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ABSTRACT: The excited state properties of cyanine dyes and
the orientations of their aggregates were studied using density
functional theory (DFT). The effects of exchange-correlation

functional and solvent model on the absorption spectrum of

CyS was investigated. Using the 6-31+G(d,p) basis set and
B3LYP exchange-correlation functional with IEF-PCM (water)
solvent, the predicted spectrum achieved a maximum absor-
bance within 0.007 eV of experiment. An in-house program
based on the theoretical model of Kiihn, Renger, and May
(KRM), which predicts the orientation of dyes within an aggre-
gate from its absorbance and circular dichroism (CD) spectra
or vice versa, was used to investigate the orientation of an exper-
imentally observed dimer. The absorbance spectrum predicted
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using the KRM model of the dimer structure optimized with the 6-31+G(d,p) basis set, ¥B97XD exchange-correlation func-

tional, and IEF-PCM solvent agrees with experimental data.

B INTRODUCTION

Chromophore aggregates in the light-harvesting complexes of
photosynthetic organisms have been shown to exhibit exciton
delocalization, in which an electron—hole pair is delocalized
over spatially separated chromophores.' > Exciton delocaliza-
tion plays a role in the energy transfer to the reaction center in
photosynthesis and was first observed in nonbiological mole-
cular crystals.*”® Early steady-state absorption measurements
suggested exciton delocalization was present in chlorophyll from
spinach photosystem 1.” Later, femtosecond two-dimensional
spectroscopy was used to observe the indicative quantum
“beating” between chromophores in bacteriochlorophyll at
77K," a result that was later confirmed at room temperature.'”"!
These excitonic phenomena are of considerable interest due to
their potential for applications in the realms of solar energy
harvesting and quantum optics.'”~'* A signature of exciton delo-
calization in dye aggregates is the shifted absorption maxima
(relative to the monomer) due to molecular transition dipole
interactions. When two chromophores come close enough that
their transition dipoles interact, the excited state energy is split.
Two commonly formed types of aggregate are known as J- and
H- aggregates." J-aggregates, named after the chemist E. E. Jelley,
display a narrow, intense, bathochromic absorbance (i.e., red shift)
with nearly resonant fluorescence, while H-aggregates display a
hypsochromic shift (i.e,, blue shift) in absorbance maxima and
quenched fluorescence as explained by the molecular exciton
theory of Kasha.'® Figure 1 illustrates the energy splitting and
allowed states of different dye dimers. The transition dipole
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moment is assumed to be parallel to the long axis of the dye
molecule. The selection rules for light absorption involve taking
the vector sum of the transition dipoles, so only transitions with
net nonzero vectors are allowed. Oblique aggregates, in which
the alignment of the transition dipole moments of the dyes is at
some angle between the H- or J- configurations, have allowed tran-
sitions to both the higher and lower energy states, so the absor-
bance spectra show Davydov splitting of their absorbance max-
ima.'” Because of their excitonic properties, dye aggregates have
been proposed to be used for light harvesting and excitonic quan-
tum computing applications."*>' However, the chromophores
must be precisely spaced in order to achieve predictable exciton
delocalization behavior as small changes in the orientation of the
chromophores will cause large shifts in the absorption spectra.

Recently, cyanine dyes covalently incorporated into duplex
DNA have been studied for their exciton delocalization prop-
erties that include J- and H-aggregate behavior and Davydov
splitting that manifest as red shifts, blue shifts, and simultaneous
red and blue shifts in absorbance, respectively, as compared to
the dye monomer. The self-assembly properties of DNA can
bring dyes within separation distances that induce shifts in the
absorption maxima. Using DNA as a scaffold allows for manipu-
lation of the orientation of cyanine dye molecules. DNA nano-
technology enables the precise construction of nanodevices due
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Figure 1. Energy diagram based on molecular exciton theory of Kasha
showing the excitation pathways for the J-dimer, H-dimer, and oblique
dimer relative to the monomer."® The allowed (solid) and forbidden
(dashed) transitions result from the orientations of the molecular
transition dipole moments.

