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Azobenzene is a prototypical molecular photoswitch, widely used
to trigger a variety of transformations at different length scales. In
systems like self-assembled monolayers or micelles, azobenzene
chromophores may interact with each other, which gives rise to the
emergence of exciton states. Here, using first-principles calculations,
we investigate how conformational disorder (induced, e.g., by thermal
fluctuations) affects localization of these states, on an example of an
H-type azobenzene tetramer. We find that conformational disorder
leads to (partial) exciton localization on a single-geometry level,
whereas ensemble-averaging results in a delocalized picture. The
nn* and nt* excitons at high and low temperatures are discussed.

Aggregation of molecular chromophores gives rise to molecular
excitons, featuring a collective nature of electronic excitation as
opposed to excitation of individual molecules.’™ The excitons
play a crucial role in processes of light energy conversion.*®
A particularly interesting class of light-triggered systems
is photoswitchable materials.® When photoswitch molecules
are brought in close proximity to each other, exciton states
are formed, as has been observed for azobenzene-containing
self-assembled monolayers (SAMs)” and micelles.® The exciton
formation has been proposed to hinder azobenzene
isomerization,” in addition to steric effects.®*

Exciton states arise as delocalized states in classical theories
of exciton formation in molecular crystals' and in molecular
dimers.” Yet, conformational disorder, induced, e.g., by thermal
fluctuations, has been shown to lead to (partial) localization of
the exciton states in polymers and oligomers.">"” To the best of
our knowledge, this effect has not been explored for systems
of aggregated photoswitchable molecules.

In this work, using first-principles calculations, we study
how conformational disorder caused by nuclear motion affects
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the exciton states of a model azobenzene aggregate composed
of four molecules (Fig. 1a). To this aim, we (i) perform ground-
state Born-Oppenheimer molecular dynamics (BOMD) simula-
tions employing dispersion-corrected density functional theory
(DFT), (ii) calculate the electronic spectra for selected MD
snapshots using linear response, long-range corrected time-
dependent DFT (TD-DFT), and (iii) reveal the nature of the
exciton states by means of a transition density matrix (TDM)
analysis.

Specifically, in step (i) we perform B3LYP'®'°+D3(BJ)*°
constant-temperature, ground-state dynamics at ~300 K, for
10 ps. After that, 100 snapshots are selected from the BOMD
trajectory (with a time interval of 100 fs) and subjected to
TD-DFT calculations using the ®B97X-D functional®* (step ii).
We use a long-range corrected functional in TD-DFT calcula-
tions to avoid a spurious charge transfer problem,>® which has
been observed for azobenzene dimers when using standard
hybrid functionals like B3LYP.>** All calculations are per-
formed with the def2-SV(P) basis set®® using Gaussian 16.%”
Further details about the model and the methods are provided
in SI1 (ESI%).

Fig. 1 (a) The H-type trans azobenzene tetramer studied in this work. The
intermolecular separation distance is 3.5 A. The yellow hydrogen atoms
were fixed during MD simulations. The numbering of the monomers is
shown at the bottom. (b and c) Side views and (d) top view of the ensemble
of 100 snapshots selected from the MD trajectory at T &~ 300 K.
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In step (iii) we quantify localization and charge-transfer
character of excited states using transition density matrix
analysis.>®?° To this aim, the Léwdin-type®®3! “fraction of
TDM” (FTDM) matrix F (defined for a certain excited state at
a given geometry) is computed:**

E Z (Sl/2P[AO]Sl/2)

peX veY

3 s (Sl/zp[Ao]Sl/z)iV'

uecomplex vecomplex

2
1%

Fyy = (1)

Here, P! is the TDM in atomic orbital (AO) basis (computed
with Multiwfn 3.8°%) and S is the AO overlap matrix. Diagonal
elements Fyxx quantify the contribution of local excitations and
off-diagonal elements Fxy, ¥ # X charge-transfer excitations
(X, Y denote monomers of an aggregate). In what follows, we
will often express the FTDM elements in %, i.e. as Fxy X 100%.

