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Solvent effect on the absorption spectra of coumarin 120 in water:
A combined quantum mechanical and molecular mechanical study
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The solvent effect on the absorption spectra of coumarin 120 (C120) in water was studied utilizing
the combined quantum mechanical/molecular mechanical (QM/MM) method. In molecular dynam-
ics (MD) simulation, a new sampling scheme was introduced to provide enough samples for both so-
lute and solvent molecules to obtain the average physical properties of the molecules in solution. We
sampled the structure of the solute and solvent molecules separately. First, we executed a QM/MM
MD simulation, where we sampled the solute molecule in solution. Next, we chose random solute
structures from this simulation and performed classical MD simulation for each chosen solute struc-
ture with its geometry fixed. This new scheme allowed us to sample the solute molecule quantum
mechanically and sample many solvent structures classically. Excitation energy calculations using
the selected samples were carried out by the generalized multiconfigurational perturbation theory.
We succeeded in constructing the absorption spectra and realizing the red shift of the absorption
spectra found in polar solvents. To understand the motion of C120 in water, we carried out principal
component analysis and found that the motion of the methyl group made the largest contribution and
the motion of the amino group the second largest. The solvent effect on the absorption spectrum was
studied by decomposing it in two components: the effect from the distortion of the solute molecule
and the field effect from the solvent molecules. The solvent effect from the solvent molecules shows
large contribution to the solvent shift of the peak of the absorption spectrum, while the solvent ef-
fect from the solute molecule shows no contribution. The solvent effect from the solute molecule
mainly contributes to the broadening of the absorption spectrum. In the solvent effect, the varia-
tion in C–C bond length has the largest contribution on the absorption spectrum from the solute
molecule. For the solvent effect on the absorption spectrum from the solvent molecules, the solvent
structure around the amino group of C120 plays the key role. © 2011 American Institute of Physics.
[doi:10.1063/1.3506616]

I. INTRODUCTION

Coumarin 120 (C120, 7-amino-4-methyl-1,2-benzo-
pyrone, Fig. 1) is the basic molecule in the 7-aminocoumarin
family. The compounds 7-aminocoumarins, or 4-methyl-7-
diethylaminocoumarins, are the most featured dyes among
the coumarin family. The substitution at the 7-position with
an electron-donating group enhances the fluorescence of the
dye, which leads to their wide application in blue–green laser
dyes and fluorescence probes. Furthermore, 7-aminocoumarin
dyes are applied to study solvatochromic properties since the
large Stokes shifts of these molecules are very sensitive to
the polarity and viscosity of the surrounding solvent envi-
ronment. Hence, the photophysics of these dyes has been
studied intensively.1–24 In spite of the numerous studies and
wide applications of 7-aminocoumarins, further investigation
of the excited states is essential. The nonradiative deactiva-
tion mechanism of 7-aminocoumarins has been debated for
the past two decades. The first model describes the nonradia-
tive deactivation process as the 7-aminocoumarin forms the
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so-called twisted intramolecular charge transfer state from the
S1 singlet excited state.1 The second is the so-called open–
closed umbrellalike motion mechanism.2 This mechanism as-
cribes the internal conversion process to a structural change
of the amino group from a planar N+-aromatic configuration
(with sp2 hybridization for the nitrogen atom) to a pyrami-
dal N-aromatic configuration (with sp3 hybridization for the
nitrogen atom). For C120,8 it is known that the nonradiative
deactivation process differs in polar and nonpolar solvents.
Thus, it is essential to elucidate the solvent effect of the ex-
cited states.

Since the pioneering work of Warshel and Levitt,25 com-
bined quantum mechanical/molecular mechanics (QM/MM)
methods have been successful in tackling the electronic struc-
ture calculation of large-scale systems. Especially in the
last decade, QM/MM methods have been applied to vari-
ous problems such as chemical reactions in enzyme or sol-
vent environments.26, 27 In QM/MM methods, the calculated
molecular system is divided into at least two different sub-
systems: one subsystem where the quantum effect that must
be included is treated by QM and the other subsystem in-
cludes the environmental effect that is treated by molecular
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FIG. 1. Structure of C120.

mechanics (MM). Efforts were made to obtain the aver-
age properties of the electronic excited states by using the
QM/MM method and treating solvents by MM.26–29 Molec-
ular dynamics (MD) simulation combined with the QM/MM
method is a powerful tool for studying the electronic structure
of molecules in solution. The solute and solvent molecules are
sampled simultaneously; the former is sampled by quantum
mechanical calculation and the latter by classical simulation.
Both the Car–Parrinello and Born–Oppenheimer MD simula-
tions employing the QM/MM method were applied to study
the excited state structure in solvents; however, it is still diffi-
cult to sample enough solvent structures to obtain converged
average properties. In these methods, the excitation energy
corresponding to the peak of the spectrum is obtained, but
the entire spectrum cannot be constructed. The solvent effect
leads to a red or blue shift and to broadening of the spectrum.
Thus, to fully understand the effect of the environment, con-
struction of the entire absorption spectrum is necessary.