to the self-assembly of nucleic acids determined by Watson—
Crick base pairing. The use of DNA as a building material has
demonstrated precise control of 2D and 3D nanoscale shapes.”>**
It has been shown that CyS dimers covalently bound into the
sugar—phosphate backbone of duplex DNA adopt a J-dimer con-
figuration in 100 mM sodium chloride.”* Another study found
that Cy3 dimers covalently attached to DNA showed H-dimer
absorbance in which the intensity varied with base-pair sep-
aration distance and the rigidity of the DNA scaffold.”® The
exciton-coupling strength of Cy3 dimers in double-stranded
DNA has been found to decrease with an increase in temper-
ature.”® It has also been found that varying the salinity of a solu-
tion containing CyS in DNA with magnesium chloride (from
0 to 100 mM) as well as the DNA concentration resulted in a
conformational change from a J- dimer to H-tetramer configura-
tion.”” The relative orientation of the dyes in the DNA scaffold
has been investigated by fitting the absorption and circular
dichroism (CD) spectra using an in-house program based on
the theoretical model of Kiihn, Renger, and May (KRM).”” =’
In this model, the dominant vibrational mode of the electronic
ground state and the electronic excited state of each molecule in
the aggregate is treated nonperturbatively by including its Hamil-
tonian in the system Hamiltonian that is diagonalized on a trun-
cated Hilbert space in order to obtain the system energy eigen-
values. To go beyond the approximation in which the exchange
interaction arises from point dipoles, the program, from here on
referred to as the KRM code, treats the interaction using the
extended dipole model.”® In this manner, the program is able to
more accurately model aggregates of rod shaped molecules, like
CysS, for which nearest neighbor distances can be shorter than
the length of the molecules. Cannon et al. used the KRM code to
find the orientation of the chromophores by varying the input
orientations and fitting parameters until a good fit was obtained
between the theoretical and experimental spectra.””*’ Having
determined the values of the fitting parameters for Cys,
the KRM code can be used to predict the absorbance and CD
spectrum of a given CyS aggregate structure. Further detail
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Figure 2. Molecular structure of CyS$ (or 1,1'-dimethyl-3,3,3",3'-
tetramethylindocarbocyanine). Linkers are attached at R groups: for
H-dimers and monomer, R = methyl; for oblique dimer, R = propyl
chain.

about the methods implemented in the code can be found
in ref 26.

This paper investigates the excited state and intermolecular
CyS (see Figure 2 for structure) dye interactions using ab initio
density functional theory (DFT)-based approach. Determining
the position and orientation of these molecules is a vital first step
to study their excitonic behavior. This work is in support of a
previously published article in which the orientation of dyes
covalently bound to duplex DNA was investigated by analysis of
the absorption and circular dichroism spectra using the KRM
model.”” The dimer orientation predicted by Cannon et al. for a
CyS5 dimer in duplex DNA in 0 mM MgCl, from analysis with
the KRM code of the absorbance and circular dichroism data
(this dimer structure is from here on referred to as the oblique
dimer) was also optimized using different exchange-correlation
functionals.”” The predicted spectra of the optimized oblique
dimer structures using the KRM code were compared to the
experimental spectrum obtained by Cannon et al.>’ Vibrationally
resolved absorbance spectra for the CyS monomer were gener-
ated using each exchange-correlation functional and compared
to the experimental spectra. The computational results advanced
our understanding of exchange-correlation functional effect on the
structural stability and excitonic phenomenon of the CyS materials.

For the Cy5-DNA materials system to be considered as a
viable candidate for excitonic applications, control of position of
CyS dyes in different DNA assemblies must be demonstrated.
In our work, DFT-based electronic structure calculations helped
determine the orientation of Cy$S dyes in DNA at the ground state.
Time-dependent density functional theory (TD-DFT) modeled a
system in the excited state, revealing the effect of exchange-
correlation functional and solvent on the absorbance spectra.

