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Abstract The possible influence of the solvent Stark

effect (SSE) on the solvatochromic shift in electron

transitions has been analyzed by using the ASEP/MD

(averaged solvent electrostatic potential from molecular

dynamics) method. With this purpose, four molecules, two

polar (acrolein and formaldehyde) and two non-polar

(p-difluorobenzene and trans-difluoroethene) have been

studied in solvents of diverse polarity. Independently of the

nature of the system we found that the contribution of SSE

on the average value of the solvent shift or on the multipole

moment values is negligible. In the case of centro-sym-

metric molecules, our results permit to discard the SSE as

cause of the solvent shift found, which must be assigned to

the electrostatic interaction of the solute quadrupole and

higher multipoles with the solvent. As the SSE values

provide also a measure of the errors introduced by the

mean field approximation (MFA), these results indicate

that MFA permits a very accurate determination of the

solvent shift at the same time that it reduces drastically

the computational cost. Finally, a new procedure suited to

the ASEP/MD method has been presented that permits to

estimate the inhomogeneous broadening of spectral bands,

complementing the information provided by mean field

theories. This procedure does not need additional quantum

calculations and its computational cost is minimal.

Keywords Solvent Stark effect � ASEP/MD � QM/MM �
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1 Introduction

When a solute is transferred from the vacuum to a solvent,

the shift in the position of the absorption bands of the cor-

responding electronic spectra is due to the differential

interaction of the ground and excited states with the solvent.

The two main components of the interaction energy that

contribute to this solvent shift are the always present dis-

persion term and the possible change in the dipole moment

of the solute during the excitation. Other terms, such as for

instance, solvent Stark effect (SSE) [1, 2] or that due to the

interaction of the quadrupole and higher multipole moments

of the solute with the solvent are considered less important.

The solvent Stark effect is the stabilizing energy asso-

ciated to the interaction between the fluctuating electric

field originated by the solvent thermal movements and the

induced dipole moment in the solute molecule, and, at first

order, it is proportional to the solute polarizability and to

the fluctuations of the solvent electric field. This compo-

nent contributes to the solvent shift of polar and non-polar

solutes, although one expects that its effect will be pro-

portionally larger in non-polar solutes. In the last years [3],

there has been a certain controversy about the role that the

solvent Stark effect plays in the explanation of solvent

effects of centro-symmetric molecules where the dipole

interaction vanishes. Other explanations about the origin of

the solvent shift of these molecules are the interaction of

the quadrupole and higher multipole moments of the solute

with the solvent [3] and the hardly probable existence,

because of symmetry considerations, of small dipole

moments in the excited states [4].
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Solvent Stark effect plays also an important role in the

comparison between different solvent effects theories as

its value permits to evaluate the accuracy of the mean field

approximation (MFA) [5]. This approximation is at the

core of some of the more profusely used solvent effect

theories: dielectric continuum models in their different

quantum versions [5–11], Langevin dipoles models [12],

etc. One of the main problems that face solvent effect

theories is the great number of solvent configurations that

are thermally accessible. In general, different solute mol-

ecules will have different environments and, consequently,

slightly different properties. In order to obtain statistically

significant results, it is necessary to include hundreds or

thousands of solute–solvent configurations. If, as usual, the

solute is quantum-mechanically represented, that means to

perform several hundreds or thousands of quantum cal-

culations [12–21]. MFA permits to drastically reduce the

number of quantum calculations. In MFA, one does not

consider the effect of specific configurations; instead, the

solvent perturbation is included in an averaged way. The

available theories differ in the way the solvent perturba-

tion is obtained. So, if the solvent is described as a

dielectric, we get the different continuum theories. Other

descriptions of the solvent are also possible: as a con-

ductor, using Langevin dipoles, or molecular mechanics

force fields. In the latter case, the solvent structure can be

obtained using RISM theory [22], Monte Carlo or

molecular dynamics (MD) simulations [23, 24]. In the

model proposed in our laboratory, named ASEP/MD,

acronym for Averaged Solvent Electrostatic Potential from

Molecular Dynamics [25], the solvent structure is obtained

from MD simulations and the solvent perturbation is

described using potential fitted charges. Since in MFA the

solvent perturbation enters in an averaged way into the

solute molecular Hamiltonian, this approximation com-

pletely neglects the correlation between the motion of the

solvent molecules and the response of the solute electron

polarizability, i.e., MFA does not allow the solute to

polarize in response to a change in the solvent configu-

ration. In other words, MFA completely neglects the sol-

vent Stark effect.