In a previous work,30 we executed a classical Monte
Carlo simulation and obtained enough snapshots to obtain av-
erage solvent properties. We next chose 400 configurations
and performed quantum mechanical calculations for these
configurations, which we used to calculate the average physi-
cal properties. We applied this scheme to the first excited state
of formaldehyde and calculated the absorption spectra in wa-
ter. We succeeded in constructing the absorption spectra and
obtaining the converged absorption spectra peak and blue shift
in water. The use of full classical simulation for sampling the
solvent structure enabled us to obtain the average property
over many solvent structures. Many studies follow a similar
scheme.31–35 Sanchez et al. used classical MD simulation to
calculate the averaged value of the solvent electrostatic po-
tential and perform quantum mechanical calculations using
this averaged mean field.36 This reduces the number of quan-
tum mechanical calculations; however, it cannot construct the
entire spectrum. Warshel and co-workers developed the adi-
abatic charge approach, which uses a mapping potential, to
execute free energy perturbation calculations.37, 38 Pulay et al.
recently developed a similar method, which uses expansion of
electric potential generated by classical simulation.39 In pre-
vious sampling schemes, although the solvent structures are
well sampled, the solute molecules are not sampled. In clas-
sical simulation, the solute molecules are fixed, and this is
not realistic, in particular for large solute molecules. More-
over, the geometry affects the absorption spectrum and thus
quantum mechanical treatment is necessary to sample the so-
lute structures. Levy and co-workers have employed a flexible
model for the solute molecule to sample the solute structure,
but the solute molecule was sampled classically.31, 32 Obtain-

ing the free energy utilizing QM/MM free energy perturbation
simulation faced the similar problem. Simulation fixing the
solute molecule fails to include the entropic contribution of
the solute molecule, which cannot be estimated by harmonic
approximation.40 Many methods are developed to overcome
this problem.41–51

To overcome the drawback of the previous method, we
introduced a new efficient sampling scheme to obtain aver-
age physical properties. We combined this new scheme with
a multireference perturbation theory that we developed. The
multireference perturbation theory based on multiconfigura-
tional reference functions has become a practical tool for
studying the electronic structures of low-lying excited states.
The multireference Møller–Plesset perturbation theory52–54

and the multiconfigurational quasidegenerate perturbation
theory55, 56 succeeded in describing the excited states of π -
conjugated systems and taking into account both static and
dynamic electron correlation.57–64 These methods include va-
lence π and π* orbitals in the active space of the reference
complete active space self-consistent field (CASSCF) wave
function to perform calculations of the π→π* excited states.
However, the use of the CASSCF wave function limits the
application of these methods to large π -conjugated systems
since the active space dimension grows enormously with the
number of active orbitals and electrons. To avoid this draw-
back, a perturbation theory using general multiconfiguration
SCF wave functions as reference functions [general multicon-
figurational quasidegenerate perturbation theory and general
multiconfigurational-perturbation theory (GMC-PT)] was
developed.65, 66 This method enables us to do calculations us-
ing larger active space, which leads to a broader application.
We have succeeded in obtaining accurate excitation and fluo-
rescence energies of coumarin 120 and 151 in a previous work
of ours.24

The electrons of the solvent molecules may play an im-
portant role in the excitation process, where they instantly re-
spond to the change of the solute electronic structure.25, 67, 68

In the previous work,30 we investigated the effect of the sol-
vent MM induced dipoles, which were introduced in the first
QM/MM calculations,25 on the absorption spectra. However,
the effect of the induced dipoles was not large in our previous
work; thus, we do not introduce them in this work.

In this article, we aim to elucidate the character of the first
singlet excited state of C120 in water solution. Introducing
a new sampling scheme, we aim to construct the absorption
spectra in water and understand the correlation between the
absorption spectra and solute and solvent structures. This ar-
ticle is organized as follows. The sampling scheme and com-
putational details are described in Sec. II. The results of the
calculations are discussed in Sec. III.

II. METHODS AND COMPUTATIONAL DETAILS

To overcome the drawback of the previous method,
where we sampled the solvent molecules using classical sim-
ulation, we introduce a new efficient sampling scheme to ob-
tain average physical properties. The new sampling scheme is
described in Fig. 2. In our new sampling scheme, we sample
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FIG. 2. The new sampling scheme.

the structure of the solute and solvent molecules separately.
The scheme is as follows:

1. Execute a QM/MM MD simulation, where we sample
the solute molecule in solution.

2. Sample random solute structures randomly from sim-
ulation 1 and then perform a classical MD simula-
tion for each chosen solute structure with its geometry
fixed.