B METHODS

All ab initio calculations were performed via the Gaussian09
quantum chemistry package.”’ Molecules were first optimized
using the semiempirical PM6 method.”” These structures were
then optimized to a residual force of 4.50 X 10™* Hartree/Bohr
(2.31 X 1072 eV/A) using the Kohn—Sham formulation of DFT
with the B3LYP, CAM-B3LYP, or wB97-XD hybrid exchange
functionals and 6-31+G(d,p) basis set.>>~>” B3LYP is a three-
parameter hybrid, combining Hartree—Fock, GGA, and LDA
with no long-range or dispersion correction.”> CAM-B3LYP also
considers long-range correction by the Coulomb attenuating
method.** @B97-XD has both long-range and damped empirical
dispersion corrections.”® The effect of basis set extension was
also investigated using the 6-311++G(2df,2pd) basis set. These
basis sets and exchange-correlation functionals were chosen based
on a study which found them to work well for the CyS-DNA sys-
tem.*® Because the research focus is on the excited state energies,
the diffuse functions (represented by +) and the polarization
functions (represented by the p, d, or f orbital designation) in
the basis set were used to better approximate the higher energy
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Figure 3. Initial structures for the flipped (a) and stacked (b) CyS H-dimers. The blue atom represents the nitrogen in the amine group while carbon is

in gray and hydrogen is in white.

molecular orbitals. All solvated structures were optimized using
the polarizable continuum model of water solvent using the
integral equation formalism (IEE-PCM).*** Structures were
confirmed to be minima on the potential energy surface by the
lack of negative vibrational frequencies.

The terms flipped and stacked denote the position of the
tertiary amine groups in the dimers: stacked refers to the amine
groups of each dye molecule being on the same side while flip-
ped refers to the amine groups being on opposite sides (see
Figure 3). The initial positions of the flipped and stacked H-dimer
were chosen by placing the centers of the molecules within 1 nm
of each other but no closer than § A because any closer is not
physically likely to occur. The atoms in the H-dimer were fully
geometrically relaxed.

The initial position of the oblique dimer was obtained by
matching the dimer position with the orientation vectors obtained
by Cannon et al. using the KRM code.”” In the experiments of
Cannon et al,, the oblique dimer was covalently bound into DNA,
so to model this situation, the initial orientation of the oblique
dimer from the KRM code was covalently bound into the DNA
backbone with propyl linkers and optimized using the universal
force field (UFF) in the Avogadro molecule editor.*""** Then,
the position of the terminal carbon atom on the linker group
was frozen to simulate binding to DNA, and the DNA was
removed to reduce computational time before optimization using
PM6 followed by DFT optimization with a hybrid functional.

To investigate the effect of solvent on the excited state ener-
gies, a linear response formalism which adds the solvent terms to
the excited state equations was employed, and the geometry of
the lowest excited state was optimized with IEF-PCM water
solvent. In calculating the solvent response to the change of state,
the equilibrium approach was used which allows the solvent
to rearrange and equilibrate to the excited state wave function.
To account for the Duschinsky effect (i.e., the change in vibra-
tional modes upon electronic transition), the adiabatic Hessian
approach was used to expand the excited state potential energy sur-
face around the equilibrium excited state geometry.**** To obtain
a vibrationally resolved absorption spectra the magnitude of the
transition dipole moment between vibrational levels in the ground
and excited states was approximated using the Franck—Condon
(FC) with and without the Herzberg—Teller (HT) approx-
imation for comparison.”™*’ The resulting stick spectra were
broadened using Gaussian functions with a half-width at half-
maximum (HWHM) of 300 cm™.

B RESULTS AND DISCUSSION

Table 1 and Table 2 show the solvation energy for the CyS$
monomer and H-dimer and the dye—dye interaction energy of
the H-dimers in consideration of various basis set and
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Table 1. Solvation Energy of CyS$ for Given Basis Sets and
Exchange-Correlation (xc) Functionals

basis set xc-functional solvation energy (eV)
6-31+G(d,p) B3LYP —1.488
6-31+G(d,p) CAM-B3LYP —1.501
6-31+G(d,p) ©B97-XD ~1.506
6-311++G(2df2pd) B3LYP —1.477
6-311++G(2df2pd) CAM-B3LYP ~1.492
6-311++G(2df2pd) @B97-XD ~1.493

exchange-correlation functional combinations. The solvation
energy is calculated as follows:

E01=ET_EV

S

Here E is the energy of the solvated molecule and E, is the energy
of the relaxed molecule structure in vacuum. The interaction
energy of the dimer is calculated as follows:

Eint = Edimer —2XE

monomer

Here E,,, is the energy of the dimer, and E,,,,,,,.., is the energy of
the monomer.