In the present study, we will try to respond to the fol-

lowing questions related to the SSE: (a) Does SSE play any

role in the description of the solvent shift of centro-sym-

metric molecules or, on the contrary, is the interaction of

the quadrupole and higher multipole moments of the solute

with the solvent responsible for the solvent shift? (b) Given

that SSE is a function of the fluctuations of the solvent

electric field and these could be affected by the solute–

solvent interaction, is SSE affected by the nature, polar or

non-polar, of the solute? (c) Under which conditions is SSE

negligible? Or in other words, when is MFA a good

approximation?

In order to answer these questions, two sets of solutes

(polar and non-polar) were studied in three solvents of

diverse polarity. The in-solution transition energies to the

first electronic excited states were calculated with the

ASEP/MD methodology and by comparison with the in-

vacuum transitions, the solvent shift value was evaluated.

Next, our interest was focused in the origin of this shift,

paying special attention to the possible contribution of the

solvent Stark Effect to the total solvent shift.

Finally, we have also tackled an additional question

related to the contribution of the SSE to the inhomoge-

neous bandwidth. A limitation of the solvent theories that

make use of MFA is that they provide a specific value for

the solvent shift or for the maximum of the absorption and

emission bands but not for the inhomogeneous broadening

of the spectral bands. In the case of ASEP/MD, this limi-

tation can be easily corrected using the solvent configura-

tions obtained along the ASEP/MD procedure. Comparison

with the results obtained with more conventional QM/MM

methods permits us to evaluate the effect that the instan-

taneous polarization of the solute has on the bandwidth.

The rest of the paper is organized as follows: The Sect. 2

covers a brief outline of the ASEP/MD methodology (Sect.

2.1) for subsequently dealing with more detail with its

application in the estimation of the SSE (Sect. 2.2) and the

bandwidth for the absorption spectrum bands (Sect. 2.3).

The Sect. 3 presents the complete description of the carried

out calculations, and the results will be collected in the

Sect. 4. Finally, the Sect. 5 brings together the conclusions.

2 Method

2.1 The ASEP/MD method

The ASEP/MD method is a sequential QM/MM method

that alternates full MD simulations with quantum mec-

hanics calculations and that uses the MFA. From each

classical MD simulation, the averaged electrostatic solvent

potential is obtained and the properties of the solute mol-

ecule are quantum-mechanically calculated in the presence

of this potential. The new polarized solute charge distri-

bution can perturb the solvent structure around it and

consequently the process has to be re-started performing a

new MD simulation and getting a new averaged solvent

potential. The iterative process must continue until con-

vergence is achieved and the solvent structure is equili-

brated with the electronic distribution of the solute. This

method has been successfully employed in the study of a

great variety of chemical processes, such as conformational

equilibrium [26], chemical reactivity [27], and non-radia-

tive excited state decay [28, 29]. Another field where

ASEP/MD has demonstrated its utility has been in the
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study of the solvent effects on the absorption and emission

bands of electronic spectra [30–33]. The method is able to

evaluate the solvent shift originated by the electrostatic and

polarization components of the solute–solvent interaction

energy. Some details of the method pertinent to the current

research can be found elsewhere [25, 34–37].

2.2 Estimation of the solvent Stark effect

Solvent theories that use the mean field approximation

completely neglect the contribution of the solvent Stark

effect. Consequently, for the determination of this error in

the absorption process, we must compare the transition

energy when the MFA is used and when it is not. In a

previous article [37], we determined the contribution of the

SSE to the energy and several electric properties of mol-

ecules in solution. This contribution turned out to be

minimal, representing less than 5% of the solute–solvent

interaction energy and 1% of the solute dipole moment. In

that paper, we also proposed a perturbational expression

that recovered part of the SSE contribution. Results showed

that the errors in the energy could be reduced to 2.5%.

A recent paper [38] has estimated the effect of SSE on

reaction rates in about 5%. Once the use of MFA for ASEP/

MD has been verified to give correct results in the study of

different properties on molecules in their ground states, our

aim in this paper is to check the validity of this approxi-

mation in the study of processes where excited states are

implied.

As it is usual in QM/MM methods, the Hamiltonian is

partitioned in the following way:

Ĥ ¼ ĤQM þ ĤMM þ ĤQM=MM ð1Þ

with terms that correspond to the quantum part, ĤQM, the

classical part, ĤMM, and to the interaction between them,

ĤQM=MM. The energy and state function of the solvated

solute molecule are obtained by solving, for each

configuration, the effective Schrödinger equation:

ĤQM þ ĤQM=MM

� �
Wij ¼ E Wij ð2Þ

Even though the interaction Hamiltonian has

electrostatic and non-electrostatic contributions, the SSE

mainly comes from the electrostatic term. In QM/MM

methods, the electrostatic contribution is:

Ĥelect
QM=MM ¼

Z
dr � q̂ � VSðr; XiÞ ð3Þ

where q̂ is the solute charge density, VSðr; XiÞ the

electrostatic potential generated at the position r by the

solvent molecules at the configuration Xi. In that case,

the Schrödinger equation has to be solved for each one of

the N configurations selected from an MD simulation. The

system properties are then obtained by averaging over the

N configurations:

Ah i ¼ 1

N

XN

i¼1

AðXiÞ ð4Þ

However, when the MFA is used, the term for the

electrostatic potential of the Hamiltonian reads:

Ĥelect
QM=MM ¼

Z
dr � q̂ � VSðrÞh i ð5Þ

where the bracket denotes a statistical average. The term

VSðrÞh i is known as the averaged solvent electrostatic

potential (ASEP). Solving the Schrödinger equation (2)

with the solute–solvent interaction Hamiltonian (5), the

energy, EMFA, and wave function, WMFA, of the solute

perturbed by the solvent are obtained. This approximation

permits a drastic reduction of the computational cost

associated to the determination of solvent shifts.

When studying electron transitions, there are two solute

electronic states involved; each of them has a distinct

energy and SSE. The SSE for each state is calculated as:

WX
Stark ¼ EX

� �
� EX

MFA ð6Þ

where the superscript X is ex for the excited state and g

for the ground state and Eh i and EMFA are calculated with

Eqs. (1)–(4) and (1), (2), and (5), respectively.

Finally, the solvent Stark effect on the transition energy

can be evaluated as the difference between the SSE at the

excited and ground states:

DWStark ¼ Wex
Stark �Wg

Stark ¼ DEh i � DEMFA ð7Þ

where DEh i and DEMFA are transition energies calculated

without or with the MFA, respectively.

Once the transition energies in vacuum and in solution

are known, the calculation of the solvent shift (d) is

immediate:

dMFA ¼ DEMFA � DE0 ð8Þ

where DE0 is the transition energy in vacuum and DEMFA is

the in-solution corresponding term calculated by making

use of MFA. Analogous expression can be obtained for dh i
if the in-solution transition energy is calculated as an

average of quantum calculations, DEh i.

2.3 Estimation of the bandwidth

Due to the use of an average configuration, mean field

theories do not provide any information about the statistical

distribution of excitation energies. However, in many

occasions, it could be interesting to have some data not only

on the position of the maximum but also on the bandwidth

associated to the thermal agitation of the solvent, the so

named inhomogeneous broadening. Although this is a
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general limitation of MFA theories, in the particular case of

ASEP/MD it can be easily corrected because ASEP/MD can

generate as output the microscopic distribution of solvent

molecules around the solute. With this information, an

estimation of the transition energy distribution can be easily

obtained. The procedure is as follows: at the end of the

ASEP/MD process, we calculate the product between the

molecular electrostatic potential generated by the solute

wavefunction at the positions occupied by the solvent

molecules (in the configuration Xi) and the atomic solvent

charges. This permits to calculate the solute–solvent inter-

action energy for the ground, Eg
s�S, and excited, Eex

s�S, states.

ASEP/MD also provides the QM energy of the solute

molecule, by assembling all terms we get the transition

energy when the solvent is at the Xi configuration:

DEMFAðXiÞ ¼ Wex
MFA H0

�� ��Wex
MFA

� �
� Wg

MFA H0
�� ��Wg

MFA

� �

þ Eex
s�SðXiÞ � Eg

s�SðXiÞ ð9Þ

It is worth noting that in our approximation the solute

response to the changes in the solvent distribution as a

consequence of the thermal agitation is neglected. Finally,

by comparing this result to that obtained when this

limitation is released (using a different solute charge

distribution for each solvent configuration, as it is done in

other QM/MM methods), one can get an estimation of the

SSE on the band broadening.

3 Computational details

Electronic transition energies in vacuum and in solution

were calculated for acrolein, formaldehyde, p-difluoro-

benzene (p-DFB), and trans-difluoroethene (trans-DFE).

The first two molecules are polar and the others non-polar.

Water, methanol, and cyclohexane were the chosen sol-

vents for this study as they span a broad range of polarity.

The in-solution calculations were carried out with the

ASEP/MD method. As it has been said before, ASEP/MD

combines in an alternated way quantum calculations and

MD simulations. In this study, Gaussian 98 [39] was the

quantum package of programmes used during the ASEP/

MD iterative process whereas Moldy [40] was the program

employed for the MD simulations. The solute molecule

was allowed to relax its intramolecular geometry in solu-

tion and in this way at the end of the ASEP/MD iterative

process the solvent structure and the electronic and geo-

metric distribution of the solute become mutually equili-

brated. Two quantum calculation levels were employed in

the geometry optimization, Møller-Pleset (MP2) [41] and

Complete Active Space Self Consistent Field (CASSCF)

[42] methods. Nevertheless, it has been proved [43] that

electron transition energies can only be given with accuracy

when dynamic electron correlation is included, with a

method such as CASPT2 [44, 45]. Consequently, inde-

pendently of the level of calculation used for the geometry

optimization, all the transition energies collected in this

paper were calculated by using the CASPT2 method

available in the MOLCAS [46] program.