3. Sample solvent structures from simulation 2 and per-
form a quantum chemical calculation of the excitation
energies with the randomly chosen solvent structures
sampled from this classical simulation.

4. Construct the absorption spectra from the ensemble of
the calculated excitation energies in 3.

This sampling scheme is a combination of QM/MM MD
simulation and the previous sampling scheme where we sam-
pled only the solvent molecules using classical simulation.
This new scheme allows us to sample the solute molecule
quantum mechanically and sample many solvent structures.

First, to check the accuracy of our calculation, we com-
puted the excitation energy of the first singlet excited state
of C120 in the gas phase using the GMC-PT65, 66 method.
20 electrons and 17 orbitals were necessary to include all
valence π , π*, and n orbitals for our GMC-PT calcula-
tion. Geometry was optimized at the B3LYP (Refs. 69–71)
level, and cc-pVDZ (Ref. 72) is used as the basis set for all
calculations.

We applied QM/MM calculations to C120 in water,
where the solute, C120, was treated quantum mechanically
and the solvent water molecules were treated molecular me-
chanically. First, we executed the QM/MM MD simulation
of the ground state of C120 in 417 water molecules with a
spherical boundary for 40 000 steps with a 0.5 fs time step.
C120 was treated at the B3LYP level. Next, we randomly
chose 65 solute structures from the QM/MM MD simulation
and solvated them in a 30 Å × 30 Å × 30 Å water cube. We
performed classical MD simulation for each chosen C120–
water system fixing the geometry of the solute molecule for
one million steps with a 0.5 fs time step. The periodic bound-
ary condition was applied to classical MD simulation using
the particle-mesh Ewald method73 for treating the long-range
Coulomb force with 808 water molecules. The leapfrog Verlet
algorithm was used for integration of the equation of motion.
Finally, we chose four C120–water snapshot structures from
each 65 classical MD simulations and computed the excita-
tion energies of each snapshot structure. Thus, the total num-
ber of excited state calculations was 260. GMC-PT was used

FIG. 3. The constructed absorption spectrum.

for excited state calculations of the solute C120 molecule,
whereas water molecules were treated molecular mechani-
cally. Dunning’s cc-pVDZ was used for all QM calculations,
and CHARMM27 force field parameters (Ref. 74) and TIP3P
water parameters75 were used for MM calculations. CHARMM

(Ref. 76) and Q-CHEM (Ref. 77) programs were employed for
the QM/MM MD simulation, NAMD (Ref. 78) program was
employed for classical MD simulation for sampling the sol-
vents, and the GAMESS (Ref. 79) package was used to carry
out GMC-PT calculations.

III. RESULTS AND DISCUSSION

A. The absorption spectra and average properties

We constructed the absorption spectrum originating from
the first excited state of C120 by applying QM/MM calcula-
tions to obtained snapshots from the simulation. The spectrum
is a histogram of the calculated excitation energies of chosen
snapshots. The constructed absorption spectrum illustrated in
Fig. 3 ranges from 3.15 to 4.48 eV. The peak of this histogram
is found between 3.80 and 3.90 eV and agrees well with the
average excitation energy of 3.86 eV. The spectrum is well
described as a Gaussian distribution with the peak at the aver-
age excitation energy. The calculated excitation energy in gas
phase is 3.89 eV. This excited state has a π→π* character.
Our calculation obtained a red shift in water solution. Here-
after, we focus on this red shift of the absorption spectrum in
water to discuss the solvent effect.

In our sampling scheme, we sampled the solute and sol-
vent structures separately. This enabled us to decompose the
effect of the solvent on the absorption spectra into two com-
ponents. First is the solvent effect, which is caused by the geo-
metrical distortion of the solute from the gas phase structure.
Second is the electric field effect of the solvent molecules.
Here, we decomposed the shift of the absorption spectrum
into two components. We denote the shift from the distor-
tion of the solute molecule as �E1 and the shift from the
field effect of the solvent molecules as �E2. This decom-
position allowed us to seek the origin of the shape of the
spectrum, which cannot be done in the previous QM/MM
sampling scheme. �E1 and �E2 are obtained as

�E1 = Gas(Equilibrium Geometry) − Gas(QM/MMMD)
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and

�E2 = Gas(QM/MM MD)

− Water(QM/MM MD + classical MD),

respectively, where Gas(Equilibrium Geometry), Gas(QM/
MM MD), and Water(QM/MM MD + classical MD) corre-
spond to excitation energy calculated at gas phase optimized
structure, gas phase excitation energy calculated at the solute
structure obtained from the QM/MM MD simulation (solvent
molecules excluded), and QM/MM excitation energy calcu-
lated at the solute structure obtained from the QM/MM MD
simulation and solvent structure obtained from the classical
simulation, respectively. The total solvent shift of the absorp-
tion spectra is

�E = �E1 + �E2.