For an ensemble of Ny MD snapshots (labeled with o), we

2 F,

o

compute the averaged FTDM matrix F = . Furthermore,

N
for each snapshot o, we sort the diagonal of the F, matrix to

introduce the highest (H), lowest (L), and intermediate (H—1

and L+1) monomers: F, g > F, g 1 > F, 14 > F,1.> After that,

we average these values over all snapshots, e.g., for the H
Z F:c,H

fragment Fy = -

. This procedure allows one to judge
s
about exciton localization on the single-geometry level.'”*?
The studied H-type trans azobenzene tetramer is shown in
Fig. 1a. The H-type arrangement is motivated by azobenzene
packing in self-assembled monolayers.” The used model with
intermolecular distance of 3.5 A is an extension of the densely-
packed dimer model used in our previous works.'®** The
ensemble of 100 MD snapshots demonstrating the extent of
conformational disorder at ~300 K is presented in Fig. 1b-d.
We first examine the nrn* absorption band, corresponding to
the bright, So— S, transition of the monomer. The spectra of
the monomer and the tetramer calculated at the single geo-
metries (with the monomer geometry optimized at the B3LYP/
def2-SV(P) level) are shown in Fig. 2a. As can be expected for an
H-aggregate, we observe a blue shift in comparison with the
monomer spectrum, ~0.24 eV in our case. The brightest
transition in the tetramer is the S,—S,; transition. [We note
that the tetramer stick spectrum turned out to be rather
sensitive to the monomer geometry—see spectra of tetramers
constructed from the B3LYP/def2-SV(P) and B3LYP/def2-TZVP*®
optimized monomer geometries in Fig. S1 (ESI{) and FTDM
matrices in Fig. S2, ESIt.] Using the simplest exciton model
(which includes only local excitations and assumes large energy
gaps between monomeric states), one would expect the brightest
transition to be S,—Sg. However, at the small intermolecular
separation (3.5 A) and with the ®B97X-D functional, we observe
that transitions from S,—Sg to So— Sy originate from the S,—
S;,4, monomeric transition, and the S,—S;, transition is a
charge-resonance® transition corresponding to the monomeric
So— S, transition. We also note that the S, — S¢ transition in the
tetramer at 3.47 eV has a small but nonzero oscillator strength of
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Fig. 2 (a) The nn* absorption bands of the monomer and the tetramer,
calculated with TD-wB97X-D/def2-SV(P), for single model geometries.
The monomer geometry was optimized at the B3LYP/def2-SV(P) level;
the tetramer geometry (see Fig. 1a) was constructed from the optimized
monomer geometry. (b) The nr* absorption bands of the monomer and
the tetramer at T &~ 300 K. The spectra are obtained using TD-©B97X-D/
def2-SV(P) calculations for 100 snapshots.

~0.01. This transition is red-shifted by ~0.64 eV with respect to
the peak of the monomeric nn* band.

The spectra at ~300 K are shown in Fig. 2b. The spectra are
broader in comparison to those for the model geometries in
Fig. 2a due to nuclear motion. The tetramer absorption band
with a peak at 4.34 eV is blue-shifted by ~0.17 eV with respect
to the monomer absorption maximum located at 4.17 eV. The
maximum tetramer absorbance is ~3.5 times larger than the
maximum monomer absorbance. Apart from the intense blue-
shifted band, the tetramer spectrum exhibits a tail extending in
the red direction, up to ~3.3 eV. This demonstrates that the
spectrum of the H-aggregate is more complex than merely a
blue-shifted absorption band, and that the aggregate may be
excited not only at energies above the monomer absorption, but
also below it.

