect the NLO properties, giving rise to broad distributions of
Purs and DR values. The fygs distribution of the more flexible
open form is much broader than that of the closed form as
reflected in their standard deviation, which represents about
12% of the average value for the closed form and reaches 55%
for the open form. Taking dynamic fluctuations into account
for the open form also induces a dramatic increase (+125%) in
frurs compared to rigid DFT calculations, whereas a much
smaller increase of 17% is observed for the closed form.
Accordingly, the NLO contrast upon photo-isomerization,
defined as n = BEER/pSosed also increases when accounting
for structural dynamics: n = 32 from the MD + DFT approach
versus n = 17 from rigid DFT calculations. It is also important to
note that the fygrs value calculated using MD + DFT is in better
agreement with experimental measurements (fyrs = 8600 +
390 a.u.). However, it is 27% overestimated, which may be
attributed to an overly simple treatment of solvent effects, as
interactions between the chromophore and chloroform mole-
cules are not explicitly taken into account by the continuum
solvation model.

The depolarization ratios of both DASA isomers are also
spread over a broad range of values, again with a larger
standard deviation in the case of the more flexible open form.
The MD + DFT scheme provides a DR value larger than that
issued from rigid DFT calculations and in closer agreement
with experiments (DR = 5.00 + 0.3), despite it remains signifi-
cantly underestimated.

Finally, additional MD simulations were performed for the
open form starting from conformer 2. The resulting distribu-
tions of the NLO responses have the same profiles as obtained
from the MD sampling starting from conformer 1, leading to
very similar average fgrs and DR values (Fig. S8 and Table S15,
ESIT). Moreover, estimating the NLO response using rigid DFT
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calculations by weighting the responses of conformers 1 and 2
by their relative Maxwell-Boltzmann populations (Table S15,
ESIY) still provides largely underestimated furs values com-
pared to experiments, showing that dynamic effects must be
taken into account to obtain reliable estimates of the NLO
responses in these systems.

4.2 Structure/NLO properties relationships in the open form

Although NLO responses of the open form are highly sensitive
to geometrical fluctuations, furs values do not show direct
correlation with any of the individual torsional parameters
(Fig. S9, ESIt). However, as illustrated in Fig. 12, fiyrs and DR
values display a clear dependence on BOA and both present a
minimum for BOA = 0, corresponding to the so-called cyanine
limit for which the n-electron conjugation between the donor
and acceptor parts is maximal. Note that, although BOA and
BLA are inversely correlated (Fig. S5, ESIt), the correlation

13648 | Phys. Chem. Chem. Phys., 2024, 26, 13639-13654

between the NLO responses and BLA is much less clear (Fig.
S10, ESIt), indicating that the fluctuations of fiyrs and DR are
better described using an electronic metric rather a structural
metric of the n-conjugation.

The changes in the magnitude of the HRS hyperpolarizability
with respect to the BOA fluctuations can be further rationalized
using the two-state approximation (TSA).”> This approximation is
based on the perturbative sum-over-state expansion of the second-
order NLO response and assumes that the only non-negligible
contribution arises from the first dipole-allowed electronic excited
state (S,), leading to a very simple expression of the dynamic HRS
hyperpolarizability in terms of spectroscopic quantities. Limiting
the f tensor to its single diagonal f,,, component, with z the
charge-transfer axis of the molecule, it yields:

TSA /gﬂTSA _ J?16 H012|AH01|F
HRS =Y 357 35 AEy?
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where AEy, is the S, — S; excitation energy, o, is the associated
z-component of the transition dipole, and Aug = |u5, — 15| is
the change in the permanent dipole moment between the two
electronic states. F(w) is a factor accounting for frequency disper-
sion, which depends on the energy of the incident photons
(e = 0.95 eV for a 1300 nm wavelength):

AE},

F() = (a8, ~ (o)) (MBS, — @)

(17)

