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Abstract

The absorption and emission spectral shapes of a flexible organic probe, the distyryl-
benzene (DSB) dye, are simulated accounting for the effect of different environments of
increasing complexity, ranging from a homogeneous, low-molecular-weight solvent, to a
long-chain alkane, and, eventually, a channel-forming organic matrix. Each embedding is
treated explicitly, adopting a mixed quantum-classical approach, the Adiabatic Molecular
Dynamics — generalized vertical Hessian (Ad-MD|gVH) model, which allows a direct sim-
ulation of the environment-induced constraining effects on the vibronic spectral shapes. In
such a theoretical framework, the stiff modes of the dye are described at a quantum level
within the harmonic approximation, including Duschinsky mixing effects, while flexible
degrees of freedom of the solute (e.g. torsions) and those of the solvent are treated classi-
cally by means of molecular dynamics sampling. Such a setup is shown to reproduce the
distinct effects exerted by the different environments in varied thermodynamic conditions.
Besides allowing for a first-principles rationale on the supramolecular mechanism leading
to the experimental spectral features, this result represents the first successful application
of the Ad-MD|gVH method to complex embeddings and supports its potential application
to other heterogeneous environments, such as for instance pigment-protein complexes or
organic dyes adsorbed into metal-organic frameworks.



1 Introduction

Conjugated organic materials have found immense interest as active compounds in materials
and life science applications. [1] This is especially due to the large variability of the organic
route to generate tailor-made chromophores with fine-tuned absorption and emission colors and
intensities. [2] In recent years, there is particular interest in ’color pureness’, which is decided
by the width of the emission band, [3,4] whose shape is in turn determined by two factors. On
the one hand, the homogeneous spectral broadening is mainly connected to the chromophore,
i.e. to its geometrical change upon electronic excitation (which can largely vary, depending
on the specific molecular structure), [5] and by the coupling efficiency of the various intra-
molecular vibrational modes. On the other hand, the total width is also largely influenced by
the inhomogeneous broadening, stemming from environmental effects as the thermodynamic
conditions or the nature and ordering of the embedding. In the quest of a rational molecular
design through computational approaches, a reliable modelling of spectral shapes through both
intramolecular and environmental contributions is therefore decisive. Environmental spectral
broadening results from the subtle interplay between the nuclear motion of the photoactive
molecule and the fluctuations of the embedding medium. In fact, the sensitivity of the dye’s
structure to the constraints exerted by the environment eventually reflects into the response
to the electronic transition, and crucial information about the interaction between the probe
and its chemical background is hence encoded in the resulting electronic spectrum. [3, 4, 6]
This scenario is even more evident when the dye contains some flexible coordinates, which are
expected to be more influenced by the supramolecular embedding.

From a computational point of view, methods to simulate the spectral shape can nowa-
days deliver vibronic spectra readily comparable to experiments for semirigid molecules, i.e.
whose potential energy surfaces (PESs) can be properly described with the harmonic approx-
imation, within simple solvents, usually described with polarizable continuum models. [7-11]
In fact, a number of effective time-independent (TI) [12—16] and time-dependent (TD) [17-20]
approaches, based respectively on sum-over-states or Fourier transform of correlation func-

tions, are nowadays available to account in an automatic way for the vibronic shape due to



the intramolecular modes of medium to large dyes (hundreds of vibrations), at any temper-
ature. Nonadiabatic effects can also be described with effective quantum dynamical simula-
tions, [21,22] driven by linear or quadratic vibronic Hamiltonians. [23-25] Yet, the inclusion
of flexible degrees of freedom challenges this kind of calculation, by preventing the adoption
of harmonic models to describe the potential along the coordinates expected to undergo rather
large deformations during their dynamics. Moreover, the effect of complex environments, thus
able to establish local and specific interactions with the molecular probe, requires the use of
explicit models to account for its heterogeneity. Both issues can be solved by adopting a
hybrid quantum-classical scheme, where the flexible coordinates and solvent fluctuations are
treated classically, while stiff modes retain a quantum description. Solute flexibility and en-
vironment fluctuations can be described with classical Molecular Dynamics (MD). In order to
re-introduce quantum vibronic effects along a MD trajectory different approaches have been
proposed, [26-30]. A powerful approach which adopts cumulant expansions [31] and uses
response functions obtained by sampling excitation energy fluctuations with classical MD, is
gaining increasing popularity especially in applications in complex bio-systems [32-34]. It is
usually limited to describe linear couplings through spectral densities, but recent developments
promise to be able to handle also in an accurate way quadratic couplings effects (Duschinsky
mixings). [35] In this context, some of us recently followed a different route, introducing the
Ad-MD|gVH method, [36] a mixed quantum classical approach rooted in such stiff/flexible
mode partitions. In its first implementations, Ad-MD|gVH was shown to accurately reproduce
absorption and emission spectra of organic dyes of increasing flexibility embedded in different
solvents, able to settle specific interactions as hydrogen bonds. [36—-38]

In order to systematically tackle environmental effects at a computational level, a suitable
test system with extensive experimental data is required, where one would ideally vary system-
atically only one parameter of the mentioned variable space (e.g. temperature or the embedding
environment), while keeping the others constant. An ideal test system in this respect is dis-
tyrylbenzene (DSB), [39] being a textbook example for a highly emissive chromophore with
an essentially planar equilibrium structure, but at the same time, high (torsional) flexibility, see