Different active spaces have been used for each of the

studied systems in water solution. For acrolein and form-

aldehyde, the complete active space method was employed

both for the optimization as for the transition energy cal-

culation. These spaces include the total p structure and the

lone pairs of the oxygen atom for the occupied space and

the corresponding anti-bonding p* orbitals for the virtual

space. The calculation levels are displayed in Table 1.

For acrolein and formaldehyde, the first excited state

corresponds to an (n–p*) state where one of the electrons of

the oxygen lone pairs is promoted to the first anti-bonding

p* orbital. On the contrary, p-DFB and trans-DFE present a

first excited state corresponding to a (p–p*) transition.

Except for p-DFB where a state average of ten roots was

employed in the calculation of the vertical excitation, a state

average of two roots, including the ground and the first

excited state, was considered for the rest of the solutes.

In view of the results obtained in water solution, only a

reduced number of calculations were performed in metha-

nol. In particular, only non-polar solutes with MP2 geom-

etry optimization were studied and the smaller active spaces

were selected for energy calculations. Finally, and with the

aim of comparing the evolution of the transition energies

Table 1 Calculation levels used in this work for the different solute/

solvent combinations

Vacuum and water Methanol Cyclohexane

Acrolein CASPT2(6,5)//

CASSCF

– –

Formaldehyde CASPT2(4,3)//

CASSCF

– –

p-DFB CASPT2(10,8)//

CASSCF

CASPT2(6,6)//

CASSCF

CASPT2(6,6)//

MP2

CASPT2(6,6)//

MP2

CASPT2(6,6)//

MP2

trans-DFE CASPT2(2,2)//

CASSCF

CASPT2(6,4)//

MP2

CASPT2(2,2)//

MP2

CASPT2(2,2)//

MP2

–

The active space includes always the p space of the solute and the

lone pairs of the oxygen or fluorine atoms, except for the lower active

spaces of trans-DFE and p-DFB, where the lone pairs are not inclu-

ded; the active space of the CASSCF method is always the same as

for CASPT2

786 Theor Chem Acc (2011) 128:783–793

123



and solvent shift of a non-polar solute when transferred to

solvents of different polarity, a CASPT2(6,6)//MP2 calcu-

lation of p-DFB was performed as well in cyclohexane.

Molecular dynamics simulations were carried out with

Moldy and were designed as follows. The system was

considered as an assembly of rigid molecules where one

solute molecule was introduced in a cubic box surrounded

by a large enough number of solvent molecules to ensure

the adequate representation of the system in solution. The

number of solvent molecules in each simulation varies with

the solute size and with the solvent nature between 215 and

360. The geometries of cyclohexane and methanol were

optimized with B3LYP/6-311G** and their Lennard-Jones

parameters were taken from the OPLS-AA [47] force field.

The same choice was made for the Lennard-Jones param-

eters of the different solutes. For water, the TIP3P [48]

model was employed. Periodic boundary conditions were

applied and spherical cutoffs were used to truncate the

interatomic interactions. These cutoffs were approximately

10 Å in water solution and around 13 Å for methanol and

cyclohexane solvents. Long-range interactions were cal-

culated using the Ewald sum technique [23] and the tem-

perature was fixed at 298 K by using the Nosé-Hoover

thermostat [49]. Each simulation was run for 150,000 time

steps, where 50,000 were for equilibration and 100,000 for

production. A time step of 0.5 fs was used.

At each step of the ASEP/MD procedure, 100 configu-

rations evenly distributed along the MD run were used to

calculate the ASEP and to represent the solvent effect in

the quantum geometry optimization of the solute. The

ASEP/MD process continued until the energies and solute

geometry were stable for at least five iterations.

When the ASEP/MD procedure finishes, transition

energies and solvent shift values obtained in the presence

of an average solvent configuration are available. The last

MD simulation from each of the previously described

ASEP/MD calculations was used for running a second set

of calculations. For this, a total of 100 evenly distributed

solvent configurations were selected from each final sim-

ulation, and using the same active space as with ASEP/

MD, 100 CASPT2 quantum calculations were run for each

case. Averaging over the 100 transition energies obtained

in solution, a new averaged transition energy, DEh i, was

given that accounts for the instantaneous interaction

between solute and solvent.