The suitability of the TSA for describing the effect of
structural fluctuations on the molecular first hyperpolariz-
ability is demonstrated in Fig. S11 (ESIT), which shows a good
linear correlation between the fygrs values calculated at the
TDDFT level and those estimated using eqn 16 in both the
static and the dynamic regimes. Moreover, the frequency dis-
persion factor estimated using eqn 17 provides a good estimate
of the resonance effects in the range of AEy; values spanned by
the dynamics (Fig. S11, ESIt). Although neither AEy; nor gy,
correlate with BOA (Fig. S12, ESIT), Fig. 13a clearly shows that
Apos linearly decreases with BOA, and is equal to zero when
BOA = 0. We can therefore conclude that the variations of Sygs
shown in Fig. 12 are mainly driven by the variations of Ay, as
further illustrated in Fig. 13b.

In turn, the variation of Au,, with respect to BOA can
be rationalized by means of the valence bond-charge transfer

R2=0.94
y =-22.74x + 0.09

A[.lo1 (in Debye)

-0.1 0.0 0.1 0.2

BOA

-0.2

(VB-CT) model,”®”® which assumes that the (orthogonal) wave-
functions of the electronic ground and excited states, |5 ) and
[s,), can be expressed as linear combinations of two VB
resonance structures, namely a weakly polar |DA) form and a
highly polar zwitterionic form |D'A”) corresponding to the
transfer of one electron from the amine donor (D) to the
barbituric acceptor (A):

\¢50> = V1= «k|DA) + &|D*A")

(18)
Us,) = VEIDA) = VI —k|D*A")

where x ranges between 0 and 1 and measures the m-electron
charge transfer between the D and A units in the ground state.
By definition, the cyanine limit (BOA = 0) is associated to a
value of k equal to 1/2, which corresponds to equal weights for
the |DA) and |D'A™) forms in both electronic states. According
to the VB-CT model and assuming no dipolar coupling between
the |DA) and |D'A”) forms ((DA|@|D'A™) = 0), the
dipole moment variation upon the S, — S, transition can be
written as:

Apor = (2 — Dupa + (1 — 2K)ppra- (19)

where ips and ppes- are the dipole moments of the |DA) and
|D'A™) forms, respectively. Therefore, Aug, = 0 if x = 1/2, i.e. if
BOA = 0, as it is observed in Fig. 13a. The contribution of the
excited state participating the most to the NLO response is thus

| |
30000
=]
25000
LN ]
0 |
< 20000 -
o B
15000 . W E o
mE By -
10000 A - n
"
5000
-4 -2 0 2 4

A Loz (in Debye)

Fig. 13 Evolution of Aug; of the open form as a function of the BOA (left), and evolution of fyrs of the open form as a function of Apg;. The calculations
have been performed for 100 structural snapshots taken every 10 picoseconds of the MD trajectory.
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cancelled out in the cyanine limit, which explains the mini-
mum reached by the figrs values in Fig. 12a, and the reason why
taking geometric fluctuations into account increases the mag-
nitude of the second-order NLO response compared with rigid
DFT calculations, which only consider a single cyanine-type
conformer.

The evolution of the depolarization ratio DR with respect to
the BOA shown in Fig. 12b can also be simply rationalized,
considering a few simplifications. First, let’s assume that, in
addition to SHG (degenerated sum-frequency generation),
Kleinman’s permutation rules apply, so that f; = Bu; = B =
Bixi = Brij = Piii for any component of the molecular f tensor.
Note that Kleinman’s conditions require to be far from any
resonance between the absorption bands of the chromophore
and the second harmonic light at 650 nm (~ 1.9 eV), which is a
reasonable approximation according to the absorption spec-
trum shown in Fig. 10a. Second, let’s assume that the chromo-
phore possesses a pseudo-planar C,, symmetry, as it was
considered in number of previous studies for push-pull
systems.®*"® With z the axis parallel to the C, (charge transfer)
axis and x the transverse direction within the molecular plane,
one has: ([))xxx = ﬁ)g;y = ﬁxzz = ﬁxyz = ﬁyxx = ﬁyyy = ﬁyzz =0, ﬁzzz # 0,
and f,x, # 0). Furthermore, we assume that f,,, = 0, as this
tensor component is expected to be small with respect to f3,,,
and f,.. In that case, the depolarization ratio can be simply
expressed as a function of the ratio R = f,,,/B.., between the
only two non-zero f§ components:

15+ 18R+ 27R?