The solvation energy is used only as a qualitative measure to
determine which dye orientation will be more stable as the
experiment we aim to support takes place in aqueous solution.”’
The more negative the solvation energy, the more energetically
favorable for the constituent to exist in the solvent. Tables 1
and 2 show that the solvation energy of the dimer is more nega-
tive per chromophore than that of the monomer, suggesting that
the dimer structure would be more energetically favorable in a
polar solvent such as water. We suggest the reason for this is the
reduction of hydrophobic interactions with the solvent. The
monomer calculations show no significant difference in either
structure or solvation energy as exchange-correlation functional
varies. For the dimer structures, however, the way in which the
functional models consider long-range and dispersion inter-
action differs and thus impacts the results. Compared to the
flipped structure, the stacked H-dimer structure overall has more
negative solvation energy because in the optimized geometry
this dimer is more compact and thus required a smaller cavity in
the solvent. The solvation energy was also computed using the
SMD method, which has been shown to more accurately compute
the solvation free energy.*® It is worth noting that the solvation
energies calculated using IEF-PCM solvent differ from those
calculated using the SMD method (see Supporting Information,
Table S2); however, the overall trends remain the same.

The interaction energy provides insight into the strength of
the intermolecular interaction of the two dyes. Table 2 shows
that the interaction energy between the H-dimers using B3LYP
is very small or even positive suggesting that this functional
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Table 2. Solvation Energy and Interaction Energy of Relaxed CyS H-Dimers (Flipped and Stacked) for Given Basis Sets and

Exchange-Correlation (xc) Functionals

structure basis set xc-functional solvation energy (eV) interaction energy (eV)
H-dimer (flipped) 6-31+G(d,p) B3LYP —4.234 0.002
631+G(d,p) CAM-B3LYP —4343 —0.039
6-31+G(d,p) ®B97-XD —4.460 —0.636
6311++CK2dﬂZpd) B3LYP —4.104 0.008
6-311++G(2df2pd) CAM-B3LYP —4.334 ~0.025
6-311++G(2df2pd) @B97-XD —4.427 —0.572
H-dimer (stacked) 6-31+G(d,p) B3LYP —4.413 —0.003
631+G(d p) CAM-B3LYP —4.638 ~0.069
631+G(d,p) ©B97-XD —4.690 —1.054
6-311++G(2d£2pd) B3LYP —4239 0.009
6-311++G(2df2pd) CAM-B3LYP —4.624 —0.044
6-311++G(2df2pd) ©B97-XD —4.663 ~1.033

underestimates the intermolecular dye interactions because
similar cationic cyanogen dyes are known to aggregate in aqueous
solution.”'™? Considering the long-range correction (CAM-
B3LYP) in the exchange-correlation functional lowers the energy,
but adding dispersion corrections (wB97-XD) results in the lowest
energy (i.e., the most favorable interaction) for both the flipped
and stacked H-dimer. The interaction and solvation energies indi-
cate that the stacked H-dimer is more energetically favorable,
i.e., more stable, than the flipped structure, even though stacking
the methyl groups could result in steric hindrance; potentially,
favorable pi-stacking of the aromatic rings contributes to the
lower interaction energy.

As CyS is a cationic dye, a preliminary investigation into the
effect of the presence of an explicit (chlorine) counterion was done
(see Supporting Information, Table S1). However, analysis with
the KRM code suggests that the oblique dimer structure which was
relaxed with counterions is not a better fit to experiment (see
Supporting Information Figure S1).

Comparison of the solvation energy or the interaction energy
of the H-dimer structures optimized using the same exchange-
correlation function and either the small (6-31+G(d,p)) or large
(6-311++G(2df,2pd)) basis sets shows that these energies do not
differ between basis sets. A good agreement between the relaxed
dimer structures within the same exchange-correlation functional
and between basis sets further confirms that the basis set super-
position error (BSSE) is negligible in the small basis set. (For a
detailed orientation of each dye within the dimer structures, see
Supporting Information Tables S3 and S4.) Finally, this simil-
arity of the optimized structures between basis sets can be
visualized using the absorbance spectra predicted by the KRM
code, where small changes in dye orientation will induce large
shifts in the absorbance (see Supporting Information Figure S2).