Figure 1.a. Furthermore, DSB possesses a simple structure of a 'naked’ conjugated hydrocar-



bon, and is thus not expected to induce strong interactions with the surrounding environment,
which simplifies the theoretical description of solute-embedding interactions. Importantly, DSB
was investigated experimentally in a multitude of different environments, e.g. (i) in various fluid
solvents at room temperature,[24,25] (ii) in solid solution (e.g. poly-methylmethacrylate), [40]
(111) in stretched polyethylene sheets, [41] (iv) adsorbed on alumina or silica surfaces, [42] (v)
embedded in channel-forming solid organic matrices. [43—47](vi) at low temperature condi-
tions in glassy solvents [46] and Shpolskii matrices (e.g. tetradecane), [46,48] as well as (vii)
in (nano)crystalline phases. [39,49-51] Previous computational approaches towards the spec-
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Figure 1: Side (top panels) and top (bottom panels) views of the different systems modelled in the present study.
a,d) DSB isolated chromophore, including the labels of flexible torsions, §; and &,; b,e) DSB in n-tetradecane, side
view; ¢,f) DSB in PHTP matrix.

tral bandshape of DSB in solution focused on atomistic calculations of vibronic coupling of
single molecules without explicit inclusion of the solvent, [46] but accounting for the thermal
population of low-frequency torsional modes in the ground and first excited state (Sp, S1) in
a full quantum-chemical [46] and semi-classical manner, relying on the harmonic approxima-
tion. [46,47] Within this approach, and using an empirical Gaussian broadening to account for

the solvent effects, excellent agreement for the room temperature band shapes was obtained,
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correctly reproducing the experimentally observed breakdown of the mirror symmetry between
absorption and emission spectra. [46] It should be further mentioned in this context that in-
termolecular aggregation effects on spectral bandshapes were intensively tackled through (em-
pirically parametrized) combined excitonic coupling and linear exciton-phonon coupling for
absorption and emission spectra of DSB, [52] as well by atomistic QM/MM calculations of
DSB crystal emission. [50] In the context of the current work, previous experimental and the-
oretical work reported the peculiar behaviour registered in DSB electronic response to either
temperature alteration or variation of the embedding. [46,47] It was therefore hypothesized that
such features could be traced back to the different flexibility, in the ground with respect to the
excited electronic state, of the torsions around single bonds (see Figure 1.a). Such flexibility
is expected to be largely affected by the characteristics of the environment in which the DSB
molecule is dispersed. In particular, it has been demonstrated experimentally that the introduc-
tion of DSB into a perhydrotriphenylene (PHTP) matrix (see Figures 1.c and 1.e) has a signif-
icant impact on the spectral shape of absorption, resulting in narrow bands with well-defined
vibrational features [46,47]. More specifically, the absorption spectrum undergoes significant
changes in going from EPA, a glass-forming solvent mixture of diethyl ether, methylbutane and
ethanol, to a nano-structured environment as the PHTP matrix. The interplay between torsions
and the constraints imposed by the embedding are therefore key to tune the spectral shape.
The simultaneous necessity to account for vibronic structure and for intrinsic flexibility of the
molecule with the possible steric limitations due to the environment makes therefore this sys-
tem an ideal playground to investigate the performance of Ad-MD|gVH method. Moreover,
experimental spectra for DSB are available in different environments and conditions, includ-
ing very low temperatures (a few Kelvin). In such extreme conditions (and within embeddings
where the mobility of the particles is practically restricted, as in crystals), sampling with MD
simulations may be thought to be not relevant, as the low temperature may challenge the clas-
sical approximation. Nevertheless, also in this case, the description of the environment through
QM/MM calculations might reveal essential. For instance, Shuai and co-workers described the
effect of very high pressures on the photophysics of mechano-responsive luminescent crystals

by carrying out QM/MM calculations to evaluate the Hessian of one dye, treated at QM level,



while the relative position of each dye in the crystal is consistent with the targeted pressure [53].
Similarly, the mechanical response of individual poly-pyrenylene chains upon detachment from
a gold surface, as determined with an atomic force microscopic at 5 K, was successfully repro-
duced [54, 55] by classical Molecular Dynamics (MD) simulations, carried out with Quantum
Mechanical Derived Force-Fields (QMD-FFs). [56-59] Finally, as far as DSB is specifcally con-
cerned, QM/MM calculations were pivotal for a successful reproduction of the low temperature
emission signal. [S0] Therefore, we will apply the Ad-MD|gVH MD/QM sequential protocol to
DSB at room and low (10K) temperature within two distinct embeddings, namely tetradecane
and a PHTP matrix (see Figure 1). In this framework, we will show that Ad-MD|gVH pro-
vides an easy to implement approach to include out-of-equilibrium effects accounting for the

constraints of the environments.

2 Method

The Ad-MD|gVH approach [36] is based on a partition in stiff” and “’soft” degrees of freedom
(DoFs), characterized respectively by small amplitude oscillations or an enhanced flexibility
allowing for larger distortions. Stiff modes of the target dye are described with harmonic poten-
tials, treated quantum mechanically, while the soft modes related to its more flexible coordinates
are accounted for at classical level, sampling the trajectories produced by statistically meaning-
ful MD runs, carried out with accurate QMD-FFs. The DoFs of the surrounding environment
can also be considered soft modes, and hence treated explicitly with a classical MD.

