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This work presents a theoretical insight into the variation of the site-specific intermolecular
hydrogen-bonding (HB), formed between C=O group of fluorenone (FN) and O−H groups of
methanol (MeOL) molecules, induced by both the electronic excitation and the bulk solvent
effect. Through the calculation of molecular ground- and excited-state properties, we not
only demonstrate the characters of HB strengthening induced by electronic excitation and
the bulk solvent effect but also reveal the underlying physical mechanism which leads to the
HB variation. The strengthening of the intermolecular HB in electronically excited states
and in liquid solution is characterized by the reduced HB bond-lengths and the red-shift
IR spectra accompanied by the increasing intensities of IR absorption corresponding to the
characteristic vibrational modes of the O−H and C=O stretching. The HB strengthening
in the excited electronic states and in solution mainly arises from the charge redistribution
of the FN molecule induced by the electronic excitation and bulk solvent instead of the
intermolecular charge transfer. The charge redistribution of the solute molecule increases
the partial dipole moment of FN molecule and the FN-MeOL intermolecular interaction,
which subsequently leads to the HB strengthening. With the bulk solvent effect getting
involved, the theoretical IR spectra of HBed FN-MeOL complexes agree much better with
the experiments than those of gas-phase FN-MeOL dimer. All the calculations are carried
out based on our developed analytical approaches for the first and second energy derivatives
of excited electronic state within the time-dependent density functional theory.
Key words: Time-dependent density functional theory, Excited-state property, Hydrogen
bond, Intermolecular interaction

different from gas-phase dimer to the dimer in liquids,
and from the ground state to the excited state. It is
well known that the electronic excitations of HBed complexes may induce the change of HB strength [3]. In
some cases, HB is strengthened upon the electronic excitation while in other cases it is weakened.

I. INTRODUCTION

Intermolecular hydrogen-bonding (HB), as an intermediate range and site-specific intermolecular interaction between an electron-deficient hydrogen and a region of high electron density, is one important type of
solute-solvent interactions [1, 2]. HB is critical to a
wide range of chemical systems, from gas-phase dimers
to condensed phase systems and complex biological
molecules. The nature, strength and dynamics of HB
in hydrogen-bonded (HBed) complexes vary with the
surrounding environments and the applied external interactions. For example, the bonding strength may be