4 Results

4.1 Solvent Stark effect on the solvent shifts

MP2 and/or CASSCF optimized geometries were used for

the calculation of the vertical transition energies to the first

excited state for each molecule. CASPT2 level of calcu-

lation and appropriate active space were employed for

energy calculations. The most representative internal

parameters obtained after the in-vacuum and in-solution

optimizations are presented in Table 2. See Fig. 1 for

parameter identification. As it could be predicted, no dra-

matic changes are observed when the solute is transferred

from vacuum to solution. The trend in bond lengths agrees

with the results obtained in previous studies, that is, double

bonds tend to become longer and adjoining single bonds

shorter than in vacuum conditions. Practically no changes

are observed in the benzene ring of p-DFB. Roughly,

variations are equivalent in water and methanol solvents

and practically negligible in cyclohexane. Comparing dif-

ferent levels of calculation, for p-DFB and trans-DFE in

water, it can be observed that CASSCF provides shorter

bond lengths than MP2 both in vacuum and in solution.

This fact has been already noted in previous studies [32].

Table 3 compares the in-vacuum vertical excitation

energies and the available experimental data [50–55]. In

general, good agreement can be observed between both sets

of values. It is remarkable that the use of different levels of

calculation, CASSCF or MP2, in optimizing the geometries

gives negligible variations in transition energies. The larger

discrepancy with the experiment is displayed by trans-

DFE. This fact can be a consequence of different causes

like, for instance, the neglect of the quite close Rydberg

states corresponding to the transitions to the 3s and 3p

Rydberg orbitals [56]. However, given that our main aim is

the estimation of the solvent shift that is calculated as a

difference of transition energies and that it is not expected

that Rydberg states contribute in any appreciable way to

the in-solution spectra, we did not try to improve this value.

Oscillator strengths (OS) are displayed in Table 4.

(n–p*) transitions are dipole-forbidden and consequently

OS for acrolein and formaldehyde are negligible. The

HOMO–LUMO transition studied for p-DFB is a (p–p*)

transition and it presents also a very low OS value as a

consequence of being a dipole-forbidden transition. Nev-

ertheless, these bands, even though with very low intensity,

appear in the UV spectra due to vibronic coupling. The case

is different for the trans-DFE first (p–p*) excited state, the

high value of the OS shows this state as a bright one.

Transition energies in solution are collected in Table 5.

Given the nature of the transitions considered, transition

energies are systematically larger in solution than in vac-

uum, and consequently, the solvent effect results always in

a blue shift. As expected, the magnitude of the solvent shift

increases with the polarity of the solute and the solvent,

passing from 0.2 kcal/mol for p-DFB in cyclohexane to

5.2 kcal/mol for acrolein in water solution. The main point

to remark is the practical coincidence between dh i and dMFA

and, consequently, the exceedingly small contribution

Theor Chem Acc (2011) 128:783–793 787
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(lower than 0.06 kcal/mol in all cases) of the SSE to the

solvent shift independently of the nature, polar or non-polar,

of the solute. Table 5 also displays W
g
Stark and Wex

Stark values.

It is worth remarking that the contributions of SSE to the

solute–solvent interaction energies can be appreciably lar-

ger, with values that, in some cases, are close to 1 kcal/mol.

However, given that ground and excited states display

similar values of WStark, the final SSE contribution to the

solvent shifts, Eq. (7), is completely negligible. In sum, one

can conclude that MFA is a very good approximation that

introduces only small errors in the calculation of solvent

shifts. This conclusion seems valid independently of the

nature of the solute (polar or non-polar) and of the solvent

(protic or aprotic, polar or non-polar). At first order, the SSE

contribution to the solvent shift is a function of the solvent

electric field fluctuations in the ground state (only vertical

absorptions where the FC principle is applicable were

studied) and the difference between the solute polarizabil-

ities in the ground and in the excited state. Given that all the

Table 2 Selected geometrical parameters in vacuum (V) and in solution (S). Water for the top half

Formaldehyde trans-Difluoroethene p-Difluorobenzene Acrolein

CASSCF(4,3) CASSCF(2,2) MP2 CASSCF(10,8) CASSCF(6,6) MP2 CASSCF(6,4)

V S V S V S V S V S V S V S

r1 1.198 1.203 1.326 1.335 1.329 1.359 1.333 1.340 1.337 1.431 1.358 1.365 1.340 1.339

r 1.331 1.070 1.354 1.083 1.388 1.386 1.388 1.386 1.390 1.388 1.473 1.464

r3 1.396 1.395 1.397 1.395 1.396 1.395 1.204 1.210

a1 121.62 121.29 119.57 119.08 119.77 119.11 121.65 120.51

a2 125.65 126.28 125.38 126.23 120.36 119.77

a4 114.78 114.65 114.85 114.66

Methanol Cyclohexane

trans-Difluoroethene p-Difluorobenzene p-Difluorobenzene

MP2 MP2 MP2

V S V S V S

r1 1.329 1.357 1.358 1.361 1.358 1.357

r2 1.354 1.084 1.390 1.389 1.390 1.390

r3 1.396 1.395 1.396 1.395

a1 119.77 119.27

a2 125.38 126.00

a3 114.85 114.73

Distances in ångströms, angles in degrees

Fig. 1 Geometrical parameter identification. a Formaldehyde.

b Acrolein. c trans-DFE. d p-DFB

Table 3 Transitions energies in vacuum (in kcal/mol)

DE0 exp DE0 calcg

Acrolein 85.6a–86.5b 83.1

Formaldehyde 87.4c–93.8d 92.3

p-Difluorobenzene 107.7e 109.4–109.9

trans-Difluoroethene 171.8f–174.3d 187.9–190.6

a Ref. [50], b Ref. [51], c Ref. [52], d Ref. [53], e Ref. [54], f Ref.