In short, this protocol implies running first a MD simulation, from which a number of snap-
shots (typically, around 100) are extracted. For each configuration, the Hessians for the initial
and final states of the electronic transition are computed at QM/MM level, and all the soft modes
are projected out from the coordinate space. The resulting reduced Hessians are subsequently
used to compute the vibronic spectra, reconstructing the harmonic potentials for the initial and
final states at each snapshot. This strategy is grounded on an adiabatic ansatz, in which the
projected coordinates are the slow ones, and they are accounted for classically (i.e., from the
MD sampling), whereas harmonic surfaces of the stiff (fast) coordinates are computed specif-

ically for each configuration for the soft (slow) modes at each snapshot, thus introducing the
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coupling between the two coordinates sets. The vibronic calculations on the reduced dimen-
sionality spaces are performed within a TD framework, [10] which allows for fast computations
and the effective inclusion of the temperature effects for stiff modes, consistently with the soft
modes, thermally averaged by the sampling along the classical MD trajectories.

The whole process, summarized in Figure 2, relies on the accuracy of the MD trajectory;
therefore, the force field (FF) adopted is an essential part of the calculation. For this reason, the
first step involves the parametrization of a QMD-FF [56, 58] for each of the initial states of the
electronic transition of interest (ground state, Sq, for absorption and lowest excited state, Sy,

for emission). In fact, in order to obtain accurate spectra and make a proper sampling of the

Ad-MDIgVH VH Vibronic spectra ‘_| Reduced Hessians |
absorption spectrum collection
Cl level FCCLASSES
JOYCE
—— QM level | ————— DSB S;-QMD-FF  —{NPT-MDruns | ME/EE snapshots |
GAUSSIAN16 DFT GROMACS GAUSSIAN16
QM data on DSB monomer: | FFintermolecular LJ |
1
“7] (geometry, flexibility. Hessianand |~~~ ] — parameters _for the iTTTTTTTTTTTTT T
point charges) o embedding ,
GAUSSIAN16 | TD-DFT GROMACS GAUSSIAN16
| DSBS;-QMD-FF — NPT-MDruns  — ME/EE snapshots |
Cl level | Jovce FCCLASSES
—— QM level - ; ;
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Figure 2: Summary of the Ad-MD|gVH protocol adopted in this work for the absorption (top, blueish colors)
and emission (bottom, reddish colors) spectra of the DSB flexible dye at varied thermodynamic conditions (T)
and in different embeddings. Steps carried out either at classical (Cl) or quantum-mechanical (QM) level are evi-
denced with cyan/orange or blue/red frames, from absorption or emission, respectively. Additionally, the software
packages employed throughout the protocol are also reported along the scheme.

configurational space of the system, it is important that the adopted FFs are fully consistent with
the underlying chosen electronic structure method. To describe the conformational dynamics of

DSB, therefore, we adopt a QMD-FF intramolecular term parameterized with the JOYCE pro-



cedure, [56,58,60] which is designed to derive consistent ground and, more noticeably, excited
FFs from reference QM training data. [36,38,61-64] It is worth noting that, for each considered
electronic state, only one FF is parameterized for the DSB dye, and used in all environments (see
Section A in the Supporting Information, SI, for further details). To that end, target QM data for
the parameterization are computed in the gas phase. These were obtained based on either den-
sity functional theory (DFT) or on its TD extension (TD-DFT), for S or S, respectively. Thus,
the specificity of each environment on the DSB molecule is solely encoded in the intermolecular
FF parameters, Coulomb and Lennard-Jones (LJ), ruling the non-bonded interactions between
the dye and the surrounding system. The dependence of such intermolecular interactions on the
electronic state of the DSB dye is also included in the model, as the QMD-FF point charges
determining the Coulomb interaction are also derived from QM descriptors, namely from the
DFT/TD-DFT electronic density through the RESP procedure while accounting for the aver-
age solvent effect at PCM level. [7] The resulting So and S; QMD-FFs are employed in MD
runs carried out on systems containing the dye and the considered embeddings and simulated
in realistic conditions at controlled pressure and temperature.

The sampling is thereafter performed along the thermalized MD trajectory, which contains
configurations where all DoFs of the chromophore are displaced with respect to its minimum
energy structure. On each of these frames, a vibronic model is built from energies, gradients
and Hessians computed through a QM/MM model (with DSB in the QM layer) by (i) projecting
out the flexible degrees of freedom of DSB as well as those of the solvent, and (i1) locating the
local harmonic approximation (LHA) minimum corresponding to the stiff DoFs retained in the
model for both the initial and final electronic states (gVH model). The projection of flexible
coordinates from the solute is carried out with an iterative scheme in internal curvilinear coor-
dinates, updating both the projector and the metric of the space at each iteration. [36] The same
partition in harmonic and flexible sets is applied to all snapshots in different environments. The
final spectra, accounting for all DoFs, are obtained by averaging over all individual spectra com-
puted at each snapshot with the reduced harmonic space. The whole procedure is summarized

in Figure 2, while further details can be found in the original paper. [36]