In the past years, the HB dynamics in the site-specific
HBed complexes formed between C=O group of solute
dyes and O−H groups of alcoholic solvents has been
studied and the information of structures and relaxation dynamics of HB after electronic excitation of chromophores in hydrogen-donating environments has been
obtained [3−16]. Theoretical calculations played a crucial role in this field since the HB variation can be easily
characterized by the molecular geometrical structures
and vibrational or vibronic spectroscopies. However,
most of interesting results obtained from the theoretical calculations are based on the gas-phase HBed complexes. Some unclear issues still exist such as what
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are the reasons for the strengthening or weakness of
excited-state HB and how the nature of HB varies when
the additional bulk solvent effect is also taken into account. Solvent effect is an extremely complex phenomenon involving many different intermolecular forces
and affected by coupled dynamical processes of both the
molecular probe and the solvent [17]. It is thus crucial
to understand environmental effect on chemical systems
by incorporating the solvent reaction field effects into
their electronic structure calculations to obtain quantitatively reliable results with a little more computational
expense. The solvent effect is usually accounted for by
a continuum solvent description, such as the family of
polarizable continuum model (PCM) [18], or a mixed
treatment which integrates the different pictures of the
solvent, for example, representing the first solvation
shell with explicit solvent molecules, and using a continuum model for the bulk. To study the chromophore
in a polar solution, the mixed treatment is more suitable. In this work, we will investigate the solvent effect
on the excited-state properties of fluorenone (FN) in the
methanol (MeOL) solution and explore the bulk solvent
effect on the site-specific intermolecular HB formed between FN and MeOL molecules. The bulk solvent effect
is taken into account by coupling time-dependent density functional theory (TDDFT) with PCM.
To theoretically obtain the molecular geometries and
vibrational spectroscopies of excited electronic state,
the first and second derivatives of excited-state energies with respect to the nuclear coordinates or external electric fields have to be calculated. The analytical first-order and second-order energy derivatives of
the excited electronic states with respect to various external perturbations have been implemented in many
quantum chemistry software packages at ab initio theoretical level [19]. These approaches explicitly include
the calculations of the many-body wavefunctions in contrast to DFT. It is therefore easier to get the analytical derivatives with ab initio molecular electronic
structure theory than that with TDDFT. However, the
high-accuracy ab initio methods are computationally
too expensive for large molecules and CIS approach
typically yields the error of 1 eV for excitation energies. TDDFT has therefore become a preferable alternative to CIS on studying the excited states of large
molecules since the computational cost of TDDFT is
roughly similar to that of CIS. Currently the implementation of analytical first-order energy derivatives of
electronically excited states with respect to nuclear coordinates in many electronic structure software packages [20−32] has made it possible to relax the excitedstate geometries and calculate the Stokes shift within
the framework of TDDFT. The successful implementation of the analytical Hessian of an excited electronic
state in the Tamm-Dancoff approximation to TDDFT
[33], full TDDFT [34], and TDDFT coupled with the
conductor-like polarizable continuum model [35] into QChem software package [36] has allowed us to perform
DOI:10.1063/1674-0068/26/06/617-626
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the numerical calculations on the excited-state vibrational frequencies and other related physical quantities
such as the IR intensities, vibrationally-resolved spectra
for the medium-sized systems.
In this work, we applied our developed analytical energy derivative approaches within TDDFT to characterize the HBs of HBed FN-MeOL complexes in different
electronic states and methanol solution. FN as an usual
fluorescent chromophore with carbonyl group exhibits
some rather unique spectroscopic and photophysical
properties [37−39]. In alcoholic solvents, intermolecular hydrogen bond C=O· · · H−O can be formed between
FN and alcoholic molecules [38]. The site-specific intermolecular HB in gas-phase FN-MeOL dimer has been
shown to be strengened by the electronic excitation by
finding the difference in the molecular geometries and
IR spectra between the ground state and singlet excited state [6]. Here we not only show the results for
the gas-phase FN-MeOL complexes but also show the
HB variation induced by the bulk solvent effect. Furthermore, we reveal the underlying physical mechanism
which induces the HB variation through the calculations
of molecular ground- and excited-state properties, such
as the charge distribution, populations, the total and
partial dipole moments, and the intermolecular interaction of ground and excited states. From those results,
the insight that induces the HB changes will be discovered. In the calculation of molecular excited-state
properties, we adopt the excited-state one-electron density matrix which includes both the difference density
matrix and the relaxed part.
II. COMPUTATIONAL DETAILS

TDDFT coupled with the conductor-like PCM
(CPCM) [40, 41] is used to account for the electronic
excitation and the bulk solvent effect in this work. The
analytical approaches on the energy gradient, energy
Hessian and IR intensities of excited electronic states
within the framework of TDDFT and TDDFT/CPCM
developed by our group [33−35] are used to perform
the current calculations. A locally-modified version
of Q-CHEM software package [36] is used. All the
calculations are carried out at the theoretical level of
B3LYP/6-311++G∗∗ except the IR spectra, which are
calculated at the theoretical level of (TD-)B3LYP/6311G∗∗ .
In the calculation of electronic population and molecular dipole moment of an excited electronic state
with the equilibrium geometries, the excited-state oneelectron density matrix ρ is required. Here it includes
both the difference density matrix and the relaxed part
of electronic density. For the Ith excited state, it reads
as [31, 33−35]:
1
†
† † †
ρI = ρ0 + ∆ρI + (CV ZI CO
(1)
+ CO
ZI CV )
2
here ρ0 is the reduced one-electron density matrix of
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the ground state, ZI is the Z-vector which denotes the
relaxed part of the density matrix, and ∆ρI is the difference density matrix with
∆ρI =

