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According to the nonequilibrium solvation theory studies, a constrained equilibrium principle is introduced and applied to the derivations of the nonequilibrium solvation energy,
and a reasonable expression of the spectral shift of the electronic absorption spectra is deduced. Furthermore, the lowest transition of p-nitroaniline (pNA) in water is investigated by
time-dependent density functional theory method. In addition, the details of excited state
properties of pNA are discussed. Using our novel expression of the spectral shift, the value
of −0.99 eV is obtained for π→π ∗ transition in water, which is in good agreement with the
available experimental result of −0.98 eV.
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polarity due to the increase of the dipole moment [2,
12]. Experimentaly, a larger spectral shift of −0.98 eV
in water is observed by ultrafast transient absorption
spectroscopy [12−14]. Theoretically, using QM/MM
(CIS(D)/EFP) approach, Kosenkov et al. predicted
the spectral shift of π→π ∗ transition is −1.00 eV in
water [5]. More recently, Gordon et al. studied the
spectral shifts of pNA with TD-B3LYP/DH(d,p), TDPBE0/DH(d,p) and TD-CAM-B3LYP/DH(d,p) methods and obtained the values are −0.60, −0.67, and
−0.90 eV for π→π ∗ transition, respectively [11]. We
can see the values of π→π ∗ transition given by using
different theoretical methods have a larger range and
are in disagreement with each other [5, 11]. It is known
that accurate theoretical description of spectral shift,
that is, condensed phase effect on optical absorption
spectra, requires a proper account of nonequilibrium
solute-solvent interaction. Therefore, how to set up a
correct nonequilibrium state is a great challenge in theory [16].
Recently, under the guidance of Leontovich’s constrained equilibrium principle [17], our group have obtained a new formula for the nonequilibrium solvation
energy [18, 19]. On the basis of this new formula, we
have successfully evaluated the reorganization energy
of electron transfer reactions [20−23] and vertical ionization energy of hydrated electron [24]. In this work,
we further develop its application and deduce the novel
expression of spectral shift for absorption spectrum.
There are many different models to be applied for
estimating the solvent effects on spectra in solution,
such as polarizable continuum model (PCM) [25], quantum mechanics/Monte Carlo (QM/MC) and quantum

I. INTRODUCTION

p-Nitroaniline (pNA) is a common compound used as
an intermediate or precursor in the manufacture of organic synthesis, such as p-phenylenediamine, azo dyes,
antioxidants, fuel additives, pharmaceutical synthesis,
etc. [1]. This molecular has a large first hyperpolarizability, and it is efficacious in second-harmonic generation with possible applications in photonic devices,
telecom-munications and signal processing [2]. The simple structure of pNA and its particular nonlinear optical properties make it a convenient model for theoretical studies of the solvent-solute interactions and solvation of the electronic states. Especially, due to its important role in prototypical organic push-pull (donorπ-acceptor) chromospheres, it is of great interest for
researchers in both theoretical [3−11] and experimental [12−15] investigations. Therefore, the exited state
properties of pNA have been a hot topic for researchers
in recent years.
It is found that the lowest singlet excited state which
is associated with an intramolecular charge transfer
from the electron-donor amino group (NH2 ) to the electron acceptor nitro group (NO2 ) across the phenyl ring
will lead to a change in the dipole moment of pNA [7, 8].
During this process, pNA undergoes a strong π→π ∗ absorption band in the near-ultraviolent to visible spectral
region [8]. Its peak is strongly dependent on the solvent
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mechanics/molecular dynamics (QM/MD) [26−30]. In
PCM, the solvent is imitated as a uniform continuous medium, characterized solely by a scalar dielectric
constant. This treatment mainly concentrates on the
long-range electrostatic interactions between the solute
and solvent and can effectively reduce the computational consumption [31−33]. QM/MC and QM/MD
repute the solvent as individual molecule definitely
[26−30]. This indicates a supermolecular model where
the solvent molecules around the solute are explicitly
included in the quantum mechanical calculations. In
this premise, they can provide atomic-level structure
of the solvent environment and the dynamical change
of the system. Furthermore, they can also square up
the dispersion-repulsion interactions between the solute
and solvent molecules. However, the drawback is that
such an approach is computationally very demanding.
It would be more expensive if we sample sufficient configurations and its accuracy is always significantly dependent on the potential standing for the solvent [34].
Besides, because the influences of the solvent on the
solute are mainly from the first solvation shell, the solvent molecules can hardly be clustered with the solute
molecule. This is the problem of a supermolecular strategy to treat with QM method. As for the remaining
solvent molecules, the continuous medium theory based
on the supermolecular solute can be used to deal with
them [35]. Up to now, the simplest method is to use
the early ideas of Onsager [36] and Kirwood [37] enclosing the solute in a cavity which is surrounded by a
polarizable dielectric continum [38−41].
In this work, we first briefly introduced the new theory of nonequilibrium solvation, i.e. constrained equilibrium approach is adopted in the continuum model to
deal with the nonequilibrium solvation. Then we apply the new theory to single-sphere model and obtain
the new expression for the absorption spectral shift. We
also presented the computational details, the calculated
results are compared with the previous theoretical and
experimental results.