3 Computational details

All QM calculations were performed using GAUSSIAN16 program [65], at DFT or TD-DFT
level with CAM-B3LYP functional and the 6-31+G(d,p) basis set. Some test calculations were
also carried out with PBEO, M06-2X, wB97XD and M11 functionals, as well as with MP2,
using the same 6-31+G(d,p) basis set in all cases. Additional calculations on the excited states
were instead performed with ADC(2) using SV(P) and aug-cc-pVDZ basis set with Turbomole
[66] and with 6-31+G(d,p) with Psi4 [67]. As sketched in Figure 2, the Sg and S| QMD-
FFs for DSB are fitted against QM data using the JOYCE code [68], exploiting Hessian and
potential energy scan along flexible coordinates, computed at either DFT and TD-DFT level.
The standard multistep JOYCE protocol was adopted, [36,38,56,58,69] first assigning the force
constants of stiff coordinates and subsequently setting the coefficients of the Fourier-like terms
that describe flexible coordinates. A detailed description of the parameterization procedure can
be found in the Section A of the SI.

MD simulations were carried out with GROMACS [70], on three different systems, namely
the isolated dye, one DSB molecule embedded in 930 n-tetradecane molecules or three DSB
molecules dispersed in a pre-equilibrated nano-structured channel, composed by 72 PHTP units.
All systems were first equilibrated, keeping the temperature and, for condensed phase simula-
tions, also the pressure constant with the Berendsen thermostat and barostat algorithms [71]
respectively. Successively, the production runs were performed with the Bussi-Parrinello ther-
mostat [72] and (for condensed phase simulations) the Parrinello-Ramhan barostat [73], which,
in principle, ensure a true isothermal-isobaric (or canonical, for gas phase simulations) ensem-
ble. Non-bonded interactions were evaluated with a cut-off of 11A for van der Waals and using
PME [74] for electrostatics. A time-step of 1fs was adopted, applying constraints to all bonds
involving hydrogen atoms with the LINCS algorithm [75]. Production runs were conducted
for a total time of 10ns. In the case of the simulations at 10 K , the initial conformation is
generated by gradually lowering the temperature, keeping the solute frozen at its equilibrium
geometry until 50 K, thereafter releasing all constraints, allowing for thermal equilibration. We

note that the simulation of the cooling state is far from trivial and our simple choice (named in
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SI Route I) may result in a too limited conformational sampling. In the SI we show an addi-
tional cooling route (Figure S5), in which the solute may move while cooling, thus exploring
a number of accessible conformations to ensure proper sampling of different conformations
blocked in the frozen state. This second strategy (Route II) results into a significantly larger
conformational distribution (see for instance Figure S6), which eventually leads to an excessive
spectral broadening.

Along the MD trajectories, snapshots are extracted every 100 ps, generating a total of 100
snapshots for each scenario (i.e different embeddings, different temperature, different electronic
state). Hessians at each snapshot were computed with an ONIOM scheme in which the dye
(DSB) is included in the QM layer, and all solvent molecules with any atom within 4 A of the
dye are treated with the MM potential used in the MD simulation, while the remaining solvent
atoms within a sphere of 35 A are treated as point charges (using the partial charges adopted in
the MD simulation). The inclusion of a first MM sphere improves the computation of gradients
and Hessians as discussed in Ref. [36]. The reduced spaces on which vibronic lineshapes are
computed are generated by the iterative projection [36] of the four torsions around single C-C
bonds, after defining each of them as the linear combination with an equal weight of the four
dihedrals involved. Additionally, the four pyramidalizations over carbon atoms involved in the
double bonds along the chain, directly identified with the corresponding improper dihedrals, are
also projected out. Both the iterative projections and the subsequent calculation of the vibronic
lineshapes on the reduced spaces were carried out with .7 € classes3 [69]. Vibronic spectra in-
clude a very small broadening (HWHM=0.01eV), which is required to avoid numerical issues
in the Fourier transform and provides a convenient way to partially correct the incompleteness
of the sampling, by reducing the noise without affecting the width of the spectrum. Static
vibronic spectra were also computed for pre-screening the performance of different DFT func-
tional adopting Vertical Hessian (VH) and Adiabatic Hessian (AH) harmonic models, [76] and
standardized TD protocols implemented in .% @ classes3 [69].

In this study we mainly aim to investigate the intra- and inter-molecular factors that break
the symmetry between the shape of DSB’s absorption and emission spectra and how they are

modulated in different environments. For this reason, we display spectra in the energy (and
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Figure 3: Relative lineshape and intensity emission and excitation spectra of DSB in EPA at
10K, from the recorded experimental data in ref. [47]. Transformations from intensity (i.e.,
direct experimental signal) to lineshape are indicated in the text.

not in the wavelength) domain, as already done in the original papers were the experimental
data were taken from [46,47]. Moreover, in some cases we transform both experimental and

computed emission spectra from intensities to lineshapes L(®), as
L(®)=NIl(0)/o®

that is by dropping out the dependency on the photon energy. [77]

N 1is a normalization factor applied to the computed spectra e(xperimental spectra in refs.
[46,47] were already normalized or reported in arbitrary units). Since, instead of absorbance,
for analysing absorption the original paper actually provides fluorescence excitation spectra, no
w-dependent correction has to be applied, because, in the limit of constant photon density, the
fluorescence excitation signals and lineshapes are expected to be superimposed. The difference
between intensity and lineshape spectra can be appreciated in Figure 3. The latter ones provide

a better framework to analyze differences in the spectral shapes for emission and absorption,
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as for instance lineshapes are expected to be exactly mirror-symmetric [78,79] in the Condon
approximation (bright transitions) and when the initial and final state PES are harmonic and

have no difference apart from a shift in the equilibrium position.