1
†
CV (XI + YI )(XI + YI )† CV
+
2
1
†
CV (XI − YI )(XI − YI )† CV
−
2
1
†
CO (XI + YI )† (XI + YI )CO
−
2
1
†
CO (XI − YI )† (XI − YI )CO
2

FN

FN-MeOL

(2)

here the MO coefficient matrix C has been partitioned
into two rectangular submatrices. CO for the occupied
orbitals and CV for the virtual orbitals. XI and YI are
the transition vectors from the ground state to the Ith
excited state.
In an electronic state, the charge on the atom A is
defined as,
X
QA = ZA −
(ρS)λλ
(3)

C

H1

O

H2

O1
C1

O2

C2
FN-2MeOL

FIG. 1 The geometrical structures of FN, FN-MeOL, and
FN-2MeOL.

λ∈A

and the dipole moment of a submolecule can be calculated as,
"
#
NA
X
X
(4)
D=
ZA RA −
(ρ~
µ)λλ
A

λ∈A

here NA denotes the number of atoms in the molecule,
ZA is the nuclear charge of atom A, ρ is the one-electron
density matrix in the corresponding electronic state, S
and µ are the overlap matrix and dipole matrix in the
representation of atomic orbital basis, respectively.

HB variation. By analyzing the changes on the electronic populations, dipole moments and intermolecular
electric-static interaction of subsystems induced by the
electronic excitation and bulk solvent, we gain some
theoretical insights into why and how the HB changes.
Three electronic states, S0 , S1 , and T1 , will be considered.
A. Theoretical evidences for the strengthening of intermolecular HBs induced by the electronic excitation and
the bulk solvent effect
1. The optimal geometries of S0 , S1 , and T1

III. RESULTS AND DISCUSSION

To simplify the calculation, we replace the alcoholic solvent by methanol solvent here. We thus
consider three model systems, isolated FN and two
HBed complexes (FN-MeOL and FN-2MeOL). FNMeOL is a complex with a single intermolecular hydrogen bond formed by FN and one methanol molecule
while FN-2MeOL is a complex with double hydrogen
bonds formed by FN and two methanol molecules (see
Fig.1). The HBed complex formed by FN and methanol
molecules have been investigated theoretically by Zhao
and Han [6]. They calculated the molecular geometries
and IR spectra of ground and first singlet excited-state
for the FN-MeOL complex in gas phase to identify the
HB strengthening induced by electronic excitation. In
this work to demonstrate the effect of electronic excitation and bulk solvent on the HB variation, we calculate
the ground and excited-state geometries and molecular
properties of two HBed complexes, FN-MeOL and FN2MeOL, in gas phase and liquid solution as well. We
also reveal the underlying physics which leads to the
DOI:10.1063/1674-0068/26/06/617-626

We start from checking the variations of molecular
geometries upon the electronic excitation. The equilibrium structures of S0 , S1 , and T1 are optimized for
isolated FN, FN-MeOL, and FN-2MeOL in vacuum
and methanol solution, respectively. The selected optimal geometrical parameters of corresponding states are
shown in Table I. In S0 , S1 and T1 , theoretical evidences
for hydrogen bond are that the distance between the hydrogen atom in MeOL and the oxygen atom in FN is significantly closer than the sum of the van der Waals radii
of O and H. The electronic excitation induces a conspicuous increase in the bond lengths of C=O and O−H and
a conspicuous reduce in the bond lengths of intermolecular H1 · · · O and H2 · · · O bonds as Refs.[6, 11] has been
shown. The bulk solvent effect on FN-2MeOL further
strengthens these effects. It slightly changes the bond
lengths and significantly changes the bond angles and
dihedral angles. An obvious change on the orientation
of two methanol molecules is observed in solution. The
smaller changes on the bond-lengths and larger changes
on the bond-angles in four molecular systems indicate
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TABLE I The selected optimal ground and excited-state geometrical parameters of FN, FN-MeOL, and FN-2MeOL in
gas phase and in methanol solution. DE denotes the adiabatic excitation energy between S0 and S1 (in eV) without the
zero-point energy correction.
Systems
FN