[55], g CASPT2(6,5) calculation for acrolein and CASPT2(4,3) for

formaldehyde. Transition energies for p-difluorobenzene: 109.4,

109.8, and 109.9 kcal/mol for CASPT2(10,8)//CASSCF(10,8),

CASPT2(6,6)//CASSCF(6,6), and CASPT2(6,6)//MP2 calculations,

respectively. Transition energies for trans-difluoroethene: 187.9,

190.4 and 190.6 kcal/mol for CASPT2(6,4)//MP2, CASPT2(2,2)//

CASSCF(2,2), and CASTP2(2,2)//MP2 calculations, respectively
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transitions considered in this study are valence transitions, one

expects that the change in polarizability during the transition

will be small. This explains the small values of SSE.

It seems also clear that SSE does not contribute in any

significant way to the final value of the solvent shift in

centro-symmetric molecules and that for this group of

molecules electrostatic (quadrupole and higher multipoles)

interactions are responsible for the observed solvent shift.

4.2 Solvent Stark effect on multipole moments

In this section, we will consider the SSE on the dipole

and quadrupole moments of formaldehyde and acrolein

molecules at their ground and excited states. It will be

shown that in the evaluation of these properties, the dif-

ference between the results provided by theories using or

not MFA is as well negligible.

MFA provides dipole and quadrupole moment values

very close to the average values obtained from the 100

quantum calculations set both for the ground and the

excited states (see Table 6). This fact is illustrated in Fig. 2

where histograms of the statistical distribution of the dipole

moment are displayed alongside with the dipole moment

value calculated using MFA. For the sake of brevity, only

the histograms corresponding to the ground and excited

states of acrolein are shown being the conclusions obtained

for the formaldehyde molecule completely equivalent.

From the results collected in Table 6, it can be noted that

there is a very good agreement between lh i and lMFA, and

hh i and hMFA, with differences lower than 0.1 D in the

Table 4 In solution oscillator strengths

Calculation Oscillator strength

Water

Acrolein CASPT2(6,5)//CASSCF(6,5) 1.546E-06

Formaldehyde CASPT2(4,3)//CASSCF(4,3) 6.229E-08

p-DFB CASPT2(6,6)//CASSCF(6,6) 8.408E-03

CASPT2(10,8)//CASSCF(10,8) 7.461E-02

CASPT2(6,6)//MP2 4.886E-02

trans-DFE CASPT2(2,2)//CASSCF(2,2) 4.887E-01

CASPT2(6,4)//MP2 4.859E-01

CASPT2(2,2)//MP2 4.886E-01

Methanol

p-DFB CASPT2(6,6)//MP2 5.748E-02

trans-DFE CASPT2(2,2)//MP2 4.886E-01

Cyclohexane

p-DFB CASPT2(6,6)//MP2 6.676E-02

Table 5 Solvent Stark effect (WStark), transition energies (DE) and solvent shift (d) (in kcal/mol) calculated from ASEP/MD and as average of

100 quantum calculations

Calculation WStark DE d

Wg
Stark

We
Stark DWStark DEh i DEMFA DE0 dh i dMFA

Water

Acrolein CASPT2(6,5)//CASSCF(6,5) 0.78 0.85 0.063 88.26 88.32 83.08 5.18 5.24

Formaldehyde CASPT2(4,3)//CASSCF(4,3) 0.37 0.36 -0.006 95.79 95.79 92.30 3.49 3.49

p-DFB CASPT2(6,6)//CASSCF(6,6) 0.77 0.77 -0.002 111.03 111.02 109.86 1.16 1.16

CASPT2(10,8)//CASSCF(10,8) 0.80 0.81 0.005 110.58 110.58 109.40 1.18 1.18

CASPT2(6,6)//MP2 0.79 0.80 0.001 111.16 111.16 110.02 1.14 1.14

trans-DFE CASPT2(2,2)//CASSCF(2,2) 0.40 0.36 -0.037 191.96 191.92 190.42 1.54 1.51

CASPT2(6,4)//MP2 0.42 0.48 0.059 189.68 189.74 187.92 1.75 1.81

CASPT2(2,2)//MP2 0.36 0.33 -0.031 192.34 192.31 190.62 1.72 1.69

Methanol

p-DFB CASPT2(6,6)//MP2 0.40 0.40 0.000 110.66 110.66 110.02 0.64 0.64

trans-DFE CASPT2(2,2)//MP2 0.19 0.16 -0.026 191.60 191.58 190.62 0.98 0.95

Cyclohexane

p-DFB CASPT2(6,6)//MP2 0.00 0.00 0.000 110.18 110.18 110.02 0.16 0.16

Table 6 Dipole moment (D) and quadrupole moment (D � Å) for

formaldehyde and acrolein in their ground (S0) and excited (S1) states.