II. THEORETICAL METHODS
A. Nonequilibrium solvation

In the framework of continuous medium theory, we
carry all the following derivations with charge-potential
representation. Our work just cares about the electrostatic contribution to the solvation energy. When
it comes to an ultrafast process in solution, such as
light absorption and emission, the vertical detachment
of a hydrated electron, or electron transition of electron
transfer at the transition state, as shown in Fig.1, the
solute-solvent system will undergo a change from the
eq
equilibrium state 1 [ρ1 , ϕeq
1 ] (where ρ1 and ϕ1 stand
for the solute charge and solvent polarization potential in equilibrium state 1) to the nonequilibrium state
DOI:10.1063/1674-0068/27/02/181-188
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FIG. 1 A generic schematic diagram for the constrained
equilibrium approach.
non
stand for the solute
2 [ρ2 , ϕnon
2 ] (where ρ2 and ϕ2
charge and the polarization potential in nonequilibrium
state 2). Along with a long enough time to prepare, the
nonequilibrium state 2 [ρ2 , ϕnon
2 ] will become the equilibrium state 2 [ρ2 , ϕeq
].
These
processes can be shown
2
in Fig.1.
We regard the solvent medium as the “system” and
treat the others consisting of the solute charges and the
constraining charges as the “ambient”. Thus, the electrostatic solvation energy expression for the final equilibrium state 2, shown as follows:
Z
1
eq
U2 =
ρ2 ϕeq
(1)
2 dV
2 V

We add the external (constraining) charge ρex linearly to the equilibrium state [ρ2 , ϕeq
2 ], and correspondingly the solvent polarization potential changes linearly
non
from ϕeq
2 to ϕ2 . In Fig.1, the constrained equilibrium state [ρ2 + ρex , ϕnon
2 ] is formed. This process is a
reversible path because the solvent polarization always
keeps equilibrium with the solute charge and the external charge.
The work done by the addition of an external field
can be expressed ρex as follows:
Z
δW =
ϕα δρα dV
(2)
V

non
ϕα = ϕeq
− ϕeq
2 + α(ϕ
2 ),
α
ρ = ρ2 + αρex ,

α=0−1
α=0−1

(3)
(4)

Please note that ϕeq stands for the equilibrium polarization potential produced by ρ2 +ρex in the constrained
equilibrium case. The reversible work done during the
process from the equilibrium [ρ2 , ϕeq
2 ] state to the constrained equilibrium state can be obtained as follows:
Z
Z 1
δρα
ϕα
W1 =
dV
dα
(5)
δα
0
V
Z
1
=
[(ρ2 + ρex )ϕnon − ρ2 ϕeq
(6)
2 ]dV
2 V
c
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The constrained equilibrium state can be regard as an
equilibrium state. Therefore, we can simply obtain its
solvation energy as follows:
U ∗ = U2eq + W1
Z
1
=
(ρ2 + ρex )ϕnon dV
2 V

(7)

When we remove the external charge density ρex suddenly, the constrained equilibrium solvent system will
restore the true nonequilibrium polarization. During
this process, the work done by the system is given by
W2 = U ∗ − U non
Z
Z ρ2
=−
dV
ϕnon dρ
V
ρex +ρ2
Z
=
ϕnon
2 ρex dV

FIG. 2 A generic schematic depiction of solvent effect of
absorption spectra in aqueous solution.