The calculated shift in the absorption spectra is summa-
rized in Table I. The average of the total solvent shift �E is
0.03 eV and its standard deviation 0.27 eV. The average of
�E1, the solvent shift from the solute molecule, and �E2, the
solvent shift originating from the solvent molecules, is 0.00
and 0.03 eV, respectively. The solvent effect from the solute
molecules shows no contribution to the shift, while the con-
tribution from the solvent molecules shows large contribution
to the solvent shift. Thus, we found that the red shift origi-
nates from the field effect of the solvent molecules and the
effect of the solute molecules does not affect the peak of the
spectrum. The standard deviations for the two shifts are 0.26
and 0.12 eV, respectively. This shows that the thermal fluc-
tuation of �E1 is larger than �E2. The standard deviation of
�E1 is similar to the standard deviation of the total shift �E.
The contribution of �E1 and �E2 to the total shift �E may
be seen in the plots in Figs. 4(a) and 4(b), respectively. The
plot in Fig. 4(a) shows a large correlation between �E1 and
�E. Thus, the broadening of the spectrum comes from the
fluctuation of the solute geometry. In Fig. 4(b), �E2 is mainly
found in the upper region of the plot, which shows that the
field effect leads to a red shift, whereas the effect of the solute
geometry leads to both red and blue shifts.

B. Analysis of the solute C120 motion in water

To study the solute motion in water, we carried out
principal component analysis (PCA) of the solute structures
sampled from QM/MM MD. PCA transforms a number
of possibly correlated variables into a smaller number of
uncorrelated variables called principal components. In our
study, we transform possibly correlated atomic motions
into a smaller number of molecular motions. We took the

TABLE I. The average and standard deviation of the total, solute molecule
originated, and the solvent molecules originated solvation shift of the absorp-
tion spectra.

Average value Standard deviation

�E +0.03 (3.86 eV) 0.27
�E1 ±0.00 0.26
�E2 +0.03 0.12

FIG. 4. Plot of the red shift value of 260 snapshots: (a) �E vs �E1 and
(b) �E vs �E2.

average among the solute samples from QM/MM sim-
ulations. We collected samples for every ten steps from
the QM/MM MD. Thus, a total of 4000 samples were
used for PCA. Next, we constructed a variance–covariance
matrix and diagonalized it. Here, we removed all six
degrees of freedom of the center of mass: three for trans-
lation and three for rotation. The obtained eigenvectors
correspond to the personal component (PC) axes. The first
PC represents the largest motion of C120. The ratios of the
contribution, namely, the ratios of the eigenvalues of the first
five principal components are 45.2%, 34.2%, 5.7%, 3.1%, and
2.1%. Thus, it can be said that the first two PCs make the dom-
inant contribution to the solute motion. Later on, we focus on
the molecular motion described by the first principal compo-
nent (PC1) and second principal component (PC2) axes.

To study the motion of the atom in C120, the correla-
tion coefficients between the motion of each atoms in C120
molecule and the first two PCs were calculated. The calcu-
lated coefficients are listed in Table II. Motion of each atom
is decomposed in x, y, and z directions. The atom number-
ing is illustrated in Fig. 5. Every C120 snapshot is rotated to
lie mostly on the x−y plane. The hydrogens of methyl group
have the large contributions in both of the PCs. The hydro-
gens of amino group also have large contributions in both of
the PCs. To visualize these motion of the atoms, we vector-
ize the correlation coefficients of each atom in the x, y, and
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TABLE II. Correlation coefficients between the motion of the each atom
in C120 molecule, and the first and second principal component (PC). The
motion of each atom is decomposed in x, y, and z direction.

PC1 PC2

Atom no. x y z x y z

1 0.112 − 0.033 − 0.085 − 0.004 0.011 0.001
2 − 0.042 0.027 0.057 − 0.019 0.016 0.002
3 − 0.083 0.085 0.100 − 0.069 0.025 0.047
4 − 0.090 0.093 0.113 − 0.096 0.039 0.066
5 − 0.050 0.080 0.048 − 0.084 0.034 0.068
6 0.021 0.023 − 0.018 − 0.057 0.029 0.045
7 − 0.012 0.009 0.023 0.002 − 0.009 − 0.016
8 − 0.042 0.048 0.036 − 0.064 0.025 0.048
9 0.033 − 0.005 − 0.035 − 0.032 − 0.003 0.031
10 − 0.068 0.071 0.067 − 0.045 0.005 0.024
11 − 0.033 0.050 0.042 − 0.024 0.005 0.016
12 0.055 − 0.038 − 0.064 − 0.041 0.043 0.031
13 0.031 0.025 − 0.049 − 0.036 0.034 0.026
14 0.017 − 0.007 − 0.042 0.070 − 0.071 − 0.014
15 0.016 − 0.067 − 0.068 0.121 0.007 − 0.084
16 0.207 − 0.102 − 0.199 − 0.036 0.008 − 0.011
17 0.292 − 0.256 − 0.263 − 0.124 0.051 0.085
18 0.022 − 0.060 0.029 0.165 − 0.057 − 0.126
19 0.072 − 0.044 − 0.077 0.001 0.015 − 0.021
20 0.952 − 0.412 − 0.789 − 0.211 − 0.899 0.516
21 − 0.247 0.980 − 0.155 0.941 0.124 − 0.932
22 − 0.763 − 0.676 0.897 − 0.601 0.721 0.289

