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Abstract In this work, for the first time, a theoretical
approach to describing the influence of hydrogen-bond
formation on the electronic absorption spectrum and
nonlinear optical properties of an aminobenzodifura-
none derivative (ABF) that exhibits the largest positive
solvatochromic shift compared to other known chro-
mophores is given. The solvent effect was included via
the supermolecule (SM) method. The calculations were
performed for a strong low-lying (p fi p*) transition
based on the configuration interaction singles (CIS) and
time-dependent DFT (TDDFT) methods. The first-or-
der hyperpolarizabilities (b) were computed using the
finite-field (FF) technique combined with the Hartree–
Fock (HF) theory. Reasonable agreement between the-
ory and experiment was obtained for the solvatochromic
shifts of the ABF molecule. Moreover, it was found that
H-bond formation strongly influences the NLO response
of the systems investigated.

Keywords Solvent effect Æ Hydrogen bond Æ
Supermolecule Æ Aminobenzodifuranone Æ
Hyperpolarizability

Introduction

Solvatochromism is connected with the change in posi-
tion and/or intensity of an electronic absorption band
accompanying a change in the polarity of solvent [1, 2].
These changes can be explained based on the theory of
intermolecular solute/solvent interactions in the ground
(g) and the Franck–Condon excited state (e). In general,

the solvatochromic shift of the maximum of an
absorption band (D x) is described by the following
relation [3]:

Dx ¼ DxE þ DxD þ DxH ð1Þ

where D xE is the pure electrostatic contribution, D xD

the dispersion contribution, and D xH is the connected
with the short-range specific interaction between the
solvent and solute, e.g. hydrogen bonding.

The largest solvatochromic shifts are observed in the
case of donor-acceptor p-conjugated chromophores.
The electronic absorption spectra for this type of
molecule are characterized by a strong low-lying
(p fi p*) transition assigned to an intramolecular
charge-transfer (CT) transition [1, 2, 4–7]. Hence, a
large change in the permanent dipole moment during
excitation is observed in this case. Because of the dif-
ference in the solute/solvent electrostatic interaction
energy between the ground and the CT excited states,
strong solvatochromic shifts are observed on going
from the gas phase to polar solvents. The basic fun-
damental contributions toward a modern understand-
ing of the solute/solvent electrostatic interactions
(D xE) on the electronic absorption has been developed
by many researchers. Most of the proposed approaches
are based on classical Onsager reaction field theory and
have been analyzed in a number at monographs and
reviews [1, 2, 4–9]. In general, all of these theories, in
which a solvent is usually treated as an isotropic
dielectric medium characterized by its relative electric
permittivity (�r) and refractive index (n), predict a linear
dependence of the solvatochromic shift on the dipole
moment difference between the ground and the CT
excited states (D lgCT). For example, Amos and
Burrows, based on perturbation theory combined with
the reaction field method, derived the following equation
describing solvent effects on the transition energy from
the ground state to the CT excited state [6]:

�hDxCTg ¼ ADlCTgðlCT � lgÞ þ BDlCTglg ð2Þ
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where �hDxgCT ¼ �hDxgas
gCT � �hDxsol

gCT is the change in
transition energy, lg the ground state solute dipole
moment and lCT is the excited state dipole moment. The
parameter a stands for the radius of a cavity (assumed
spherical) occupied by the solute molecule. Based on
Eq.2 it is possible to explain easily the direction of the
shifts of the absorption bands as the solvent polarity
increases (negative and positive solvatochromism) [1, 2,
6, 7]. In the case of positive solvatochromism (i.e. red
shift with increasing solvent polarity), the more polar
CT excited (lg < lCT) state is stabilized more than the
molecule in the ground state. Hence, the excitation en-
ergy is significantly decreased. In the case of negative
solvatochromism (blue shift), the ground state is stabi-
lized more by polar solvents as compared to the excited
state (lg > lCT). This leads to an increase of the solute
excitation energy with increasing solvent polarity.

The dispersion energy is present in all solvents (polar
and nonpolar). In contrast to extensive investigations of
the electrostatic solute/solvent interactions (D xE)
influencing the solvatochromic shifts, the dispersion
effect (D xD) on the excitation energy of molecules in
condensed phases is more complicated for theoretical
descriptions [1, 3, 10]. However, it is well established
that the dispersion effect always leads to a red shift
(positive solvatochromism) of the solvent-induced elec-
tronic spectra [1–4, 7, 10]. This is connected with the fact
that the excited state exhibits a larger linear polariz-
ability in comparison with the ground state. Hence, the
dispersion interaction energy between the excited solute
and the environment is substantially larger than in the
case of the dispersion interactions for the solute in the
ground state. It should be noticed that, in the case of
intramolecular CT transitions, the dispersion effect (D
xD) on the position of the electronic absorption band in
polar solvents is less important in comparison with the
electrostatic contribution (D xE) [1, 2].