(8)

V

Therefore, the electrostatic solvation energy of the
nonequilibrium state can be expressed as follows:
U non = U ∗ − W2
Z
Z
1
=
(ρ2 + ρex )ϕnon
dV
−
ρex ϕnon
2
2 dV (9)
2 V
V
The solvent reorganization energy is defined by
λs = U non − U2eq

(10)

Substituting Eqs.(2) and (10) into Eq.(11), we have [21]
Z
Z
1
(ρ2 + ρex )ϕnon
λs =
dV
−
ρex ϕnon
2
2 dV −
2 V
V
Z
1
ρ2 ϕeq
2 dV
2 V
Z
Z
1
1
eq
non
=
ρ2 (ϕ2 − ϕ2 )dV −
ρex ϕeq
2 dV −
2 V
2 V
Z
1
ρex (ϕnon
− ϕeq
(11)
2
2 )dV
2 V
where ϕnon
− ϕeq
2
2 is the equilibrium potential produced
by ρex in the medium with a static dielectric constant
εs . So the first two terms in Eq.(11) can offset. Thus,
we can simplify Eq.(11), it is shown as follows:
Z
1
λs = −
ρex (ϕnon
− ϕeq
(12)
2
2 )dV
2 V
According to our previous efforts [18, 42, 43]
ϕnon
= ϕeq
2
1 + ∆ϕop
ϕeq
2

= ϕeq
1

+ ∆ϕs

(13)
(14)

The solvent reorganization energy can be expressed as
follows:
Z
1
λs =
ρex (∆ϕs − ∆ϕop )dV
(15)
2 V
here ∆ϕs is the solvent polarization potential produced
by ∆ρ in the medium of εs , ∆ϕop is the solvent polarization potential produced by ∆ρ=ρ2 -ρ1 in the medium
with the optical dielectric constant εop .
DOI:10.1063/1674-0068/27/02/181-188

B. Spectral shift with point dipole in a sphere cavity

In Fig.2, we denote 1 and 2 standing for ground state
and excited staterespectively. The Ui (g) (i=1,2) stands
for the internal energies of the solute in vacuum and
eq
eq
non
U1,sol
, U2,sol
, and U2,sol
stand for the solvation energies of the equilibrium ground state 1, nonequilibrium
excited state 2, and equilibrium excited state 2, respectively. The absorption spectral shift is defined as the
solvation energy difference between nonequilibrium excited state 2 and equilibrium ground state 1 [44, 45].
So it can be expressed as
eq
non
∆hνab = U2,sol
− U1,sol

(16)

Obviously, the energy of the nonequilibrium solvation
energy can be expressed by the energy of the equilibrium excited state plus solvent reorganization energy.
The solvation energies for the equilibrium state and excited states can be expressed as follows:
Z
1
eq
(17)
U1,sol
ρ1 ϕeq
=
1 dV
2 V
Z
1
non
ρ1 ϕeq
U1,sol
=
(18)
1 dV + λs
2 V
Z
1
eq
U2,sol
=
ρ2 ϕeq
(19)
2 dV
2 V
Z
1
non
U2,sol
=
ρ2 ϕeq
(20)
2 dV + λs
2 V
where ϕ and ρ stand for the polarization potential and
the charge density of the solute, λs stands for the solvent
reorganization energy.
With Eqs.(16)−(20), we can get the general form for
the absorption spectral shift as:
∆hνab = U2non − U1eq
Z
1
eq
= λs +
(ρ2 ϕeq
2 − ρ1 ϕ1 )dV
2 V

(21)

Here, we use Onsager [36] point dipole as a sphere cavity model and assume that solute charge is distributed
c
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in the center of point dipole in a vacuum sphere cavity. The radius of a spherical cavity is a. The cavity
is surrounded by dielectric constant εs of the solvent.
Optical excitation process makes the dipole moment of
the solute change from the ground state µ
~ 1 to excited
state µ
~ 2.
The dipole moment can be given by:
µ
~ = lim qL

The energy of the equilibrium solvation can be expressed as
1
2

Z
V

(22)

L→0
q→∞

where L is the distance pointing from q+ to q− . The
polarization potential inside the sphere cavity is as follows: [19, 46, 47]
ϕ=−

2(εs − 1) µ
~ ·r
(2εs + 1) a3

(23)

In order to satisfy the constrained equilibrium state, we
need add the external control dipole moment i.e. [19,
46, 47]
µ
~ ex =

εop − εs
3
∆~
µ
εs − 1 2εop + 1

Z
1
ρex (∆ϕs − ∆ϕop )dV
2 V
1
= µ
~ ex · (∆Ep,op − ∆Ep,eq )
2

λs =

=

(25)