z direction, on an assumption that the correlation coefficient
vector, namely, the coefficients in x, y, and z direction, itself
describes the direction of the motion for atoms along PC1 and
PC2. The motion vectors constructed from the correlation co-
efficients are illustrated in Fig. 6. Figures 6(a) and 6(b) show
the motion along the PC1 and PC2 directions, respectively.
For PC1, the motion is described as an open−close motion
of a book, where C5−C4−C3−O10 works as the spine. For
PC2, we could not classify the entire motion.

To decompose the entire motion of C120 in water, we
calculated the correlation coefficients between some typi-
cal motions of C120 and the first two PCs. The calculated
correlation coefficients are shown in Table III. We selected
the open–close conversion of the amino group, the rotation
of the amino group around the C1−N15 bond, the bend-
ing motion of the C13=O14 bond against the coumarin

FIG. 5. The atom numbering of C120.

FIG. 6. The vectorized data of the correlation coefficients of between atoms
and (a) PC1 and (b) PC2.

ring, the out-of-plane bending of C3−O10−C13, the rota-
tion of the methyl group around the C11−C18 bond, and
the end-to-end distance between the hydrogen atoms of the
amino group and the hydrogen atoms of the methyl group,
which is the coupling between motions of the methyl group
and the amino group, to compare with the two PCs. For
PC1, the correlation coefficients between the open–close
conversion of the amino group, the rotation of the amino
group around the C1−N15 bond, the bending motion of
the C13=O14 bond against the pyrone ring, the out-of-
plane bending of C3−O10−C13, rotation of the methyl
group around C11−C18 bond, and the end-to-end distance
between the hydrogen atoms of the amino group and the hy-
drogen atoms of the methyl group were −0.270, −0.067,
−0.029, −0.052, 0.185, and 0.775, respectively. The largest
coefficient was found in the end-to-end distance between the
hydrogens of the amino and methyl groups. The open−close
motion of the amino group and the rotation of the methyl
group also have correlation with PC1.

For PC2, the correlation coefficients between the open–
close conversion of the amino group, the rotation of the
amino group around the C1−N15 bond, the bending motion

TABLE III. Correlation coefficients between typical motions of the C120
molecule and the first and second principal components.

PC1 PC2

Open−close motion of amino group –0.270 0.142
Rotation of amino group –0.067 0.088
Bending motion of C = O –0.029 0.044
Out-of-plane bending of –O– –0.052 –0.018
Rotation of methyl group 0.185 0.971
End-to-end distance between CH3 and NH2 0.775 –0.563
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FIG. 7. Plot of 4000 points on the first and second principal component axes
plane.

of the C13=O14 bond against the pyrone ring, the out-of-
plane bending of C3−O10−C13, rotation of the methyl group
around the C11−C18 bond, and the end-to-end distance be-
tween the hydrogen atoms of the amino group and the hy-
drogen atoms of the methyl group were 0.142, 0.088, 0.044,
−0.018, 0.971, and −0.563, respectively. The rotation of the
methyl group made the dominant contribution. The correla-
tion coefficient was close to 1.0. The open−close motion of
the amino group and the end-to-end distance between hydro-
gen atoms of the amino and methyl groups also contribute to
the motion along PC2.

We plotted 4000 points on the PC1 and PC2 planes. The
plot is shown in Fig. 7. It can be seen that the plot can be
divided into three clusters: around (1.5, −1.5) on the PC1 and
PC2 plane, around (0.0, 2.0), and (1.5, −1.0). This can be
explained by the rotation of the methyl group. There exists
three stable points, every 120◦ in the rotation of the methyl
group, due to the steric effect of the hydrogen atoms. Since
the two PCs dominated the entire motion of C120 in water,
it could be concluded that the motion of the methyl groups
mainly contributed to the entire molecular motion with the
motion of the amino group.

C. The origin of the solvent effect on the absorption
spectra from the solute

To elucidate the origin of the solvent effect on the ab-
sorption spectra from the solute, we calculated the correlation
coefficients between the various properties and �E1.

The correlation coefficients between �E1 and the two
PCs are listed in Table IV. For �E1, the correlation coeffi-
cients between PC1 and PC2 were 0.055 and −0.134, respec-
tively. PC2 had a larger coefficient than PC1, but neither PC
contributed much to �E1.