To compare the spectra, and thus the difference between the
dimer structures, the root-mean-square error (RMSE) is provided as
a measure of the difference between two absorbance data as follows:

Z?:l Q’li B y2i)2

n

RMSE =

where y; and y, are the y-axis (absorbance) values corresponding
to the first and second data sets and n is the number of points.
The lower the RMSE, the more similar the spectra, and if the two
data sets are equal, the RMSE will be zero.

Including the DNA in the DFT calculation makes the system
unmanageably large, so investigation of the effect of the DNA
scaffold on the CyS dimer structure was done in stages. First, the
initial structure of the oblique dimer, which was experimentally
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observed in duplex DNA, was designed to fit the orientation
vectors found by Cannon et al. using the KRM code.”” As con-
firmation, following the UFF relaxation of the dye dimer in DNA
structure, the vector fit of the relaxed dimer structure was re-
entered into the KRM code to ensure that the predicted spec-
trum continued to match the experimental spectrum. For infor-
mation on the vector fitting employed, see Supporting Information,
Figure S3. Figure 4 confirms that the generated and experimental
spectra are in good agreement. (RMSE = 0.0543)

— UFF
Experiment
2 RMSE = 0.0543
Py
Q
[ =
©
2
S
2]
o
<
[
=
kS
[0
o
T T T T
500 550 600 650 700 750

Wavelength (nm)

Figure 4. Theoretical absorbance spectrum generated using KRM code
for the oblique dimer structure relaxed using UFF compared to
experimental absorbance of oblique dimer obtained by Cannon et al.
Initial structure for oblique dimer was designed based on vectors
determined by Cannon et al. so, as expected, the spectra show good
agreement between the theoretical and experimental.”® RMSE value
was provided for quantification of difference.

The next stage in the investigation of the effect of DNA scaf-
folding is based on the simplifying assumption that the main con-
tribution of the DNA scaffold is the position restraint imposed by
the alkyl linker chains. This assumption is based on necessity (the
system is too large for DFT) and the observation the absorbance
of the monomer does not change appreciably when bound to
DNA (see Supporting Information, Figure S4). After relaxation
in DNA with UFF, the oblique dimer with fixed linker chains was
optimized using PM6 and then DFT using the 6-31+G(d,p)
basis set (chosen based on the results of the H-dimer calcula-
tions which showed that the BSSE using this basis set for the Cy5
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dimers was not significant) and various hybrid functionals (B3LYP,
CAM-B3LYP, and @B97XD). Figure S shows the predicted spec-
tra of the relaxed structures using the KRM code. For the corre-
sponding orientation of the dyes after relaxation, see Supporting
Information Table SS.

The small peak at 550 nm in all predicted spectra corresponds
to a vibronic transition which is not observed in experiment most
likely due to temperature or solvent induced peak broadening.
Comparison of the predicted spectra in Figure 5 with the experi-
mental spectra suggest that the dimer drifts away from the orien-
tation found by experiment after (a) the PM6 optimization (the
RMSE value increases from 0.0543 to 0.1195) and drifts even
further upon optimization using (b) B3LYP (the RMSE value
increases from 0.1195 to 0.1336); however, after optimization
with the long-range corrected (c) CAM-B3LYP and dispersion
corrected (d) @B97XD functionals, the predicted spectra become
a better fit to the experimental spectrum (the RMSE decreases
from 0.1195 to 0.0525 and 0.0514 for CAM-B3LYP and ®B97XD,
respectively), and even show a better agreement with the experi-
mental spectrum than the initial position which was designed to
be a good fit (Figure 4, RMSE = 0.0543). Although the KRM
method requires reducing the molecules to vectors and does not
involve any ab initio energy calculations from atomic positions,
this result suggests that long-range and dispersion correction are
vital to accurately modeling the intermolecular interactions of
the dye aggregates. Additionally, this system was also optimized
using dispersion corrected B3LYP, but analysis of the resulting
structures with the KRM code suggests they are not as good a fit
to experiment“’55 (see Supporting Information Figure SS).