ASEP/MD and average values from 100 calculations are showed

l(S0) l(S1) h(S0) h(S1)

Acrolein

ASEP 3.93 1.84 -74.01 -73.31

Quantum 100 3.85 1.80 -73.93 -72.51

% Error 2.0 2.0 1.0 1.1

Formaldehyde

ASEP 2.95 1.85 -34.22 -34.63

Quantum 100 2.99 1.89 -34.07 -34.55

% Error 1.0 2.0 0.4 0.23
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dipole values and 0.8 DÅ in the quadrupoles; these values

represent an error lower that 2.5%. Consequently, it can be

concluded that, as in the case of solvent shift, the use of

MFA does not introduce significant errors in the calcula-

tion of electric properties of molecules in their ground and

excited states.

4.3 Solvent Stark effect on inhomogeneous broadening

As it has been shown above, the use of MFA provides

accurate results for the transition energies and multipole

moments reducing at the same time the computational cost;

however, any information about inhomogeneous bandwidth

is missing during the averaging procedure. The execution

of hundreds or thousands of quantum calculations in order

to obtain the inhomogeneous bandwidth or any other

property is contrary to the MFA philosophy, where only a

limited number of quantum calculation is required. For this

reason, a new procedure has been designed, in the context

of ASEP/MD, with the aim of making an estimation of the

bandwidth. The procedure was described in the Sect. 2. In

order to confirm its validity, the statistical distribution of

the transition energies obtained from 100 quantum calcu-

lations is compared with that obtained with the new pro-

cedure. We present here the results obtained for two

molecules, one polar and the other non-polar, acrolein and

p-DFB, respectively, both in water solution.

For acrolein, the histograms of the statistical distribu-

tion of the excitation energies obtained from the 100

quantum calculations set and with ASEP/MD are shown in

Fig. 3. The small differences between the two methods

can be associated with the SSE, i.e., the use of averaged

solute wave function instead of a fluctuating one in the

determination of the solute–solvent interaction energies. In

ASEP/MD, the solute molecule does not polarize in

response to thermal instantaneous changes in the solvent

structure. For acrolein, the two methods provide the same

standard deviation, 2.81 kcal/mol. In p-DFB, the agree-

ment is also very good; the distribution of quantum tran-

sition energies has a standard deviation of 0.27 kcal/mol

while the ASEP/MD distribution yields a value of

0.26 kcal/mol. Regarding the interaction energy distribu-

tions for the ground and excited state, in this case the

agreement between the values provided by the two

methods is somewhat worse, but the results are still sat-

isfactory. In the two molecules, the statistical dispersion is

lower for the excited state than for the ground state, and

this trend is especially important in acrolein, probably as a

consequence of the large dipole moment decreasing during

the excitation.

Fig. 2 Statistical distribution of the dipole moment (D) for acrolein

from 100 quantum calculations. The central orange full line is the

value obtained by using ASEP/MD. Ground and excited state dipole

moments are represented

Fig. 3 Statistical distribution of

DE (kcal/mol) for acrolein from

100 quantum calculations and

with ASEP/MD
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It is also worth indicating that although polar solutes

yield more structured solvents (characterized by RDFs with

higher peaks), the dispersion of the solute–solvent inter-

action energies is wider (because small changes at the

solvent position greatly modify the solute–solvent inter-

action energies). See Sect. 4.4 for more details.

In sum, the procedure proposed permits to account for

most of the inhomogeneous bandwidth broadening. This

means that ASEP/MD can be easily employed in the esti-

mation of the bandwidth with almost no additional com-

putational cost, correcting one of the main shortcomings of

the MFA.

4.4 Solvent structure

Figures 4 and 5 display some of the most important

radial distribution functions (RDF) for the solute–solvent

interaction. In particular, Fig. 4a collects the RDFs corre-

sponding to the pair Ow–O (water oxygen–solute carbox-

ylic oxygen), for acrolein and formaldehyde, and Ow–F

(water oxygen–solute fluorine) for p-DFB and trans-DFE.