4 Results

4.1 Electronic spectra in gas phase
4.1.1 DSBSy and S; PESs

Preliminary calculations were carried out at QM level on the isolated DSB dye, for a first
description of the most important features of both the So and the S; potential energy sur-
faces (PESs). The bright state corresponds to a #7r* transition [80], essentially described by
a HOMO— LUMO excitation (for a discussion on the quasi mono-configurational character
of the Sp—S; transition, see Ref [81]), which is characterized by a notable shift in electron
density from the double C=C bond within the vinylene unit towards the neighbouring single
bonds (see Figure S8 in the SI). Consequently, there is a reduction of the bond order for double
bonds and an increase of the bond order for single bonds, with a slightly greater effect on the
inner C-C bond. This redistribution has a direct impact on the corresponding C-C distances in
the ground and excited states, which are summarized in Table S12 in the SI for various DFT
functionals such as CAM-B3LYP, PBEO, M06-2X, ®B97XD, and M11. Notably, the most sig-
nificant change in bond length (shortening) is observed for the inner C-C bond, aligning with
the electronic redistribution upon electronic excitation. Among the functionals compared, PBEO
exhibits smaller changes, while CAM-B3LYP, M06-2X, and wB97XD have similar behavior,
with slightly larger changes observed for the latter functional. Finally, M11 yields the most
pronounced alterations in bond distances.

Furthermore, the electron density redistribution also affects the energy profile around the
torsion of the single C-C bonds within the vinylene units. As depicted in Figure 4, the profiles
of the single bonds in the S state (i.e., 8; and &, torsions, displayed in the inset) become more
rigid in the excited state. [46] This effect remains consistent across all functionals, exhibiting

a relatively flat profile around the minimum in the ground state, which becomes considerably
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Figure 4: Energy profiles over the torsions &; (red lines),0, (blue lines) around single C-C
bonds, evidenced in the inset, in the ground (Sp, bottom panel) and excited (S, upper panel)
states computed with CAM-B3LYP (results for other functionals are included in Figure S9 in
the SI).

stiffer in the excited states. Both torsions, 6; and 8, are characterized by similar profiles, par-
ticularly in the ground state. In the excited state, the profile for &, features higher barriers,
further corroborating the electronic redistribution associated with the HOMO—LUMO tran-
sitions. Similar trends are observed for all investigated functionals, with @B97XD showing

slightly larger barriers at 0 = 180 degrees (see Figure S9).

4.1.2 Static vibronic spectra

To first ascertain the accuracy of the investigated DFT functionals in reproducing the high-
resolution features of the experimental signals, absorption and emission spectra were computed

for the isolated dye and compared with those obtained experimentally [46] at low temperature
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(10K) in a weakly interacting solvent as EPA. Such preliminary tests were also carried out to
gain a deeper insight on the effect of the most flexible coordinates on the resulting spectral
shape. In consideration of the scarce effect exerted by the simple solvent on the dye’s structure,
all spectra at this stage were computed with a so-called ”static” approach, where no statistical
sampling from MD runs is required. Moreover since 0; and &, torsions are predicted to have
extremely small vibrational frequencies (0.06 cm~! for CAM-B3LYP), their contribution was
initially neglected, by projecting them out from the vibrational space, as it will later be discussed
in detail.

The top panels of Figure 5 display the lineshapes obtained with the VH model for the CAM-
B3LYP functional, showing it performs excellently for emission and still acceptably for absorp-
tion. Moreover, Figure S10 in the SI shows that M06-2X, and @B97XD functionals perform
similarly well, whereas PBEO and M 11 demonstrate deviations, with PBEO showing a too-short
progression, and M11 displaying, on the contrary, a too-large one. These discrepancies can be
attributed to the change in C-C distances from the ground state to the excited state, which is
too small for PBEO and too large for M11. Overall, CAM-B3LYP shows the closest agreement
with the experiment and, unless otherwise stated, all QMD-FF and Ad-MD|gVH calculations
were performed with this functional. Although we neglected the contribution of §; and &, it is
however clear that it is expected to be remarkable, especially in absorption. In order to show
this, we re-introduced such degrees of freedom in the spectra reported in the bottom panels of
Figure 5. This required to adopt the AH vibronic model. In fact, some imaginary frequencies
associated to the torsions arise at the FC point in the VH approach (due to their strongly an-
harmonic energy profile), whereas vibrational frequencies are by definition all real in the AH
approach which expands the PESs at the minima of the initial and final states. The large broad-
ening at 10 K obtained with the full coordinate space confirms that the torsion have an impact
on the spectral shape in especially in absorption. Being remarkably overestimated with respect
to experiment, such broadening also indicates that the description of the torsions at harmonic
level is strongly inaccurate. This was expected since the flat potentials shown in Figure 4 cannot
be approximated with a harmonic expansion. The effect of such inaccuracy will become even

more relevant at room temperature, where the conformational space accessible to the flexible
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Figure 5: Absorption and emission spectra lineshapes in the gas phase at 10 K computed with
the VH model projecting out the torsions 8; and &, from the vibrational space (top panels) or
retaining the full space (bottom panels). The spectra are broadened with a Gaussian profile hav-
ing HWHM=0.03 eV. It is worth noticing that this value, here introduced phenomenologically
for these preliminary computations, can be determined more rationally, as discussed in sections
C.4 and D.2.1 of the SI. When required, the simulations were shifted (by the amount indicated
in the figure) to better match the experimental spectra (grey lines), measured at 10 K in EPA ad
taken from ref. [47]

coordinates further deviates from the one expected by a harmonic approximation.