DR(G) = =575 T 1R

(20)

According to eqn (20), DR converges towards the value of
27/11 ~ 2.45 when R — oo, ie. when f,, (and thus fugs)
tends to zero. This value of ~2.45 corresponds to the minimum
reached by the DR values when BOA = 0 in Fig. 12, and is close
to the DR value of 2.69 calculated for the equilibrium geometry
of the chromophore (Table 5). Reversely, R = 0 corresponds to
DR = 5, which is typical of “1D” push-pull chromophores in
which the f3,,, component dominates the f tensor. One can see
in Fig. 12b that this situation corresponds to the largest

2.5

2.04

151

Ratio, R

1.01

0.51

0.0
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absolute values of BOA, and therefore that dynamic fluctua-
tions enhance the 1D NLO character of the chromophore.

The validity of the above considerations for the open form of
BA4 is demonstrated in Fig. 14a, which illustrates the evolution
with BOA of absolute R values calculated without assuming
Kleinman or full C,, symmetry (see ESL T for details on the
calculation of R). One can indeed observe that |R| diverges
when BOA equals 0, whereas it vanishes for large absolute BOA
values. Fig. 14b further shows that the evolution of DR
with respect to R qualitatively follows the ideal Kleinman-C,,
behavior, although computed DR values are limited in the
2.1-5.0 range, whereas they show a greater amplitude (from
1.5 to 6.75) for pure C,, systems.

5 Conclusion

In this work, we carried out classical MD simulations on both
the open and closed isomers of a DASA derivative in chloroform
solution, by using specific force fields derived by means of
the Joyce protocol. Subsequent DFT calculations performed
on structural snapshots extracted from the MD trajectories
enabled us to demonstrate the significant impact of geometric
fluctuations on the second-order NLO responses associated
with hyper-Rayleigh scattering experiments. In particular, tak-
ing structural dynamics into account considerably increases the
first hyperpolarizability of the NLO-active open form compared
with DFT calculations performed on Maxwell-Boltzmann-
weighted sets of conformers, and provides an average furs
value in better agreement with experimental data. However,
the depolarization ratio predicted by the MD + DFT scheme
remains significantly underestimated with respect to experi-
ments, a discrepancy that may be attributed to the use of a
continuum solvation model to describe solute-solvent inter-
actions. Further work implying calculations of the NLO
properties of the DASA chromophore surrounded by explicit
chloroform molecules is in progress.

MD + DFT calculations also revealed that the large enhance-
ment of fygrs induced by the dynamic fluctuations in the open
isomer are correlated with the changes in the bond order

~0.2 ~01 0.0 01 02
BOA

Fig. 14
symmetry (egn (20), red line) and using computed values (orange dots).
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Ratio, R

(left) Evolution of |R| as a function of BOA (truncated to |R| < 3); (right) evolution of DR with respect to R in the case of an ideal Kleinman C,,
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alternation along the m-conjugated bridge linking the amine
donor and the barbituric acid acceptor. Structural distortions
take the molecule out of its cyanine-type equilibrium geometry,
moving the bond order alternation away from its zero value and
increasing the second-order NLO response. An interesting
correlation was also found between the bond order alternation
and the depolarization ratio, which could be qualitatively
rationalized by using simple symmetry assumptions.

At last, this work demonstrates the reliability of the sequen-
tial application of classical MD and DFT calculations for the
accurate prediction of the NLO responses of conjugated organic
molecular systems in dilute solution. In addition, this compu-
tational strategy enables us to better understand the important
role of dynamic fluctuations and the interaction between
electron conjugation within the molecule and its NLO properties.
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