We next calculated the correlation between �E1 and
typical motions of C120 to study the PCs mentioned in

TABLE IV. Correlation coefficients between the solvation shift of the ab-
sorption spectraand the principal component axes.

�E1 �E2

PC1 0.055 0.204
PC2 –0.134 0.192

TABLE V. Correlation coefficients between the solvation shift of the ab-
sorption spectra and typical motions of C120.

�E1 �E2

Open−close motion of amino group 0.099 − 0.116
Rotation of amino group 0.012 0.214
Bending motion of C=O − 0.133 0.005
Out-of-plane bending of –O– − 0.153 − 0.064
Rotation of methyl group − 0.109 0.167
End-to-end distance between CH3 and NH2 − 0.032 0.012

Sec. III B. The correlation coefficients between �E1 and
typical motions of C120 are shown in Table V. For �E1, the
correlation coefficients between the open−close conversion
of the amino group, the rotation of the amino group around
the C1−N15 bond, the bending motion of the C13=O14
bond against the pyrone ring, the out-of-plane bending of
C3−O10−C13, rotation of the methyl group around the
C11−C18 bond, and the end-to-end distance between the
hydrogen atoms of the amino group and the hydrogen atoms
of the methyl group were 0.099, 0.012, −0.133, −0.153,
0.109, and −0.032, respectively. There was no typical motion
that showed large correlation with �E1. The out-of-plane
bending of C3−O10−C13 and the bending motion of the
C13=O14 bond against the pyrone ring showed larger
correlation compared to other motions.

For further investigation, we calculated the correlation
between �E1 and the variation in C120 bond lengths. We
selected the bond alternation of the benzene ring, the bond al-
ternation of the pyrone ring (in bonds C4−C11−C12−C13),
bond length of C13=O14, bond length of C1−N15, and bond
length of C11−C18 to calculate the correlation with �E1.
We calculated the bond alternation of C−C bonds in benzene
and pyrone rings as follows:

Bond alternation =
[∑N

i (xi − 1.40)2
]

N
,

where N is the number of C−C bonds and x is the C−C bond
length. 1.40 means 1.40 Å, which is the bond length of C−C
bonds between single and double bonds. The correlation coef-
ficients between �E1 and the bond lengths in C120 are shown
in Table VI. For �E1, the correlation coefficients between
bond alternation in the benzene ring, bond alternation of the
C−C bonds in the pyrone ring, bond length of C13=O14,
bond length of C1−N15, bond length of C3−O10, bond
length of C13−O10, and bond length of C11−C18 were

TABLE VI. Correlation coefficients between the solvation shift of the ab-
sorption spectraand bond lengths of C120.

�E1 �E2

Bond alternation of the benzene ring of C120 0.243 0.016
Bond alternation in C4−C11−C12−C13 − 0.355 − 0.105
Bond length of C13=O14 0.033 0.025
Bond length of C1−N15 0.156 0.031
Bond length of C3−O10 − 0.226 0.099
Bond length of C13−O10 0.268 0.153
Bond length of C11−C18 − 0.006 0.113
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TABLE VII. Correlation coefficients between the solvation shift of the ab-
sorption spectra and the distance to the first peak of the radial distribution
function between C120 and water in classical simulation.

�E1 �E2

Distance to the first peak of RDF(N15(C120)−H(Water)) –0.113 0.521
Distance to the first peak of RDF(O14(C120)−H(Water)) –0.077 0.157

0.243, −0.355, 0.033, 0.156, −0.226, 0.268, and −0.006,
respectively. The bond alternation of the C−C bonds in the
pyrone ring had the largest coefficients. The bond alternation
in the benzene ring, the bond length of C3−O10 and bond
length of C13−O10 also had large coefficients. The positive
sign of the correlation coefficients for bond alternation of
the C−C bonds in the benzene ring shows that the bond
alternation becomes larger and the negative sign in the pyrone
ring shows that the bond alternation becomes smaller. In
other words, the aromaticity of the benzene ring became
smaller and that of the pyrone ring became larger. This
influenced the π orbitals, which play an important role in the
π → π* excitation.

In this study, we found that the variation in bond alterna-
tion of benzene and pyrone rings had the largest contribution
in the solvent effect on the absorption spectra from the solute
molecule.

D. The origin of the solvent effect on the absorption
spectra from the solvent molecules

To elucidate the origin of the solvent effect on the ab-
sorption spectra from the solvent molecules, we calculated

the correlation coefficients between various properties and
�E2.

The correlation coefficients between �E2 and the two
PCs are shown in Table IV. For �E2, the correlation coef-
ficients between PC1 and PC2 were 0.204 and 0.192, respec-
tively. The motion of the methyl group had the largest contri-
bution to the PCs and the amino group the second largest.