Figure 6 displays as lineshapes both the experimental spectra, measured in EPA at low
and room temperatures, and those computed in an AH model accounting for all coordinates
(including torsions). The simulated absorption spectra, especially at room temperature, clearly

exhibit excessive broadening when compared to the experimental results. Such remarkable
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effect can be traced back to the extremely low frequencies obtained for the torsional modes, with
a value as low as 0.06 cm~!. As shown in the SI, Figure S11, the effect significantly depends
on the functional, and it is not perceptible with PBEO at 10K, since this functional predicts
a larger frequency for this torsional mode (4.5cm™'). It is worth noting that, although to a
lesser extent, the experimental spectra at 10 K also exhibit an asymmetry between absorption
and emission, with the absorption bands appearing broader, a behavior again consistent with the
flatter potential energy profile in the Sy state.

In conclusion, the preliminary static spectra confirm that, on the one hand, the presence of
such a flat potential presents a challenge when relying on the harmonic approximation, hence

leading to artefacts and inaccurate absorption bands. On the other hand, the contribution of

— Abs (300K)
-~ Abs (10K)
1 — Em (300K)
Em (10K)

Normalized Lineshape

I | I
2 2.5 3 3.5 4 4.5
Energy (eV)

Figure 6: Absorption and emission spectra lineshapes at 10 and 300 K, experimentally measured
in EPA (top panel), [47] or computed in the gas phase without projecting out the torsions d;
and &, from the vibrational space (bottom panel). All computed spectra are broadened with a
Gaussian profile having HWHM=0.03 eV.
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such torsions to the observed lineshape is non-negligible, particularly in absorption, and should
be correctly included in the calculations.

The flatness of the torsional potential causes a significant sensitivity of DSB’s conforma-
tional dynamics to the interaction established with the embedding environment, since both the
shape and the low energy barriers of the torsional profiles can be remarkably altered by the
presence of different surrounding frameworks. It is therefore evident that such combined effect
prevents the straightforward application of simple static approaches, whereas, on the contrary,
both DSB structural flexibility and its consequent responsiveness to varied environments call
for more accurate and multi-level approaches, as the Ad-MD|gVH protocol, whose results are
discussed in detail in the next sections. Before closing this section, it is worth noticing that
earlier works by some of us [46, 82] have documented that the effect of the flexible torsions in
the absorption of DSB can be actually recovered by convoluting the contribution of the vibronic
bands of the stiff (in-plane) modes (taken as the mirror-image of the experimental emission),
with classical exponential distributions arising from the relative change of the curvature of the
ground and excited energy profiles (treated in that case as a phenomenological parameter). This
approach, relies on conditions for the separability of these modes, [82] and provides an easy
route to account for the torsions effect, and in fact similar computations have been reported also
for trans-stilbene [14,46]. Being based on experimental data and spectra, it follows a different
philosophy from the fully first-principle approach we are pursuing here, which has the goal
to describe microscopically the effect of the environment on these vibrations. Notwithstand-
ing this, the success of those results suggests that the overestimation of the broadening in our
computations can be not only due to the lack of anharmonic effects but also to the (related)
underestimation of the Sg torsional frequencies predicted by CAM-B3LYP at harmonic level.
This consideration highlights limits of the accuracy of the currently available electronic struc-
ture methods, which will be further discussed below. We finally mention that the use of classical
distributions to account for the contributions of torsions, assuming they are not not-coupled with
the other degrees of freedom, has been also explored for anharmonic energy profiles in ref. [83]
and ref. [69]. As we will discuss later in Section 4.2.2, this approach was also adopted in

the present work (sections C4 and D2.1 of the SI) to analyse in a simple way the connection
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between the computed QM torsional profiles and the residual inaccuracies in the absorption

spectra predicted with our Ad-MD|gVH approach.