Here we use the relationship as follows [19, 46, 47]:
Ep,eq = −∇ϕs
Ep,op = −∇ϕop

(26)
(27)

We consider L is too small. Thus, we have:
Z
ρϕdV = qϕ+ − qϕ−
V

= lim qL ·∇ϕ
L→0
q→∞

= −~
µ·E
DOI:10.1063/1674-0068/27/02/181-188

Ei =

2(εs − 1) µ
~i
,
2εs + 1 a3

i = 1, 2

(30)

where ϕeq
i (i = 1, 2) stands for the electric potential in
ground state 1 and excited state 2.
Combining Eqs. (21), (25), and (29), we can obtain
the final form for the absorption spectral shift with single sphere and point dipole approximation i.e.

∆hνab =

(~
µ1 − µ
~ 2 )2
9(εop − εs )2
+
a3
(εs − 1)(2εs + 1)(2εop + 1)2
εs − 1 µ21 − µ22
2εs + 1 a3

(31)

III. COMPUTATIONAL DETAILS

1 εop − εs
3
∆~
µ·
2 εs − 1 2εop + 1
¸
·
µ 2(εs − 1) ∆~
µ
2(εop − 1) ∆~
−
2εop + 1 a3
2εs + 1 a3
9(εs − εop )2
(∆~
µ)2
a3 (εs − 1)(2εs + 1)(2εop + 1)2

Here we use the following expression [19, 46, 47]

(24)

Here ∆µ = µ
~2 − µ
~ 1 presents the dipole change.
With Eqs.(15), (23), and (24) and the relationship
E=−∇ϕ, we can obtain the solvent reorganization energy expression as

=

1
ρi ϕeq
~ i · Eeq
i dV = − µ
i
2
1
2 (εs − 1)
=− µ
~i · µ
~i 3
2
a (2εs + 1)
εs − 1
= −~
µ2i 3
,
i = 1, 2 (29)
a (2εs + 1)

(28)

In this work, p-nitroaniline (Fig.3) is chosen to investigate the spectral shift of the electronic absorption
spectrum of the lowest π→π ∗ transition in aqueous solvent. The optimized geometry of pNA in vacuum and
in aqueous solvent were obtained at density functional
theory (DFT) [48] level with the PBE0 [49−51], B3LYP
[52] functional and cc-pVDZ basis set using the Gaussian program package [53]. These two functionals give
similar results. In order to stay the same as the following calculations, the one with the B3LYP [52] functional
was utilized for the following calculations. In addition
to the detailed structural study of the molecular, the
theoretical values of the vertical excitation energy and
dipole moments in vacuum were investigated with the
gas phase geometry. The calculations in water were
adopted from the geometry optimized in aqueous solution. The various excited states were calculated at
the same levels using time density functional theory
(TDDFT) [51, 52] method and B3LYP functional for
gas phase and condensed phase, respectively. Though
this method of calculations has some restrictions and
disadvantages, it has been shown to provide excitation
spectra in very good agreement with experimental results.
c
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TABLE I Geometrical parameters of p-nitroaniline both in vacuum and water along with available experiment results (bond
length in Å, angles in (◦ )).
Geometric parameters
RC2−C1
RC3−C2
RC4−C3
RC1−N12
RC4−N11
RN11−O15
∠N12C1C2
∠H7C2C3
∠C3C4N11
∠C4N11O15
∠O15N11O16
a

This worka
1.413
1.387
1.398
1.379
1.463
1.229
120.6
119.8
119.5
117.7
124.5

HF [3]
1.409
1.382
1.395
1.374
1.455
1.243
120.8
119.8
119.5
118.5
123.0

In vacuum
B3LYP [11]
1.416
1.391
1.403
1.355
1.461
1.240

MP2 [9]
1.411
1.394
1.398
1.379
1.465
1.247
120.9
119.5
119.2
117.8
124.4

Expt. [15]
1.410
1.370
1.390
1.350
1.450
1.230
120.5
119.8
119.5
118.5
123.0

This worka
1.420
1.384
1.403
1.361
1.446
1.235
120.76
119.88
119.69
118.45
123.08

In water
B3LYP-EFP [11]
1.434
1.380
1.421
1.346
1.412

This work calculated with B3LYP/cc-pVDZ.