FN (in solution)

FN-MeOL

FN-2MeOL

FN-2MeOL (in solution)

State
S0
S1
T1
S0
S1
T1
S0
S1
T1
S0
S1
T1
S0
S1
T1

Bond length/Å
C−O
H1 −O1
H1 −O
1.213
1.251
1.235
1.220
1.266
1.251
1.219
0.971
1.914
1.259
0.980
1.788
1.245
0.977
1.820
1.227
0.970
1.936
1.268
0.978
1.816
1.255
0.975
1.841
1.229
0.971
1.924
1.278
0.981
1.780
1.268
0.979
1.803

H1 −O−H2

Bond angle/(◦ )
O1 −H1 −O−C
O2 −H2 −O−C

DE/eV

2.751

2.530

2.605
108.90
115.13
113.31
95.59
103.12
101.91

1.48
6.56
5.10
−162.84
−172.58
−176.09

1.76
6.78
5.36
−163.98
−172.58
−176.93

2.468

2.355

FIG. 2 Calculated IR spectra of different electronic states for (a) the isolated FN, (b) FN-MeOL, (c) FN-2MeOL, and (d)
FN-2MeOL in solution.

that both the explicit HBs and bulk solvent effect are
required to simulate FN in alcohols in order to fully
account for the solvent effect.
2. IR spectroscopies of S0 , S1 , and T1

The changes of intermolecular HB strength can be
manifested by the vibronic spectra such as Infrared and
Raman spectroscopies. Infrared and Raman spectroscopic evidence for the variation of HB is the shift of the
O−H group and C=O group stretching in a molecule toDOI:10.1063/1674-0068/26/06/617-626

ward lower frequencies, usually accompanied by broadening and enhanced intensities of IR absorption. Other
intramolecular vibrations are also affected by hydrogen bonding. In recent years, the far-infrared has been
examined for intermolecular hydrogen-bonding modes.
We thus have calculated the ground and excited-state
IR spectra of four model systems: the isolated FN,
FN-MeOL, FN-2MeOL, and the FN-2MeOL complex
in methanol solution at B3LYP/6-311G∗∗ theoretical
level.
Figure 2 shows the IR spectra of S0 , S1 , and T1 for
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FIG. 3 The calculated IR spectra of S0 and S1 states for FN (a) and FN-2MeOL (b) in vacuo and in methanol solution.
The calculated frequencies are scaled by a scaled factor 0.974. The calculated spectral lines are broadened by a Gaussian
lineshape function with line width of 12 cm−1 . (c) The experimental IR spectra of S0 and S1 for FN in CH3 CN solution
from Ref.[37].