4.2 Electronic spectra in complex environments

4.2.1 QMD-FFs parameterization and MD simulations

As a first step for the application of the Ad-MD|gVH approach, it is necessary to parameterize a
QMD-FF for DSB’s ground and excited state, as described in the following. The intramolecular
term of the QMD-FF is derived against the reference CAM-B3LYP/6-31+G(d,p) data, computed
for the isolated target molecule at DFT or TD-DFT level for Sg and Sy, respectively. The usual
partition [56, 58] of energy contributions is applied to build the energy expression of the QMD-

ELL

FF intramolecular contribution (E; .,

) in terms of internal coordinates, bonds (b), angles (a),

dihedrals (stiff d* and flexible d) and non-bonded atom pairs (p) (see also Section A in the SI).
Egve " ({b,a,d,p}) = Ey(b) + Ey(a) + Eu(d*) + Ep(d') + Ey(p) (1)

where terms for bonds (E;), angles (Ep) and stiff dihedrals (Ey;) are described with harmonic
expressions, those of flexible torsions (Ef,;) with a Fourier-like expression. Non-bonded in-
tramolecular terms (Eyj) are usually described with Coulomb and Lennard-Jones potentials.
We note, however, that in this case, no non-bonded term was included in the intramolecular
QMD-FF. The same analytical expression is adopted for both Sg and S; PESs. In order to as-
sess the quality of the intra-molecular parameterizations, we compared key features of the QM
PES with the MM potential using the developed QMD-FF. As displayed in Figure S3 of the SI,
for each state the QMD-FF is able to well describe both the fast oscillations of the stiff modes
around the equilibrium structure and the behaviour of the more flexible coordinates, while span-
ning larger portions of the isolated chromophore’s PES. All the resulting intermolecular QMD-
FF parameters for DSB are reported in detail in the SI. Turning to the QMD-FF intermolecular
term, consistently with the two environments, L.J parameters were straightforwardly transferred
from OLPS-AA [84], whereas, to account for the specificity of each embedding, the DSB point
charges were derived for each state, based on the computed electronic density of the dye em-

bedded at PCM level in a continuous medium with a proper electric constant (dodecane for
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n-tetradecene and cyclohexane for PHTP).

MD simulations were carried out with the resulting QMD-FF at 300 K with DSB either in
vacuo, dispersed in tetradecane or inserted into a PHTP matrix. As the flexible dihedrals were
found to play an essential role in tuning the spectral features, a first analysis was carried out
by monitoring their behaviour along the Sg and S; trajectories in the different environments,

and the resulting populations are displayed in Figure 7. Simulations in gas and in tetradecane
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Figure 7: Distribution of flexible (8, around o C-C bonds) dihedrals of DSB molecule in its ground and ex-
cited state during the MD run performed on the isolated molecule and embedded in the considered environments
(tetradecane and PHTP) both (a) at 300 K and (b) at 10 K.

lead to similar behavior. Namely, in Sy, both flexible dihedrals, 6; and &,, sample the two de-
generate minima at 0° and 180° , showing a wide distribution around each planar conformer.
In Sy, on the contrary, only one between these conformers is populated, evidencing how DSB
conformational dynamics is hampered by the larger barriers found in the excited state for both
01 and &, dihedrals. The scenario changes significantly in PHTP, where DSB flexible dihedrals
get trapped in a non-planar conformation, to better fit the dye onto the pseudohexagonal nano-
channels formed by the supramolecular network of PHTP units. Such environmental constraints
not only block the torsions but also displace their average position, breaking the planarity, es-

pecially for d;, in both Sy and S;. This shift is slightly larger for Sy, consistently with the larger
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flatness of the potential of this state. When the temperature is lowered to 10 K, all dihedrals get
trapped at the initial configuration. There are, however, some differences in the actual position
for each embedding. Namely, while gas phase simulation populates the two non-planar wells
symmetric with respect to the planar configuration that are observed in the flat DFT S¢ potential,
in the case of tetradecane, the alkyl chains restrain the dihedrals around planar configurations in
So. In both the gas phase and tetradecane, simulations at S; populate the planar configuration.
The situation with PHTP shows again a shift olong 6;, which is more pronounced at Sy, but still

noticeable also at Sj.

4.2.2 Computation of the spectral shapes in complex environments with Ad-MD|gVH

Once verified that the MD simulations account for the different constraining effects exerted by
the varied environments on DSB’s flexibility and conformational dynamics, we now investigate
up to what extent the Ad-MD|gVH protocol is able to reproduce how such features reflect on the
shape of the electronic spectra. It is worth noticing that, since in the previous figures we have
documented that absorption and emission spectra are far from being mirror-symmetric even
when plotted as lineshapes, for a more straightforward comparison with the experimental spec-
tra displayed in the original papers, [46,47] in the following we report emission spectra as inten-
sities. The spectra computed at room temperature (293 K) are compared with their experimental
counterparts in Figure 8. The experimental trend is clearly reproduced: in agreement with the
experiment, the effect on the spectral shape of a simple low-mass weight solvent mixture (EPA),
here approximated to gas phase calculations, or of a long saturated hydrocarbon (n-tetradecane),
is comparable and leads in absorption to a similar unstructured band shape. Additionally, our
method nicely reproduces the fact that limitations to the flexibility of the molecule imposed by
the tubular organization of the PHTP have a remarkable impact on absorption spectra, which
are narrower and characterized by a much better resolved vibronic structure. Finally, again in
line with the experimental trends, the emission band shapes are always very well resolved and
quite similar in all environments.