Intermolecular hydrogen bond (H-bond) formation
has a different effect on the energies of various excited
states [1, 3]. It is well established that specific H-bond
interactions strongly influence the n fi p* transition of
carbonyl compounds [1–4, 10–12]. In this case, the
H-bonding interactions (D xH) stabilize the ground state
more than the less dipolar-excited state. Hence, solvent
induced blue shifts (negative solvatochromism) are ob-
served in H-bond donating solvents. On the other hand,
for example, the presence of H-bonds also strongly
influences the intensity of the CT absorption (p fi p*)
band for p-nitroaniline (PNA) [13].

There are also many known examples of theoretical
and experimental investigations of the hydrogen bond
effects on the nonlinear optical (NLO) response of
molecular systems [14–21]. Recently, Keinan et al. [15]
have shown that the H-bond formation between
optically active chromophores enhances the values of

first-order hyperpolarizability (b) in comparison with
isolated monomers. This observation can be used for a
rational design of electrooptic materials. A substantial
solvent effect on b is also observed for small organic and
inorganic molecules [19, 20]. The sign of b for solvated
water and urea changes as compared to the gas phase.
This is connected with the fact that these molecules may
form H-bonds with solvent molecules. Another impor-
tant example is PNA. The PNA molecule can form H-
bonds between the NH2 group and H-bond donor
groups of the solvent. Huyskens et al. [21] have shown
that the formation of specific H-bond solute/solvent
interactions always increases the value of b.

Recently, it has been shown by Gorman et al. [22]
that an aminobenzodifuranone derivative (3-(4-amino-3-
methyl-phenyl)-7-phenyl-3,7-dihydro-benzo[1,2-b;4,5-b’]
difuran-2,6-dione; ABF) exhibits the largest positive
solvatochromic shift compared to other known chro-
mophores (Fig.1; molecule I). Experimentally, the
maximum long-wavelength absorption (p fi p*) band of
ABF shifts from � m= 20076 cm�1 in nanofluoro-it
tert-butyl alcohol (NFTB) to � m= 14201 cm�1 in
hexamethylphosphortriamide (HMPA). It has been
suggested that the solvatochromic behavior of ABF is
associated with the H-bond donating and accepting
properties of its NH2 group. Schematic structures of the
molecule I hydrogen bonded with NFTB (complex II)
and HMPA (complex III) as suggested by Gorman et al.
[22] are shown in Fig.1. Recently, the solvatochromic
behavior of ABF has been investigated based on discrete
simulations based on the quantum-mechanical Lange-
vine dipoles/Monte Carlo (QM/LD/MC) technique as
well as continuum models [23]. However, the results of
these investigations have not confirmed the experimen-
tally observed large solvatochromic shift of the low-lying
absorption band of ABF. Hence, a theoretical descrip-
tion of the solvatochromism of ABF is still a challenge
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Fig. 1 A schematic structures of the studied systems: a I—ABF; b
II—complex ABF with NFTB; c III—complex ABF with HMPA
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for quantum chemical methods. This example offers a
unique opportunity for testing quantum chemical mod-
els routinely used the molecular structure investigations.

The aim of this work is a qualitative and quantitative
analysis of the significant influence of solvents on the
electronic absorption as well as first-order hyperpolar-
izability (b) of ABF. In particular, the mechanism of the
large positive solvatochromism of ABF was examined
by carrying out calculations where the solvent influence
was described on the supermolecule method (SM) level.

Methods and calculations

The ground state geometries of the isolated molecule I

and its molecular complexes II and III were fully opti-
mized without symmetry restrictions using the density
functional method (DFT) with hybrid B3LYP func-
tional [24, 25]. The geometry of the complexes corre-
spond to minima since no imaginary frequencies were
detected. The standard 6-31G(d,p) basis set was used at
this level of theory. Structural analysis was carried out
with the GAUSSIAN 03 set of programs [26]. The
optimized geometries were then used as the basis for the
spectroscopic and NLO property calculations. Ab initio
configuration interaction singles (CIS) [27] and time-
dependent DFT (TDDFT) [28–30] methods with a
6-31G basis set were used to calculate the vertical tran-
sition energies and other spectroscopic parameters
(oscillator strengths f as well as the change in dipole
moments l). In this work, the shifts in calculated elec-
tronic excitation energies were not corrected for basis set
superposition errors (BSSEs).