Next, we calculated the correlation between �E2 and typ-
ical motions of C120. The correlation coefficients between
�E2 and typical motions of C120 are listed in Table V. For
�E2, the correlation coefficients between the open−close
conversion of the amino group, the rotation of the amino
group around the C1−N15 bond, the bending motion of the
C13=O14 bond against the pyrone ring, the out-of-plane
bending of C3−O10−C13, the rotation of the methyl group
around the C11−C18 bond, and the end-to-end distance be-
tween the hydrogen atoms of the amino group and the hydro-
gen atoms of the methyl group were −0.116, 0.214, 0.005,
−0.064, 0.167, and 0.012, respectively. The rotation of the
amino group had the largest coefficients.

We calculated the correlation between �E2 and C120
bond lengths. The correlation coefficients between �E2 and
the bond lengths in C120 are given in Table VI. For �E2,
the correlation coefficients between bond alternation in the
benzene ring, bond alternation of the C−C bonds in the py-
rone ring, bond length of C13=O14, bond length of C1−N15,
bond length of C3−O10, bond length of C13−O10, and bond
length of C11−C18 were 0.016, −0.105, 0.025, 0.031, 0.099,
0.153, and 0.113, respectively. Compared to �E1, there was
no bond length with large coefficients. The bond alterna-
tion of the C−C bonds in the pyrone ring has the largest
coefficient.

FIG. 8. Radial distribution function (RDF) between (a) the nitrogen atom of the amino group of C120 and the oxygen atom of water molecules, (b) the nitrogen
atom of the amino group of C120 and hydrogen atoms of water molecules, (c) the oxygen atom of the carbonyl group of C120 and the oxygen atom of water
molecules, and (d) the oxygen atom of the carbonyl group of C120 and hydrogen atoms of water molecules. Blue, yellow, and red lines represent the RDF of
snapshots from �E2

large, �E2
medium, and �E2

small. The black line represents the RDF of all snapshots.
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To investigate the effect from solvent molecules, we con-
structed radial distribution functions (RDFs) between C120
and water molecules for 65 classical simulations, where we
sampled the solvent structures. We constructed four RDFs for
each simulation: between N15 of C120 and the oxygen atom
of water [later denoted as RDF(N15(C120)−O(Water))],
between N15 of C120 and the hydrogen atoms of wa-
ter [later denoted as RDF(N15(C120)−H(Water))], between
O14 of C120 and the oxygen atom of water [later de-
noted as RDFO14(C120)−O(Water))], and between O14
of C120 and the hydrogen atoms of water [later de-
noted as RDF(O14(C120)−H(Water))]. We calculated the
correlation between �E2 and the distance to the first
peak in RDF(N15(C120)−H(Water)) and RDF(O14(C120)
−H(Water)), which are listed in Table VII. For �E2, the cor-
relation coefficients between RDF(N15(C120)−H(Water))
and RDF(O14(C120)−H(Water)) were 0.521 and 0.157, re-
spectively. We found that the distance to the first peak in
RDF(N15(C120)−H(Water)) had a large coefficient.

To investigate the relation between �E2 and the solvent
structures further, we categorized the RDFs constructed from
65 classical MD simulations according to the value of �E2.
Since four snapshots were selected from each classical sim-
ulation to calculate the excitation energy, we obtained four
�E2 values from each simulation. Here, we assumed that the
average of these four �E2 values corresponds to the aver-
age of the entire simulation. We categorized snapshots with
�E2 smaller than –0.05 eV as �E2

small, snapshots with �E2

larger than 0.05 eV as �E2
large, and snapshots with �E2

between –0.05 and 0.05 eV as �E2
medium. The RDFs con-

structed with categorized snapshots are depicted in Fig. 8.
Figures 8(a)−8(d) illustrate RDF(N15(C120)−O(Water)),

FIG. 9. Typical snapshot structure of C120: (a) pyramidal amino group struc-
ture and (b) planar amino group structure.

FIG. 10. Snapshot structures chosen from QM/MM MD simulation:
(a) C120 with pyramidal amino group structure and (b) C120 with planar
amino group structure.

RDF(N15(C120)−H(Water)), RDF(O14(C120)−O(Water)),
and RDF(O14(C120)−H(Water)), respectively. In the RDFs
of O14, the difference between �E2

large, �E2
medium, �E2

small

cannot be seen. On the other hand, differences among the
�E2 values can be seen in RDF(N15(C120)−O(Water)) and
RDF(N15(C120)−H(Water)). A difference can be seen in the
first peak of the RDFs. The first peak of these RDFs becomes
larger as �E2 becomes larger. This agrees with the positive
correlation coefficients between �E2 and the distance to the
first peak of RDF(N15(C120)−H(Water)).