We turn now to the question of exciton delocalization.
Fig. 3a shows the FTDM matrix for the S,—S;; transition of
the tetramer, for the model geometry of Fig. 1a. The exciton is
mostly composed of local excitations, whereas CT excitations
represent a minor contribution. Specifically, the sum of diagonal
elements of the FTDM matrix is 86%, whereas the sum of off-
diagonal elements is 14%, as shown in Fig. 3b. Furthermore, we
also show the diagonal Fxx values in Fig. 3b. They demonstrate
that the exciton is delocalized over the tetramer, with two
molecules in the middle bearing ~24% of excitation each, and
two end molecules ~19% each.

Furthermore, we calculated the FTDM matrix for the brightest
transition of each of 100 MD snapshots (see distributions of the
brightest state labels and corresponding oscillator strengths in
Fig. S6 and S7 (ESIf), respectively). The averaged F matrix at
~300 K is shown in Fig. 3c. We again see that the local
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Fig. 3 Top row: Calculations for the single model geometry, for the
brightest transition (So— Si3). (@) The F matrix. (b) Diagonal Fxx elements
and the sum of diagonal (LE) and off-diagonal (CT) elements. Bottom row:
Calculations for the ensemble of 100 snapshots, for the brightest nn*
transitions. (c) The F matrix averaged over all snapshots. (d) Diagonal Fxx
elements of the averaged F matrix and the sum of diagonal (LE) and off-
diagonal (CT) elements. (e) The averaged highest to lowest diagonal values
and their sum (LE). (f) Relative frequency with which monomers have the
highest or lowest Fxx value.

excitations are dominant, but CT excitations are more pro-
nounced than for the single model geometry (compare with
Fig. 3a). Namely, we find 71% LE and 29% CT in total (Fig. 3d).
The diagonal elements of the averaged F matrix range from ~ 16 to
~19%, showing exciton delocalization for the ensemble (Fig. 3d).

However, this delocalization represents an averaged picture
only. Looking at Fig. 3c and d, it is not possible to conclude
about the extent of delocalization for individual members of
the ensemble. Therefore, we perform the additional analysis
that identifies the highest to lowest monomers for each indi-
vidual snapshot (as described above). The averaged highest to
lowest FTDM values are shown in Fig. 3e. The H fragment
acquires 34% of excitation, whereas the L fragment only 6%.
The H—1 and L+1 carry 19% and 11%, respectively. Thus, the
conformational disorder leads to a partial localization of the
bright excitons in the studied azobenzene aggregate. Each of
the four monomers may be the highest (or lowest) at that
(Fig. 3f), depending on a given MD snapshot.

We have also calculated the spectra using the ®B97
functional®® (with no short-range exact exchange in contrast
to ®B97X-D) to check the sensitivity of the results to a given
functional. Qualitatively, the findings are the same as with
®B97X-D. Quantitatively, at the TD-wB97 level, the spectra are
blue-shifted (Fig. S4 and S5, ESI{), charge-transfer elements of
FTDM are smaller (Fig. S8, ESIt), and the highest fragment
acquires 53% of excitation (instead of the above-mentioned
34% on the TD-0B97X-D level).

Next, we have also considered dynamics corresponding to
much lower temperatures. To do so, we launched a constant-
energy trajectory with zero initial velocities. The resultant
temperatures are less than 26 K (Fig. S3, ESIf). Expectedly,
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spectral broadening is smaller than that at 300 K (Fig. S4, ESIt).
Importantly, the brightest excitons are more delocalized at low
temperatures, as revealed by the highest/lowest FTDM analysis
(Fig. S9 and S10, ESIY).