the corresponding four model systems. The IR spectra
in the frequency range of 1000−4000 cm−1 are demonstrated. It is explicit that both the solvent effect and
electronic excitation play a profound role in the IR spectra. They affect both the vibrational frequencies and IR
intensities. For example, the solvent effect leads to the
red-shift of IR spectra at the characteristic vibrational
modes and significantly enhances intensities of infrared
absorption peaks. We take C=O stretching vibration as
an example to illustrate the changes. In S0 , the calculated C=O stretching frequencies are 1788, 1751, 1723,
and 1714 cm−1 and the corresponding IR intensities
are 258, 384, 478, and 938 km/mol for the four model
systems, respectively. It is explicit that the solvent effect weakens the C=O bond, subsequently reduces the
stretching frequencies and significantly increases IR intensities. The similar trends are observed in IR spectrum of S1 . The solution environment modulates molecular properties of the ground and excited states significantly. Comparing the IR spectra of S0 with S1 , the differences of the positions and intensities of IR peaks are
profound. An obvious spectral redshift at the characteristic vibrational modes of C=O and O−H group stretching is observed. For example, the calculated C=O and
O−H stretching frequencies are significantly reduced after electronic excitation. For comparison, we replot the
IR spectra of FN and FN-2MeOL and give the experimental IR spectra of S0 and S1 for FN in a polar solvent CH3 CN in Fig.3 [37]. The dielectric constants of
CH3 CN and MeOH are almost the same and they are
38 and 33, respectively. In S0 , six active IR modes with
the vibrational frequencies of 1716, 1612, 1456, 1300,
1188, and 1152 cm−1 in the range of 1100−1800 cm−1
were observed. DFT/CPCM calculation on FN yields
an excellently consistent result with the experimental
measurement (in Fig.3). It seems that the bulk solvent model alone is exact for the ground-state IR spectrum of FN in methanol solution, and the use of explicit solvent model does not change the outcome significantly. In the excited state S1 , only four active IR
DOI:10.1063/1674-0068/26/06/617-626

modes with the vibrational frequencies of 1544, 1496,
1400, and 1292 cm−1 were observed. Obviously, the
electronic excitation significantly reduces C=O stretching frequency and makes it change from 1716 cm−1 in
S0 to 1544 cm−1 in S1 . The TDDFT/CPCM calculation on FN yields the correct locations of IR peaks but
inaccurate relative magnitude order of band intensities
of IR spectrum. The relative IR intensity at the vibrational mode about 1544 cm−1 is significantly underestimated. With the effect of explicit hydrogen-bonds
involved, TDDFT/CPCM calculation on FN-2MeOL in
solution gives an excellently consistent result with the
experiment on both the peak positions and the relative
magnitude order of band intensities of IR spectrum. It
indicates that both the specific and bulk effects of the
solvent play a crucial role in the excited-state properties
of FN molecule.
For T1 state, in the experiment IR spectra, five
active IR modes with the vibrational frequencies of
1580, 1516, 1476, 1340, and 1188 cm−1 in the range
of 1100−1800 cm−1 were observed [37]. The ratio of IR
intensities for the corresponding modes at 1580 cm−1
to that at 1476 cm−1 is approximately 2. The IR intensities of modes at 1340 and 1188 cm−1 are significantly
weaker than that at 1580 cm−1 . Like S1 state, the
TDDFT/CPCM calculated results of two HBed complexes in liquid solution agree better with the experimental results than that of FN in liquid solution.
B. Underlying physical mechanism for the variation of
intermolecular HBs
1. Characterization of low-lying singlet excited states

In the above section, we show the theoretical evidences for the strengthening of excited-state HBs. Here
we give the underlying physics which leads to the
changes of HBs in the different electronic states. First
we calculate the vertical excitation energies of singlet
states for FN, FN-MeOL, and FN-2MeOL in gas phase
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TABLE II Vertical electronic excitation energies of low-lying singlet excited states and the corresponding oscillator strengths
of FN, FN-MeOL, and FN-2MeOL systems. The oscillator strengths are shown in parentheses.
State
S1
S2
S3
S4
S5
S6
S7
S8
S9
S10

Vertical electronic excitation energy/nm
FN-MeOL
FN-2MeOL
415.05(0.003)
434.63(0.002)
373.54(0.0)
362.61(0.001)
341.61(0.007)
343.22(0.007)
315.88(0.032)
338.99(0.005)
282.74(0.035)
323.65(0.051)
253.10(0.847)
288.27(0.039)
248.56(0.057)
253.56(0.071)
247.60(0.002)
253.43(0.828)
241.44(0.0)
242.32(0.003)
237.31(0.0)
240.38(0.0)