To discuss the differences between solvent structures
in detail, we focused on the snapshot structures. The snap-
shots with a large �E2 red shift have the tendency to form
a pyramidal coumarin amino group [Fig. 9(a)] and the so-
lute forms hydrogen bonds with solvents at the nitrogen
atom of the amino group. On the other hand, snapshots
with a small �E1 red shift have the tendency to form a
planar amino group [Fig. 9(b)] and no hydrogen bonds are
formed at the nitrogen atom. We selected two snapshot struc-
tures: the pyramidal amino group structure at step number
1080 and the planar structure at step number 1260 from
QM/MM MD simulation. The snapshot structures are de-
picted in Fig. 10. The calculated excitation energies and
red shift of these two snapshots are listed in Table VIII.
The excitation energies calculated with pyramidal structure
show small �E2 value, while the planar structure shows
a large �E2 value. To understand the difference in the
�E2 red shift between the two structures, we focus on the
solute–solvent interactions. RDF(N15(C120)−O(Water)) and
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TABLE VIII. The solvent shift values of two snapshot structures.

Pyramidal Planar

�E2 [eV] 0.00 0.11
Dipole moment (gas/ground state) 5.42 5.35
Dipole moment (gas/excited state) 5.47 5.46
Dipole moment (water/ground state) 6.45 7.06
Dipole moment (water/excited state) 6.50 7.92

RDF(N15(C120)−H(Water)) of the two snapshots are illus-
trated in Figs. 11(a) and 11(b), respectively. The hydrogen
bond from the amino nitrogen to the water hydrogen leads to
the peak found as shown in Fig. 11(b) for the pyramidal struc-
ture. The first peak for the planar structure is the hydrogen
bond from the hydrogen of the amino group to the oxygen
of water as described in Fig. 11(a). The solvation structures
contribute to the electrostatic effect of the electronic structure
of the solute. Thus, the radial distribution function indicates
that a hydrogen bond between nitrogen of the amino group
and hydrogen of water leads to a large decrease in the �E2

and the hydrogen bond found in the planar structure leads to
a large �E2 value. In Table VIII, the dipole moments of the
two structures are compared. In the gas phase, where no water
molecules are present, the two structures have similar dipole

FIG. 11. Radial distribution function between the nitrogen atom of the amino
group of C120 and (a) oxygen atom of water molecules and (b) hydrogen
atom of water molecules. Blue and red lines correspond to C120 with pyra-
midal and planar amino groups, respectively.

moments in both the ground and first excited states. On the
other hand, when the water molecules are present, the dipole
moments of both the structures are enlarged. The dipole mo-
ment of the planar structure has a larger solvent shift com-
pared to the pyramidal structure. Comparing the dipole mo-
ments of the ground and excited states, the excited state of the
planar structure has larger dipole moment compared to the
ground state, while difference of the dipole moments between
two states are small in the pyramidal structure. The planar
structure has large dipole moment in the excited state com-
pared to the ground state, which leads to larger stabilization
of the excited state compared to the ground state from the sol-
vent effect via the solvent molecules. This stabilization leads
to the red shift of the absorption spectrum.

IV. CONCLUSION

We studied the solvent effect on the absorption spectra
of C120 in water. We introduced a new sampling scheme
to obtain the average physical properties in solution for
QM/MM calculations. We sampled the structure of the so-
lute molecule and solvent molecules separately. First, we car-
ried out a QM/MM MD simulation, where we sampled the
solute molecule in solution. Next, we chose arbitrary solute
structures from this simulation and performed classical MD
simulation for each chosen solute structure with its geome-
try fixed. This new scheme allows the sampling of the solute
molecule quantum mechanically and the sampling of many
solvent structures. We succeeded in constructing the absorp-
tion spectrum and obtained the red shift of the absorption
spectrum found in polar solvents.

To understand the motion of C120 in water, we carried
out PCA. We found that the motion of the methyl group makes
the largest contribution and the motion of the amino group the
second largest.

Taking advantage of our scheme, the solvent effect on
the absorption spectrum was decomposed into two compo-
nents: the effect from the distortion of the solute molecule
and the field effect from the solvent molecules. The sol-
vent effect from the solvent molecules shows large contribu-
tion to the solvent shift of the peak of the absorption spec-
trum, while the solvent effect from the solute molecule shows
no contribution. The solvent effect from the solute molecule
mainly contributes to the broadening of the absorption spec-
trum. The variation in C–C bond length has the largest con-
tribution in the solvent effect on the absorption spectrum
from the solute molecule. For the solvent effect on the ab-
sorption spectrum from the solvent molecules, the solvent
structure around the amino group of C120 plays the key
role.

However, the present study has one drawback. We have
not calculated the entire absorption spectrum in the gas phase.
The difference among the broadening of the absorption spec-
tra in gas phase and in water is not yet studied. Virshup et al.
constructed the absorption spectra of green fluorescent pro-
tein for both gas phase and in water utilizing QM/MM MD
and studied the difference among these two spectra.80 We next
aim to use our new sampling scheme to study the broadening
of the absorption spectra as in Ref. 80.
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