TABLE II Dipole moments for ground state S0 and the Franck-Condon excited states S2 , S1 due to the solvent effects (unit
in Debye) in vacuum and water, together with the experimental data and other theoretical results.
States
S0
S2
a
b
c
d

This worka
6.95
12.16

In vacuum
Other calc.b
6.62, 6.87, 6.99, 7.30
11.3, 11.8, 13.76, 14.1

State
Expt.
6.2 [8], 6.3 [9]
13.5 [7]

S0
S1

In water
This worka
Other calc.
9.88
8.8c
15.99
15.7c , 17.0d

Calculated with B3LYP/cc-pVDZ.
SAM1, AM1, PM3, and MP2 results from Ref.[2].
SAM1 results from Ref.[14].
B3LYP/EFP1 result from Ref.[11].

FIG. 3 Structure for pNA with the labeling of atoms used
in the text (bond lengths and angles are given in Table I).

IV. RESULTS AND DISCUSSION
A. Molecular properties

In order to interpret the excited state charge transfer
properties of pNA, optimized geometry and charge distributions of pNA in their ground state are obtained at
DFT level using B3LYP [52] functional and cc-pVDZ
basis set. It gives a planar structure for pNA in Fig.3.
We list the average geometric parameters for the gas
phase structure of pNA of the ground state in Table I.
DOI:10.1063/1674-0068/27/02/181-188

Some different theoretical results and the available experimental data [15] are also collected in Table I. It can
be seen that our calculations are very close to the experimental data from Table I. The differences between
the calculated and experimental parameters do not exceed 0.02 Å for bond lengths and 1.5◦ for bond angles.
Therefore, this optimization is perfect and it has formatted a very stable structure. Furthermore, we can
get the excitation energies and dipole moments on the
basis of this structure.
The calculated dipole moments for ground state S0 ,
the second excited state S2 in gas phase, and ground
state S0 , the first excited state S1 in condensed phase
are shown in Table II, along with some available theoretical results [4, 11] and experimental observations
[6−8]. It can be seen that our calculated dipole moments are close to the experimental results, respectively
[6−8]. They also approximate to other theoretical results [4, 11].
The highest oscillator strength occurs in S2 (0.31) excited state for gas phase and in S1 (0.59) excited state
for condensed phase. Both of their orbital transitions
are HOMO→LUMO. From the orbital transition, transition energies and oscillator strengths, it is seen that
c
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π)

HOMO (

π)

LUMO (

*

FIG. 4 HOMO and LUMO frontier orbitals involved in the
lowest π→π ∗ electronic transition.

the first excited state in water corresponds to the second excited state in the gas phase; solvation pulls this
charge-transfer state below the other excited states because of its high dipole moment. HOMO and LUMO
for pNA are illustrated in Fig.4. It is obvious that the
HOMO→LUMO excitation has a π→π ∗ transition character. The electronically excited state is characterized
by intramolecular charge transfer from the NH2 to the
NO2 group.
B. Vertical excitation energy

The vertical excitation energy (VEEs) of the π→π ∗
transition in gas phase is 4.12 eV with oscillator
strength of 0.31 in this work. Other theoretical results calculated with TD-B3LYP/DH(d,p) [11], TDPBE0/DH(d,p) [11], and CIS(D) [6] were 3.97, 4.11,
and 4.40 eV, respectively, and the available experimental datum was 4.24 eV [12]. The theoretical π→π ∗ transition energy of 4.12 eV is in good agreement with the
experiment (4.24 eV), with an error of 0.12 eV. Other
theoretical results about the π→π ∗ transition energy
have an error at the same scale [5, 11]. It fully shows
that the B3LYP/cc-pVDZ method is appropriate and
good enough to deal with this kind of absorption spectrum.
C. Solvatochromic shift in water