The tensor components of the static first-order hy-
perpolarizability (bijk) were evaluated at the HF/6-31G
level using the finite-field method [31, 32]. The finite-field
approach (FF) employing energy expansion was used to
calculate static b. The total energy E under the influence
of the static electric field F can be expanded as a Taylor
series:

E �Fð Þ ¼ Eð0Þ � liFi � 1=2!ð ÞaijFiFj � 1=3!ð ÞbijkFiFjFk

� 1=4!ð ÞcijklFiFjFkFl � � � �
ð3Þ

where E(0) is the energy of molecule without external
electric field (F=0), li, aij, bijk, and cijkl are the perma-
nent dipole moment, the dipole polarizability, the first-
order and second-order hyperpolarizability, respectively.
From the theoretical point of view, according to Eq.3,
the components of the bijk tensor are obtained as the
third derivative of the energy with respect to the applied
electric field. It should be noted that the default setting
for the FF/HF method in the GAUSSIAN 03 package
[26] was chosen for the calculations of b.

The calculated components of the bijk tensor were
transformed to the vector quantity (experimentally
available quantity for polar molecules) defined as [33]:

bl ¼
X

i

bili

lj j ; i 2 (x; y; z)

with

bi ¼
3

5

X

i

bijj; j 2 (x; y; z)

where l is the ground state molecular dipole moment.
The level of the quantum chemical methods used in

this work is connected with a compromise between
quality and computational cost. Because of the size of
the molecules studied, the unpolarized 6-31G basis set
was used for calculations of the excitation energies and
hyperpolarizabilities. The 6-31G basis set is very often
used in theoretical investigations of the NLO properties
of large organic molecules [34].

Results and discussion

The general strategy of calculations reported in this
paper was to check the applicability of the supermole-
cule method (SM) to predict the largest red shift of the
longest-wavelength absorption (p fi p*) band of I in
comparison with other known solvatochromic com-
pounds. As previously noted, Gorman et al. [22] in their
experimental work have proposed that the origin of this
large solvatochromic shift D~t ¼ 5876 cm�1

� �
is con-

nected with the H-bond donating and accepting prop-
erties of the NH2 group [22]. The NH2 group can act
both as a proton acceptor (complex II) and a proton
donor (complex III) in hydrogen bonding. Moreover,
these authors have indicated that the H-bond accepting
ability of NH2 is enhanced by a larger pyramidalization
of this group [22]. This is due to strong steric effects that
result from the short distance between the NH2 and CH3

groups (see Fig.1). Analysis of the experimental data
shows that the solvatochromic shift of the electronic
transition of I (relative to the energy obtained in non-
polar cyclohexane) is larger for HMPA compared to
NFTB (see Table 1). This observation indicates that the
effect of complexation with HMPA on the electronic
structure of I is substantially larger than in the case of
NFTB. This is also seen in the values of the calculated
ground state dipole moments collected in Table 1. This
conclusion is supported by a picture of the changes in
electronic density (for the ground state) during the for-
mation of H-bonds between ABF and NFTB as well as
ABF and HMPA. The isodensity maps plotted in Fig.2
were obtained as a difference between the total electronic
density (obtained at the DFT/B3LYP/6-31G(d,p) level)
of H-bond complexes and the appropriate density dis-
tributions of the isolated monomers [35, 36]. Visualiza-
tion of the changes in the electronic density distributions
of monomers caused by the intermolecular interactions
supplements the experimental observation that the
electronic structure of I is more modified by H-bond
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formation with two molecules of HMPA (complex III)
than in the case of the ABF-NFTB complex (II).

To investigate the solvent effect on the absorption
spectrum of I–III, CIS and TDDFT calculations with
the 6-31G basis set were performed. The results of cal-
culations of the vertical transition energy of the first low-
lying singlet excited state for the systems investigated are
shown in Table 1. As we can see, values of the computed
excitation energies as well as spectral shifts depend on
the method used in the calculations. A comparison with
experimental transitions energies shows that their
absolute values are substantially overestimated by the
CIS method. These discrepancies are expected because it
is well known that the absolute values of the calculated
excitation energies using the CIS method overestimate
the energy differences between ground and excited states
[27, 37, 38]. On the other hand, the TDDFT method has
recently been shown to yield relatively accurate excita-

tion energies even for large molecules [17, 28, 29, 39, 40].
Results of our calculations support this observation. It
was found that the p fi p* excitation energies predicted
by the TDDFT method are closer to the experimental
results than the CIS-calculated values. It should be no-
ted that the solvatochromic shift (D~m= 6237 cm�1)
computed at the CIS level on going from NFTB to
HMPA as solvent agrees much better with the experi-
mental value (D~m= 5876 cm�1) than the value obtained
from TDDFT (D~m= 3555 cm�1). However, in the case
of the SM approach only short-range solute/solvent
interactions (associated with the first solvation shell) are
included. For a better description of the solvent effect on
the excitation energy, the long-range dielectric (bulk)
effect should also be considered [19, 20]. This important
limitation should lead to an underestimated calculated
value of the solvatochromic shift within the SM ap-
proach. Therefore, one can conclude that the TDDFT