The n* absorption band of the tetramer at ~300 K pos-
sesses a tail in the low-energy range, at 3.3-4.0 eV (Fig. 2b), as
mentioned above. We analyzed the exciton localization for the
So— S5 transition, which is the lowest energy nrn* transition and
is located at the n* absorption onset (see SI2.2, ESIt). At the
model tetramer geometry, this transition is predominantly
delocalized over the central dimer (Fig. S12, ESIt). It also shows
sizable CT excitations between the middle molecules. MD at
~300 K again leads to considerable single-geometry localization,
whereas the excitons are more delocalized at low temperatures
(<26 K in our case), see SI2.2 (ESIf). In this respect, it is
interesting to note that photoisomerization in the SAMs (if it
occurs) is believed to be triggered by localized excitations.>®

Furthermore, we turn to the lower energy nm* band. The
So—S; transition of the ¢trans monomer is a dark transition (i.e.,
a transition with zero oscillator strength) located at ~2.55 eV.
The four lowest transitions in the tetramer (S, —S; to So—S4),
which originate from the lowest monomeric transition, are
also dark and reside at ~2.43-2.52 eV. [The given excitation
energies are obtained with TD-0B97X-D/def2-SV(P) at the
B3LYP/def2-SV(P) geometries.] The nn* transitions become
allowed (although they carry a weak oscillator strength) due
to structural distortions,?” realized in the MD simulations.
The nn* absorption bands of the monomer and the tetramer
at ~300 K are shown in Fig. 4. Both exhibit a maximum at 2.53-
2.54 eV. The tetramer absorbance at the maximum is ~2.3
times larger than the monomer absorbance.

Furthermore, the lowest four transitions of the aggregate, at
the model geometry of Fig. 1a, are dominated by local excitations
as can be seen in Fig. 5a-d. The So—S; and S, — S, transitions
are predominantly delocalized over the dimer in the middle,
whereas the S, — S; and Sy — S, transitions are mostly delocalized
over the terminal molecules.

The averaged F matrix for the brightest transition within the
nn* band is shown in Fig. 5e. Again, we see that the exciton is
delocalized in the averaged picture (Fig. 5f). However, the
analysis based on sorting diagonal values for individual

— tetramer

monomer

20 22 24 26 28 30
Excitation energy (eV)

Fig. 4 The nn* absorption bands of the monomer and the tetramer at
T ~ 300 K. The spectra are obtained using TD-mB97X-D/def2-SV(P)
calculations for 100 snapshots.
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Fig. 5 Top row: Calculations for the single model geometry, for the
lowest four transitions (So—S; to Sg— S4). Diagonal Fxy elements and the
sum of diagonal (LE) and off-diagonal (CT) elements are shown for (a) So—
S1, (b) Sg— S5, (c) Sg— Sz, and (d) Sg— S4 transitions. Bottom row: Calcula-
tions for the ensemble of 100 snapshots, for the brightest nt* transitions.
(e) The F matrix averaged over all snapshots. (f) Diagonal Fxx elements of
the averaged F matrix and the sum of diagonal (LE) and off-diagonal (CT)
elements. (g) The averaged highest to lowest diagonal values and their sum
(LE). (h) Relative frequency with which monomers have the highest or
lowest Fyx value.

snapshots reveals a pronounced exciton localization (Fy = 97%)
to a single azobenzene unit (Fig. 5g). This strong localization
can be explained by a weak exciton coupling of the nn* states.®
Each monomer may take a role of the highest monomer
(Fig. 5h), which results in the delocalized averaged pictures of
Fig. 5e and f. We also note that the CT contributions are
negligible in this case (Fig. 5f). At low temperatures, the nn*
excitons are less localized (Fy = 74%), see Fig. S18 (ESIt). The
®B97 results are very similar: F; = 97% at ~300 K (Fig. S17,
ESIT) and Fy = 75% at <26 K (Fig. S19, ESIT).

In addition, we performed dynamics calculations employing
®B97X-D instead of B3LYP+D3 to check the effect of the
functional used in step (i). The results are presented in SI3

Table 1 Inverse participation ratios (IPRs) for the studied excitons?
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(ESIT). While qualitatively we can draw the same conclusions,
there are some quantitative differences, most noticeably for the
spectra and the ensemble-averaged delocalization of the nn* band.