FN
396.06(0.004)
391.45(0.000)
307.93(0.014)
277.63(0.032)
256.98(0.000)
252.53(0.867)
243.57(0.043)
235.37(0.004)
228.52(0.004)
221.81(0.0)

FN-2MeOL in solution
448.10(0.002)
354.36(0.0)
329.38(0.108)
316.30(0.0)
314.57(0.001)
293.03(0.057)
260.98(1.003)
258.05(0.111)
235.14(0.026)
230.05(0.002)

TABLE III Characterization of electronic transitions in S1 , S2 , and the vertical excited state with the strongest oscillator
strengths.
Systems
FN

FN-2MeOL in vacuo

State
S1
S2
S6
S1
S2
S6

FN-2MeOL in solution

S1
S2
S6

Orbital transitions
HOMO→LUMO
HOMO-1→LUMO
HOMO→LUMO+1
HOMO-2→LUMO
HOMO→LUMO
HOMO-5→LUMO
HOMO-1→LUMO
HOMO→LUMO+1
HOMO-3→LUMO
HOMO→LUMO
HOMO-5→LUMO
HOMO-2→LUMO
HOMO→LUMO+1
HOMO-1→LUMO

and in solution (see Table II). The calculations show
that the vertical excitation energies of the singlet excited states are significantly affected by the solvent effect. With more solvent molecules getting involved, the
vertical excitation energies of the first singlet excited
state redshift and the second excited state blueshift.
The excited state with the strongest oscillator strength
slightly redshifts.
To understand the nature of the corresponding excited states, we perform an analysis on the frontier
molecular orbitals for the isolated FN and FN-2MeOL
in gas and methanol solution (see Table III and Fig.4).
The first and second singlet excited states as well as the
excited states with the largest oscillator strengths will
be analysized. The S1 states of all three systems come
from the electronic transitions from HOMO→LUMO.
An obvious charge transfer from the π orbital of the
aromatic moiety to the π ∗ orbital of C=O group is observed. The more negatively charged oxygen atoms in
C=O group arising from the electronic excitation will
DOI:10.1063/1674-0068/26/06/617-626

Type of excitation
∗
π→πC=O
∗
nC=O →πC=O
∗
π→π
∗
π→πC=O
∗
π→πC=O
∗
nC=O →πC=O
∗
nMeOL →πC=O
∗
π→π
∗
π→πC=O
∗
π→πC=O
∗
nC=O →πC=O
∗
nMeOL →πC=O
∗
π→π
∗
π→πC=O

Square of amplitude
0.99
0.98
0.72
0.25
0.99
0.62
0.35
0.80
0.16
0.99
0.84
0.14
0.85
0.11

make the hydrogen atoms (in two HBs) become more
positively charged, which increases the intermolecular
interactions and leads to the enhancement of HBs in the
S1 state. The S2 states of three systems mainly come
from the electronic transitions of n→π ∗ within C=O
group and n→π ∗ transitions from methanol groups to
C=O group of FN. In isolated FN, the S2 state contains 98% contribution from electronic transitions of
HOMO-1→LUMO. For FN-2MeOL in gas, S2 comes
from the electronic transitions from HOMO-5→LUMO
(62%) and HOMO-1→LUMO (35%), while in solution
it comes from the transition from HOMO-5→LUMO
(84%) and HOMO−2→LUMO (14%). Due to n→π ∗
character of electronic excitation in the second excited
state, the solvent effect leads it to blueshift. The excited
states with the strongest oscillator strengths mainly
come from the electronic transition from the π orbitals
of the aromatic moiety to the π ∗ orbitals of the aromatic
moiety and C=O group. The dominant contribution to
these states is from HOMO→LUMO+1 (72% in isolated
c
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LUMO+1

(a)

HOMO-5

HOMO-3

HOMO-1

HOMO

LUMO

LUMO+1

(b)

HOMO-5

HOMO-2

HOMO-1

HOMO

LUMO

LUMO+1

(c)

FIG. 4 Frontier molecular orbitals for (a) the isolated FN, (b) the HBed complex FN-2MeOL in vacuo, and (c) FN-2MeOL
in solution.