The structure of the oblique dimer optimized using @B97XD,
which provides the best fit of the predicted spectrum using the
KRM code to the experimental spectrum, is shown in Figure 6.

Figure 6. Structure of the CyS oblique dimer with propyl linkers
optimized using @B97XD functional. The terminal carbon atoms of the
linker chain (highlighted in yellow) were “frozen” during relaxation. See
Figure 5d for the predicted spectrum from this structure using the KRM
code.

In addition to the spectra generated using the KRM code, an
ab initio calculation of the absorbance spectrum of the monomer
was performed using the Franck—Condon approximation with

—— PM6 —— B3LYP
Experiment Experiment
RMSE = 0.1195 RMSE = 0.1336
(@) (b)
=)
<
)
)
C
®
£
@ s00 550 600 650 700 750 500 550 600 650 700 750
Q
<
g —— CAM-B3LYP — oB97XD
= Experiment Experiment
g RMSE = 0.0525 RMSE = 0.0514
(c) (d)
500 550 600 650 700 750 500 550 600 650 700 750

Wavelength (nm)

Figure 5. Theoretical absorbance spectra for the relaxed oblique dimer generated using KRM code compared to experimental absorbance of oblique
dimer obtained by Cannon et al.”® All structures were relaxed with the (a) PM6 semiempirical method before further relaxation with a hybrid
functional: (b) B3LYP, (c) CAM-B3LYP, or (d) @B97XD. RMSE value provided for quantification of the difference.
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and without the Herzberg—Teller approximation on vibrational
modes determined using DFT and TD-DFT (see Figure 7 for the

> f
, f’, ) &JJ
‘J‘JJ/JJ/JJJ./JJ
J ))

9
Figure 7. Molecular structure of CyS monomer optimized using
6-31+G(d,p) B3LYP in IEF-PCM water solvent. The average C=C
bond length in the methine chain is 1.4 A.

JJ

molecular structure). The intensity of absorption depends on the
square of the electronic transition dipole moment and the radia-
tion frequency, and it is also assumed that the Born—Oppenheimer
approximation, where nuclear motions are much slower than elec-
tronic transitions, holds true, so during an electronic transition
the nuclei can be considered static.*® The Franck—Condon (FC)
approximation further assumes that the electronic transition
dipole also remains static, while the Herzberg—Teller (HT)
approximation allows for linear variation of the dipole moment
with respect to the nuclear coordinates during the transi-
tion.*”**37%% The FC approximation can predict fully dipole-
allowed transitions while the HT approximation can better
predict weakly allowed or dipole forbidden transitions. Table 3

Table 3. Comparison of the Difference in Maximum
Absorbance (AA,,,,) of Experimental Cy5 Monomer
Spectrum”” to Absorption Spectra Generated Using the
Franck—Condon (FC) Approximation with or without
Contribution from the Herzberg—Teller (HT)
Approximation”

xc-functional approximation Al (8V)
B3LYP FC 0.007
B3LYP FCHT 0.080
CAM-B3LYP FC 0.188
CAM-B3LYP FCHT 0.207
wB97XD EC 0.215
®wB97XD FCHT 0.222

“Approximation schemes use TD-DFT and DFT results relaxed using
the 6-31+G(d,p) basis set and three different xc-functionals in IEF-
PCM (water) solvent.

shows the shift in absorption maxima (relative to experiment)
for spectra generated using the FC and FC with HT approxima-
tions.

Although the optimized geometries of the CyS monomers do
not vary appreciably between exchange-correlation functionals
(see Supporting Information, Table S6), the transition energies
from the ground to excited state are found to depend strongly on
the optimization conditions. Table 3 and Figure 8 show that the
conditions which bring the wavelength of maximum absorbance,
Amap Of the predicted spectrum closest to that observed in
experiment are obtained using the Franck—Condon approx-
imation on structures optimized with the B3LYP functional in
IEF-PCM water solvent (A4, 0.007 eV or 2.2 nm). The
consideration of long-range (CAM-B3LYP) and dispersion
correction (wB97XD) overestimate the ground to excited state
energy transition of the monomer.
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Figure 8. Comparison of spectra generated using the FC approximation
to experimental spectrum obtained by Cannon et al.*® The almost com-
plete overlap of the predicted absorbance spectrum generated using
B3LYP and the FC approximation (red line) with the experimental
spectrum (black line) suggest that the conditions not only accurately
predict A, but also the vibronic structure. All structures were opti-
mized using 6-31+G(d,p) basis set in IEF-PCM (water) solvent.