Furthermore, to account for both LE and CT contributions
in analysis of single-geometry (de)localization, we computed
inverse participation ratio (IPR) (also known as participation
number (PN) or delocalization length (DL)), which is defined
(for a certain excited state at a given geometry) as:*

1
IPR = 5 (2)

5 (Z Fxy ; F YX)

X Y

IPR quantifies (de)localization by a scalar (in general noninte-

ger) value ranging from 1 (complete localization) to 4 (complete

delocalization). The mean value of IPR for an ensemble of Ny
STIPR,

o

A IPR for the model geometry and

S
mean IPR with standard deviation for ensembles of 100 snap-

shots for the studied excitons are shown in Table 1. The IPR
values for individual snapshots are provided in Fig. S11, S16,
S20, S29, S34 and S39 (ESIt). As can be seen from Table 1, IPRs
corroborate the findings of the highest/lowest FTDM analysis
discussed above.

Finally, to shed light on the strength of exciton-vibration
coupling, we calculated time evolution of IPR and F;; along with
geometrical changes for the first 100 fs of the high temperature
(~300 K) MD trajectory (Fig. S40, ESIt). Fast uncorrelated
intramolecular vibrations lead to rapid localization of excitonically
weakly coupled nm* states, whereas excitonically strongly coupled
nn* states undergo only moderate changes in (de)localization.

In summary, we studied the effect of conformational dis-

snapshots is then

order on the exciton states of a model azobenzene tetramer by
means of first-principles calculations. The ground-state MD
was performed using dispersion-corrected DFT functionals,
and the excited states were computed with long-range corrected
functionals. Using transition density matrix analysis, we found
that the conformational disorder at ~300 K induces partial

Model geometry”

B3LYP+D3 dynamics

®»B97X-D dynamics

TD-wB97X-D TD-0B97 T (K) TD-wB97X-D TD-0vB97 TD-w0B97X-D TD-0wB97

Brightest nn* transition

3.91 [So— Si3] 3.97 [So— Sio] ~300 3.1 (0.5) 2.5 (0.6) 2.9 (0.6) 2.5 (0.6)
<26 3.8 (0.1) 3.8 (0.2) 3.8 (0.2) 3.8 (0.2)

So—Ss (nn*) transition

2.94 [Sy—Ss] 2.88 [So— Ss] ~300 2.1 (0.5) 1.9 (0.5) 2.1 (0.4) 1.9 (0.4)
<26 2.7 (0.2) 2.6 (0.2) 2.7 (0.2) 2.7 (0.2)

Brightest nn* transition

2.40 [So—S;] 2.41 [Sg—S4] ~300 1.1 (0.1) 1.1 (0.2) 1.1 (0.2) 1.1 (0.2)

3.29 [Sy—S,] 3.42 [Sy—S,] <26 1.8 (0.8) 1.7 (0.8) 1.9 (0.8) 1.8 (0.8)

2.39 [So—S;] 2.40 [So—S;] — — — — —

3.28 [So—S4] 3.41 [So—S4] — — — — —

“ Corresponding transitions for the model geometry are shown in square brackets. IPR standard deviations are shown in parentheses. ” Tetramer
geometry is constructed from the B3LYP/def2-SV(P) optimized monomer geometry.
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localization of the brightest, nn* excitons, whereas the excitons
at T < 26 K are more delocalized. The nn* excitons undergo a
strong localization (to a single monomer) at ~300 K. At low
temperatures (<26 K) the effect is weakened, but the nn*
localization is still pronounced.

Future research will be devoted to the investigation of the
exciton dynamics in azobenzene aggregates by means of non-
adiabatic mixed quantum-classical MD simulations.
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thus Eyin = 3N — 12 — l)sz (here, 12 corresponds to frozen coordi-

nates of four fixed atoms and 1 accounts for the rigid-body rotation
around the axis going through the fixed atoms). Therefore,

[ = MT, which results in 7 &~ 307.6 K for T =300 K (N = 96).
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