Table 1 The predicted vertical p fi p* excitation energies ( ~mmax, cm
�1), dipole moments (l, D) in the ground (g) and excited (e) state, and

oscillator strengths (f) for ABF (I) as well as for ABF-NFTB (II) and ABF-HMPA (III) complexes at the different levels of theory

Systems TDDFT CIS Exp. [22]

lg f ~mmax lg le f ~mmax ~mmax

I 5.21 0.9305 17283 3.88 7.37 2.2933 24997 18551a

II 4.03 1.0283 19043 4.61 3.96 2.3802 26927 20076b

III 18.22 1.1311 15488 16.78 21.39 2.2753 20690 14201c

aIn cyclohexane
bIn nanofluoro-it tert-butanol alcohol (NFTB)
cIn hexamethylphosphorictriamide (HMPA)

Fig. 2 The interaction
difference density maps of the
studied systems: a II complex
ABF with NFTB; b
III—complex ABF with
HMPA. Red color designates an
increase of the electron density
caused by the intermolecular
interactions, whereas blue
indicates a coresponding
decrease of the electron density.
The isodensity contours were
plotted for ±0.01 electron/
bohr3 (DFT/B3LYP/6-
31G(d,p))
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method provides more reliable solvatochromic shifts in
our case. However, it should be noted that the quantum
chemical calculations based on the TDDFT method as
well as the CIS method combined with the SM technique
successfully confirm most of the experimental observa-
tions.

Figure 3 shows the frontier orbitals of I–III at the
DFT level. From the CI coefficient of the lowest excited
state of the investigated molecules, it was found that the
major electronic transition is HOMO fi LUMO, and
the lowest (p fi p*) excited state is characterized by this
transition. The contributions from other electronic
configurations are very small and can be approximately
neglected. In the cases of isolated molecule I and H-
bond complex III the qualitative characteristics of the
HOMOs and LUMOs indicate that the central cyclic p-
system acts as electron-withdrawing group and NH2

group acts as electron-donating group. From these
considerations, the lowest excited states are character-
ized by a strong intramolecular CT state. However, the
CT character of the lowest excited state is enhanced by
the presence of a H-bond accepting solvent (HMPA)
compared to the isolated molecule I, while the H-bond
formation between ABF and NFTB (complex II) leads
to only small changes in electron density upon excitation
from HOMO to LUMO. This simple picture based on
frontier molecular orbitals is supported by the calculated
values of the permanent dipole moment in the ground
and excited states (Table 1). The largest change in the
calculated permanent dipole (D l � 5D) upon excitation
is observed for III.

In Table 2, the computed first-order hyperpolariz-
abilities (bl) of the isolated molecule I, dimer (II), and

trimer (III) are given. As we can see, the influence of the
H-bond effect on bl is very substantial. The results of the
FF/HF/6-31G calculations of bl indicate that the fol-
lowing sequence holds for molecules investigated here:
bl (III) > bl (I) > bl (II). This means that the H-bond
formation substantially enhances the NLO optical re-
sponse in the case of complex III. The computed static
value of bl for III is three orders of magnitude larger
than that of PNA taken as reference. Unfortunately,
there is no experimental value available for bl for ABF
in solution. It should be noted that the FF method is
limited to static fields only. In the case of the second-
harmonic generation (SHG) dispersion effect, this is
significant and always leads to an enhancement of the
NLO response of molecular systems [41]. Moreover,
the electron-correlation contribution is not included at
the FF/HF level. However, in our opinion, the above
results can be employed further in the effective molecu-
lar design of efficient NLO chromophores.

In conclusion, the specific H-bond influence on the
experimentally observed large solvatochromic shift of
the low-lying absorption band of ABF was confirmed
theoretically for the first time. Spectroscopic parameters

Table 2 Calculated values of the static first-order hyperpolariz-
abilities (bl) for ABF (I) as well as for ABF-NFTB (II) and ABF-
HMPA (III) complexes investigated in the present study

Systems bl (10�30 esu)

I 44.6
II �11.8
III 154.3

Fig. 3 Frontier molecular
orbitals of the studied systems:
I—ABF; II—complex ABF
with NFTB; III—complex ABF
with HMPA
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were calculated using the TDDFT and CIS methods
combined with the supermolecule (SM) approach. Rea-
sonable agreement between theory and experiment was
obtained for the solvatochromic shifts of ABF. More-
over, it was found that H-bond formation strongly
influences the NLO response of the systems investigated.
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