For all spectra the predicted energies of the transitions are
higher than observed in experiment. This is expected; TD-DFT
using hybrid functionals has been shown to overestimate the
vertical absorbance transition energy of cyanine dyes.”” ' The
addition of solvent is known to improve the prediction of the
transition energy®® and appears to red-shift the energies and
improve the calculation of the most intense transition, 4., for
all xc-functionals regardless of whether only the FC or also the
HT approximations are considered. (See the Supporting
Information Figure S6 for spectra from vacuum calculations.)
Figure 8 provides a comparison of the CyS monomer spectra
generated with various exchange-correlation functionals in IEF-
PCM water solvent using the FC approximation. The good
agreement between the absorbance spectrum generated using
the B3LYP exchange-correlation functional with the FC approx-
imation and the experimental spectrum shows that not only does
this method accurately predict 4., but the relative strength of
the vibronic peaks also seem to be in good agreement.

The use of the HT approximation does not improve the cal-
culation of the most intense transition which suggests that the
contribution of weakly allowed or dipole-forbidden transitions
to the absorption spectrum of a CyS molecule is negligible. Figure 9
compares the spectra for the same structures generated using the
FC approximation with the HT approximation and shows that this
method is not as useful for predicting the absorption spectrum
for this system as the FC approximation alone. As opposed to the
HT principle, using the FC principle the symmetric ground state
vibration can only couple with symmetric vibrations; the inten-
sity distribution of the band shapes will be dominated by one
vibrational mode.®” The good agreement of the absorbance spec-
trum generated using the FC principle with experiment suggests
that primarily one vibrational mode contributes to the vibrational
profile of CyS.

B CONCLUSIONS

Comparison of the H-dimer structures within different exchange-
correlation functionals shows that the structures optimized using
the smaller 6-31+G(d,p) basis set are not significantly impacted
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Figure 9. Comparison of spectra generated using the FC approximation
with the HT %pproximation to experimental spectrum obtained by
Cannon et al.>® Comparison of these spectra with those in Figure 8
show that adding the HT approximation does not improve accuracy. All
structures were optimized using 6-31+G(d,p) basis set in IEF-PCM
(water) solvent.

by BSSE. By comparing the spectra calculated using the in-house
KRM code with the experimental dimer spectrum, the oblique
dimer structure optimized using the @B97XD functional in IEF-
PCM water solvent provides the best agreement with the exper-
iment. It suggests that the long-range and dispersion corrections
imposed by the exchange-correlation functional are needed to
accurately estimate the dye—dye interactions. Comparison of
the vibrationally resolved electronic absorption spectra of the
monomer produced using the FC and HT approximations shows
that the spectrum obtained using the structures optimized with
the B3LYP functional in IEF-PCM water solvent and the FC
approximation agrees well with the experimental monomer spec-
trum. In this work, the equilibrium approach has been used to
account for the solvent response to the change of state although it
is unlikely that the solvent molecules would have time to rear-
range during a fast process like absorption. The difference between
the transition energies calculated using nonequilibrium and equi-
librium solvation are known to be significant in polar media.’®
In our future work, we will investigate the impact of nonequi-
librium solvation on the transition energy. The B3LYP func-
tional works well for a single molecule while the long-range and
dispersion correction could overestimate the transition energy
for a single molecule. For future work, we will combine quantum
mechanical and molecular mechanical (QM/MM) calculations
to incorporate DNA into the chromophore system. We will also
calculate vibrationally resolved absorption spectra of the oblique
dimer structures to continue revealing the effect of exchange-
correlation functional. Our work aims to investigate the effects
that various simulation conditions have on the unobservable
atomic structures and, in turn, the effects that the atomic struc-
ture has on the observable spectra. By understanding what fac-
tors are most important when simulating the system, we hope to
contribute our understanding to the knowledge of how to best
optimize this system in experiment.
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