From Eq.(31), it is easy to recognize that the spectral shift is sensitive to the cavity radius. Therefore,
it is very important for us to get a reasonable radius.
In general, the cavity radius of a spherical molecule
in solution may be estimated from the molecular volume Vm , i.e. a0 =(3Vm /4π)1/3 . Here Vm stands for the
molecular volume. In addition, other procedures such
as COSMO [54] and PCM [25] can also be applied to
estimate the molecular volume. Furthermore, if the solute is considered as a molecule or a supermolecule, the
DOI:10.1063/1674-0068/27/02/181-188
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cavity radius size can be estimated according to electron isodensity contour [52−55]. It is obvious that we
can’t give the true and accurate correction of the cavity
radius. Therefore, in this work we do not attempt to
give any precise correction of the cavity radius and directly calculate from a0 =(3Vm /4π)1/3 . Vm is computed
for global minimum optimized structure of pNA at DFT
level using B3LYP functional and cc-pVDZ basis set. In
this way, the obtained cavity radius of pNA is 3.53 Å.
The spectral shift of the π→π ∗ transition for pNA
in aqueous solvent employing Eq.(31) based on our
new form of the electrostatic solvation energy for the
nonequilibrium polarization is obtained. Our evaluation for the π→π ∗ red shift is −0.99 eV, which is
quite in good agreement with the experimental result
of −0.98 eV [12−14]. But the theoretical results from
TD-PBE0/DH(d,p) and TD-B3LYP/DH(d,p) methods
with values of −0.67 and −0.60 eV [11] are underestimated compared with the experiment value; while the
values −1.00 and −0.90 eV calculated by CIS(D) [6]
and TD-CAM-B3LYP/DH(d,p) [11] were close to the
experiment value of −0.98 eV [12−14]. These different results are leaded by employing different processing
methods. On the other hand, though −1.00 eV is very
close to the experiment value, the experimental vertical
excitation energies in gas and condensed phase for the
singlet charge transfer state are overestimated by 0.41
and 0.39 eV, respectively.
pNA is a polarizable molecule, it has strong electrostatic interactions with the surrounding polar water molecules. In fact, solvatochromic shifts of vertical excitation energies may be influenced by specific
solute-solvent short-range dispersion/repulsion interactions, the solute geometry distortion, the long-range
electrostatic and mutual polarization interactions between the solute and solvent molecules. The contribution of dispersion/repulsion interactions is not always
considered in many spectra solvation models [56, 57]
because of its nearly equal contribution to both the
states before and after the Franck-Condon transition
in strong polar solvents. According to the QM-EFP intermolecular interaction energy analysis of DeFusco et
al. [58], the solvent shift is divided into four parts: solute relaxation, Coulomb, polarization, and remainder.
The solute relaxation energy is used to define the contribution to the changes of the solvent shift from the
condensed phase to the gas phase. And from our calculations, the solute equilibrium geometric parameters in
water are different from those in vacuum. Therefore, in
Eq.(31), we have considered this difference. The contributions from the Coulomb, polarization and remainder
are discussed by Gordon et al. [11]. It is reported that
the solvent shift of the π→π ∗ transition in pNA arises
mainly from a change of the electrostatic interaction between solvent and solute upon photoexcitation. In their
work, the Coulomb interaction between pNA and water makes the largest contribution to the calculated red
shift. In addition, the increased dipole moment of pNA
c
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going from the gas phase to the condensed phase makes
a stronger Coulomb contribution. In our new theory of
nonequilibrium solvation, the electrostatic component
is also primarily considered. That is why Eq.(31) can
well reproduce the lowest electronic absorption spectra
of pNA in aqueous solution.
V. CONCLUSION

In the framework of classical thermodynamics, a new
expression of the electrostatic solvation energy and solvent reorganization energy for the nonequilibrium polarization is derived based on the constrained equilibrium approach in this work. The charge density and solvent polarization potential have been used to describe
the modified expression for the solvent reorganization
energy. It is equivalent to the one represented by electric field and polarization. Thus, a novel and reasonable
expression of the spectral shift of the electronic absorption spectra has been proposed with the approximation
of point dipole and sphere cavity (Eq.(31)).
In order to verify the correctness of the new theory,
pNA is chosen as the typical test case to investigate
the spectral shift of the electronic absorption spectrum
of the lowest π→π ∗ transition in aqueous solvent. The
molecule shows a normal Stokes red shift. We have
used DFT method to calculate global minima structure
and the vertical excitation energy at DFT level to correlate the experimental and other theoretical results.
All the calculations employ B3LYP functional and ccpVDZ basis set. We use the equation a0 =(3Vm /4π)1/3
and obtain the cavity radius is 3.53 Å. The shift evaluated with Eq.(31) is −0.99 eV for the π→π ∗ transition.
It agrees well with the available experiment result. The
electrostatic plus polarization interactions between solute and solvent make important contributions to the
spectral shift of pNA in water. Our solvation theory
precisely focuses on these interactions, so the spectral
shift expression within continuum model can well reproduce the spectra shift of pNA.
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