Figure 9 reports both the experimental and simulated spectra at temperatures as low as

10 K. At such ultra-cold conditions, the band shapes, for emission and for absorption, become
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Figure 8: Experimental (top) and Ad-MD|gVH computed (bottom) absorption (solid lines) and emission (dashed
lines) spectra for the DSB molecule in different environments at 293 K and 1 atm. Experimental data taken
from [47].

very similar in both n-tetradecane and PHTP matrix. In these conditions, the contribution of
the torsion is nearly suppressed, thus rendering all lineshapes extremely similar. Despite the
ultra-low temperature regime might challenge the application of the classical approximation,
also in this case, our mixed quantum-classical protocol is able to reproduce such an effect,
recovering the vibrational structure also in the n-tetradecane case. It is interesting to notice that
our calculations also capture the fact that at low temperatures, while the position of the emission
spectra is coincident in PHTP and tetradecane, the absorption in PHTP is slightly blue-shifted
with respect to the one in tetradecane (Figure 9). The distributions of the dihedral 9; in Figure

7 provide a rationale for this finding, showing that in PHTP & is frozen at values ~30 degrees,
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Figure 9: Experimental (top) and Ad-MD|gVH computed (bottom) absorption (solid lines) and emission (dashed
lines) spectra for the DSB molecule in different environments at 10 K and 1 atm. Experimental data taken from
[47].

while it peaks at O degrees in tetradecane. Since the potential along 9 is steeper on S than on
So this leads to a blue-shift of the So — S; vertical transition.

In order to provide an overall picture of the simulation of the temperature effect, Figure 10
compares the absorption spectra of DSB, experimentally registered [46,47] at high (293K) and
low (15/10K) temperatures in n-tetradecane and PHTP respectively with those computed by
means of the Ad-MD|gVH procedure in the same thermodynamic conditions. It is apparent that
in both environments the method is capable of reproducing the insurgence of the vibronic struc-
ture decreasing the temperature. Therefore, besides the effect of the embedding environment,
our computational approach seems to succeed in accounting for the large variations arising in
the spectral shape upon cooling to ultra-low temperatures.

Despite the very encouraging replication of the experimental trends, the computed absorp-
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Figure 10: Experimental (top) and Ad-MD|gVH computed (bottom) absorption spectra for the DSB molecule
solvated in n-tetradecane(left) or inserted in a PHTP matrix (right) at different temperatures and 1 atm. Experi-

mental data taken from [47].

tion spectra at room temperature are, in general, too broad with respect to the experimental
counterparts. In Section D of the SI we use simplified approaches to analyse in detail the cause
of this discrepancy, documenting that it is directly linked to inaccuracies in the computed QM
energy profiles for the flexible torsions d; and &,. We also show test computations moving from

DFT to post-HF methods like MP2/ADC(2).

5 Conclusions

In this work we have shown that our recently proposed mixed quantum-classical approach Ad-
MD|gVH effectively captures the experimental trends observed in the shape of absorption and

emission bands of DSB immersed in different embeddings at varied thermodynamic conditions.
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In particular we reproduce the narrower and more well-defined vibrational features observed
when introducing the molecule into a PHTP matrix. The ability to tune the spectral shape by
altering the environment highlights the interplay between torsions of rotatable bonds of the dye
and environmental constraints, making this system ideal for investigating the performance of
protocols to simulate photophysics in complex environments. In particular, Ad-MD|gVH ex-
plains the limited effect induced by a disordered alkane solvent, n-tetradecane, where the DSB
absorption spectrum is broad, similar to that in a low-molecular-weight solvent, such as EPA. In
contrast, the channel-forming host, PHTP, limits the solute conformational dynamics along the
single-bond torsions with a large impact on the spectrum, drastically reducing the broadening,
and resulting in a well-resolved structure.

The effect of ultra-cold temperatures is also nicely captured by our methods. As expected,
the spectra become much more well-resolved in all environments. Moreover, the constraints
imposed by PHTP, perturbs the equilibrium structure, both in Sp and Sy, breaking the planarity.
As a result, the ultra-cold spectrum of PHTP is significantly blue-shifted, since the transition
energy increases as we deviate from planarity due to the steep increase in S; energy. Such
an effect is clearly observed in the experiment, where both absorption and emission spectra at
room temperature appear at lower energies compared to those in tetradecane, while the scenario
at 10K is reversed, with the spectrum in PHTP appearing at higher energies. Nonetheless,
even if the application of our method to low temperatures was successful, it should be warned
that it implies the description of torsions classically, which is questionable at such ultra-cold
conditions. In this sense, a potential improvement of the protocol would involve replacing the
classical MD sampling by a method able to provide the correct QM sampling, such as Path
Integral MD [835].

Despite nicely reproducing the experimental trends, the predicted spectral shapes in absorp-
tion still show some discrepancies with respect to the experimental counterparts, since they are
broader and underestimate the relative intensity of the 0-0 band. Our analysis allows to attribute
these discrepancies to the limited accuracy electronic level of theory, i.e. DFT/TDF-DFT with
CAM-B3LYP functional. Computations with MP2/ADC(2) protocol improves the results but

only partially highlighting that, at the state-of-the-art, it can be quite challenging finding a first-
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principle level of theory able to accurately describe the balance between internal flexibility and
the limitations due to the steric hindrance of the environment.

In summary, our methodology demonstrates good agreement with experimental observa-
tions, providing valuable insights into the distinct influence of different complex environments
on the photophysics of a flexible system. The method shows promise in capturing essential
spectral characteristics and provides a valuable framework to approach flexible systems in com-
plex environments, and is envisaged for the study of systems with relevant biological and tech-
nological implications, such as bioluminescent proteins or advanced devices for solar energy

conversion.
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