FN, 80% and 85% for FN-2MeOL in gas and solution).
Other additional transitions from the π orbital of the
aromatic moiety to the π ∗ orbital of C=O group possess
the obvious intramolecular charge transfer character. In
the isolated FN, the electronic transition from HOMO2→LUMO has 25% contribution to the state. In isolated FN-2MeOL, it contains the transition HOMO3→LUMO (16%) while for FN-2MeOL in solution, it
contains the transition from HOMO-1→LUMO (11%).

2. The total and partial dipole moments of HBed complex in
S0 , S1 , and T1

The HB is essentially just a very strong dipole-dipole
bond. Being bonded to a strongly electronegative
atom will make the hydrogen become strongly positively
charged and the other electronegative atoms strongly
negatively charged. Therefore, to characterize the variation of HB strength upon electronic excitation, it is interesting to see how the total dipole of the complex and
the dipoles of the interacting subsystems change, which
allows us not only to estimate variations of the polarization of the whole complex, but also to test the variations
of the partial structures of the whole complex in the
ground and excited states. We take isolated FN-2MeOL
complex and the complex in solution as an example to
DOI:10.1063/1674-0068/26/06/617-626

check the variations of their dipoles at S0 , S1 , and T1
with the optimal geometries of the HBed complex. The
calculations are based on the excited-state reduced oneelectron density matrix ρ in Eq.(1). Firstly, we divide
the whole HBed complex into three segments, one FN
molecule and two methanol molecules. The dipole moments of the whole complex and the partial dipole moments of three interacting subsystems in the different
electronic states are calculated and illustrated in Fig.5.
Figure 5 clearly demonstrates both the total dipole moments of the complex and the partial dipole moments of
interacting subsystems are obviously different in S0 , S1 ,
and T1 . For example, in the S0 of FN-2MeOL complex
in the solution, the total dipole moment of the complex
is 8.448 Deybe and the partial dipole moments are 7.15
(FN molecule), 2.171, and 2.173 Deybe (two methanol
molecules), respectively. Concomitantly, one can observe that the electronic excitation induces a large increase of about 4.783 Deybe in the total dipole moment and 4.463 Deybe in the partial dipole moment of
FN molecule. A slight change from 2.173 Deybe (in
S0 ) to 2.109 Deybe (in S1 ) in the methanol molecule is
observed. The large increases in the total dipole moment and the partial dipole moment of FN certainly increase the interaction of subsystems and subsequently
strengthen the intermolecular HBs, although a slight
decrease in methanol molecules is observed. Meanwhile,
c
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T1

S1

S1

S0

(a)

T1
(b)

FIG. 5 Magnitude and direction (arrows) of the total dipole moments of HBed complexes and the partial dipole moments
of three interactive subsystems in S0 , S1 , and T1 (in Debye). (a) FN-2MeOL in vacuo, (b) FN-2MeOL in solution.
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FIG. 6 Mullikon charges in S0 , S1 and T1 . (a) Isolated FN-2MeOL, (b) FN-2MeOL in solution.

this trend exists in T1 state. From the dipoles, it can be
expected that the HB in the T1 state is stronger than
that in S0 state but weaker than that in S1 state.
The directions of the total dipoles and the partial
dipoles of subsystems are also shown in Fig.5. Both the
magnitudes and directions of the partial dipoles change
significantly from the gas phase to the solution, and
from the ground state to the excited states as well. The
electronic excitation induces more conspicuous variation in the magnitude of dipole moments than the bulk
solvent. The bulk solvent effect significantly changes
the direction of dipoles of two methanol molecules.
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3. The charge populations in S0 , S1 , and T1