The interactions with the water hydrogens [Rdf(Hw–O)

and Rdf(Hw–F)] are represented in Fig. 4b. It can be

observed a great difference between the solvent distribu-

tion of the water molecules around acrolein and formal-

dehyde with respect to the distribution around p-DFB and

trans-DFE. As a consequence of a more effective interac-

tion, polar molecules get a more structured solvent distri-

bution and very defined peaks around 1.8 and 2.7 Å,

corresponding to the first solvation shell for Rdf(Hw–O)

and Rdf(Ow–O), respectively, are clearly recognized.

Although for p-DFB and trans-DFE, the water structure is

practically negligible, in Fig. 4b it can be distinguished for

them a weak shoulder that appears at the same position as

the first peak for acrolein and formaldehyde. Figure 5

collects the RDFs corresponding to the pairs O(s)-F and

H(s)-F for p-DFB and trans-DFE in water and in methanol.

O(s) and H(s) represent the oxygen and hydrogen atoms

when the solvent is water and the hydroxylic oxygen and

hydrogen atoms when solvent is methanol. Given the non-

polar nature of p-DFB and trans-DFE, their RDFs are very

similar, independently of the solvent, water or methanol,

considered. The RDFs do not display well-defined peaks in

these cases.

Fig. 4 a RDFs corresponding

to the pair Ow-O (water

oxygen-solute carboxylic

oxygen), for acrolein and

formaldehyde, and Ow-F (water

oxygen-solute fluorine), for p-

DFB and trans-DFE. Full line
for Ow-O of acrolein, dotted
line for Ow-O of formaldehyde,

dashed line for Ow-F of t-DEF

and dash-dotted line for Ow-F

of p-DFB. b The equivalent

RDFs with the water hydrogens

(Rdf(Hw-O) and Rdf(Hw-F)).

Full line for Hw-O of acrolein,

dotted line for Hw-O of

formaldehyde, dashed line for

Hw-F of t-DEF and dash-dotted
line for Hw-F of p-DFB
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5 Conclusions

In this paper, we have tackled the influence that solvent

Stark effect has on the electron spectra appearance and

excited states properties. Four molecules, two polar

(acrolein and formaldehyde) and two non-polar (p-DFB

and trans-DFE), have been studied in three solvents of

different polarity using the ASEP/MD methodology. As

expected, the solvent shift in the absorption energies

increases with the polarity of the solute and solvent passing

from only 0.2 kcal/mol for p-DFB in cyclohexane to

5.2 kcal/mol for acrolein in water solution. No significant

influence has been noted on the optimized geometries,

transition energies or solvent shift values with the different

level of calculations (MP2 or CASSCF) or the different

active spaces used with CASSCF method.

Independently of the system considered, the conclusions

have been similar: SSE does not have an appreciable effect

on the solvent shift or on the multipole moment values. In

the case of the solvent shifts, the contribution of the SSE

remains lower than 0.06 kcal/mol even in polar systems.

Such a small contribution is consequence of the cancellation

of the solvent Stark contributions to the solute–solvent

interaction energy in the ground and excited states. Since

the SSE values provide also a measure of the errors

introduced by MFA, these results indicate that MFA is a

very good approximation that permits an accurate deter-

mination of the solvent shift at the same time that it reduces

drastically the computational cost. The same conclusion can

be extracted from the analysis of the dipole and quadrupole

moments both in the ground and the excited states.

Our results permit discarding the SSE as cause of the

solvent shift in centro-symmetric molecules, which must be

assigned to the electrostatic interaction of solute quadru-

pole and higher multipole moments with the solvent.

Finally, a new procedure has been proposed for the

calculation of the inhomogeneous bandwidth broadening of

electronic transitions in an efficient way suited to the

ASEP/MD methodology. The statistical distributions of the

transition energies obtained from 100 quantum calculations

are compared with those provided by ASEP/MD. Both

statistical distributions show almost coincident character-

istics for acrolein and p-PFB in water solution. It can be

concluded that the method proposed recovers most of the

inhomogeneous bandwidth broadening of electronic tran-

sitions for polar and non-polar systems.
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Fig. 5 RDFs corresponding to

the pairs O(s)-F and H(s)-F for

p-DFB and trans-DFE in water

and in methanol. O(s) and H(s)

represent the oxygen and

hydrogen atoms when the

solvent is water and the

hydroxylic oxygen and

hydrogen atoms when solvent is

methanol. a O solvent—F

solute. Full line for p-DFB in

water, dotted for p-DFB in

methanol, dashed line for t-DFE

in water and dash-dotted line for

t-DFE in methanol. b H

solvent—F solute. Full line for

p-DFB in water, dotted for p-

DFB in methanol, dashed line
for t-DFE in water and dash-
dotted line for t-DFE in

methanol
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28. Muñoz-Losa A, Martı́n ME, Fdez. Galván I, Aguilar MA (2007)

Chem Phys Lett 443:76
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