Since the magnitude and direction of the dipole moments have been affected by the bulk solvent and electronic excitation, these changes can be manifested by
the changes of charge populations [42]. We thus make
a population analysis in S0 , S1 , and T1 for FN-2MeOL
complex in gas and in the solution. As shown in Fig.6,
the largest difference appears on the oxygen atom of
C=O group in the three different electronic states. For
example, in the solution, the charge on oxygen atom (in
C=O bond) negatively increases by 0.207 from −0.385
c
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TABLE IV The intermolecular interaction energy E (in eV)
between FN and one MeOL in two HBed complexes.
E(FN-MeOL)
E(FN-2MeOL)
in vacuo in solution
in vacuo
in solution
S0 −0.102
−0.113
−0.203(0.203) −0.158(−0.158)
S1 −0.264
−0.299
−0.400(0.401) −0.441(−0.441)
T1 −0.206
−0.242
−0.347(0.348) −0.373(−0.372)

in S0 to −0.592 in S1 . The more negatively charged
oxygen makes the hydrogens (in O· · · H bond) become
more positively charged. We observe the charge on hydrogen atom of O−H group (in MeOL) decrease by 0.03.
The charge decreases in the hydrogens of O−H group
lead to oxygen atoms (in O−H bond of MeOL) become
more negatively charged in S1 than in S0 state. Both the
electronic excitation and bulk solvent induce the charge
redistribution, subsequently change the dipoles and intermolecular interaction. From the population analysis,
we also observe that both the electronic excitation and
bulk solvent effect do not induce large difference on the
total charges of FN and two methanol molecules. It
indicates that the enhancement of intermolecular HB
strength in the excited states of FN-nMeOL (n is the
number of methanol molecules) does not come from the
photo-induced intermolecular charge transfer but the
charge redistribution in FN.
4. The intermolecular interaction energy in S0 , S1 , and T1

Based on the atomic charges on the different electronic states, we calculate the Coulomb interaction energy between FN and one MeOL molecule in two HBed
complexes. The results are given in Table IV. It can be
seen that the attractive interaction energy or the hydrogen bond energy between FN and one MeOL in electronically excited states is nearly two times larger than
that in the ground state in two HBed complexes. More
solvent molecules getting involved, larger FN-MeOL intermolecular attractive interaction energy. This result
clearly shows that the intermolecular interaction between the solute-solvent molecules is evidently strengthened upon the electronic excitation.
IV. CONCLUSION

In summary, we have carried out a detailed theoretical study on the intermolecular HB formed between
fluorenone and methanol molecules. Not only do we
show the evidences of the strengthening of HBs induced
by the bulk solvent and electronic excitation but also
reveal the underlying physics which gives rise to the
variations of the HBs. The significantly strengthened
intermolecular HB in the electronically excited state
upon photoexcitation is identified by the shortened HB
bond lengths and the IR spectral redshift accompanied
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by the significant increase of the relative IR intensities at the frequency region of corresponding stretching
vibrational modes of C=O and O−H groups in HBed
systems. Through the analysis on the charge populations, the total dipole moments of the HBed complexes
and the partial dipole moments of interacting subsystems, and intermolecular interaction energies between
FN-MeOL molecules in different electronic states and
in different environmental media, we reveal the origin
of the variation on HB induced by electronic excitation is not because of the photoinduced intermolecular electron transfer but the electronic redistribution
in the solute molecule FN. Upon photoexcitation, the
complex is excited directly to an excited state having
intra-molecular charge-transfer character, and the instantaneous and significant change in the polarity of the
FN molecule drives the surrounding solvent molecules
to reorganize themselves to minimize the total energy
of the solute-solvent system [43]. The hydrogen bond
also needs to be strengthened in the excited state of the
solute-solvent system. Our work provides some useful
information for the studies of the photochemistry and
photo-physical properties of the hydrogen bonds.
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