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Abstract

A combination of Monte Carlo simulation and quantum mechanics calculation is used to study properties, structure and

spectroscopy of molecules in solution. All properties are obtained as statistical averages using uncorrelated structures generated

by the Monte Carlo simulation. The auto-correlation function of the energy is calculated and used in the correlation analysis.

Examples include the solvatochromic shift of the n±pp transition of formaldehyde and pyridine in water. A detailed and

systematic analysis is made starting from the hydrogen bond shell and extending up to the bulk limit. Long range effects are

found to be of importance for the total solvatochromic shift. Short range, hydrogen bond, effects are seen to alter the dipole

moment of the chromophore both in direction and module, having an effect on the outer solvation shells.

A careful analysis is made of the possible structural changes induced by a solvent in merocyanine dyes. The hyperpolariz-

ability of phenol blue is shown to vary with the resonance between the two, neutral and charge-separated, forms, having a

pronounced maximum as obtained experimentally. This indicates that phenol blue undergoes structural changes in polar

solvents. q 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Theoretical methods for the study of the structure,

properties and spectroscopy of isolated molecules

have progressed markedly, since the early pioneering

days [1]. Unfortunately, isolated molecules corre-

spond to physical situations that are not very often

found in the laboratory. Indeed, most experiments

are performed in solution [2]. Several chemical reac-

tions do not occur in gas phase and, biological

processes are known to occur only in the aqueous

environment, the natural biological solvent. Real

challenges are to be found in the study of molecular

systems in interaction [3]. Molecular clusters are the

subject of intense theoretical and experimental inter-

ests [4,5]. Even more challenging, is the study of

molecular liquids. The change of the molecular prop-

erties due to the interaction of a chromophore with the

liquid environment is of utmost importance. The theo-

retical advance in this area started with the early ideas

of Onsager [6] and Kirkwood [7], where the solute is

enclosed in a cavity and the solvent is described by a

polarizable dielectric continuum. Since two decades

ago, this idea has been put in a form that is very

suitable for calculations, due to the works of Tapia

and Goscinski [8], Rivail and Rinaldi [9], Miertus et

al. [10], and more recently by Mikkelsen et al. [11],

Journal of Molecular Structure (Theochem) 539 (2001) 171±179

0166-1280/01/$ - see front matter q 2001 Elsevier Science B.V. All rights reserved.

PII: S0166-1280(00)00786-7

www.elsevier.nl/locate/theochem

* Corresponding author. Fax: 155-11-3818-6831.

E-mail address: canuto@if.usp.br (S. Canuto).



Karelson and Zerner [12], Klamt and SchuÈuÈrman [13],

Cramer and Truhlar [14] and Cances et al. [15]. They

have developed a self-consistent reaction ®eld theory

where the charge distribution of the chromophore

polarizes the solvent and interacts self-consistently

with the reacting ®eld (SCRF). This SCRF has been

applied to the study of molecules in solvents with

relative success. On the advantageous side, the calcu-

lations are simpli®ed because the real quantum

mechanical calculations are made only on the solute,

without any increase in the number of electrons to be

treated. Also, the original symmetry is preserved. On

the other side, the size and shape of the cavity that

encloses the solute is not well de®ned. This has been

the subject of several studies [16] and despite inter-

esting progress it may be said that it is still not well

de®ned. Another approach that is gaining wide accep-

tance is the use of a combined quantum mechanics/

molecular mechanics (QM/MM) approach [17±24] in

which the most important part of the problem is trea-

ted by QM and the rest by classical force ®elds. A

persistent problem occurs for the speci®c interaction

between the solute and the solvent. For the case of

hydrogen bonds several studies have found it neces-

sary to enclose not only the chromophore but the

complex formed by the chromophore and one or two

hydrogen bonded solvent molecules [12,25]. Later in

this paper, we analyze how the dipole moment of the

hydrogen-bonded complex differs from that of the

original isolated solute.

An important aspect that characterizes a liquid is

that there is not only one but several structures to be

considered at a given temperature. And, of course,

temperature has to be included. Clearly, a realistic

treatment of molecules in solution needs to consider

the statistical nature [26]. Along these lines, molecu-

lar simulation techniques have been used to describe

the structure of the liquid and quantum mechanical

properties have been obtained as averages after

several calculations on different structures obtained

by the simulation. Most of these studies have used

molecular dynamics simulations [27,28] whereas

others have preferred Monte Carlo (MC) simulation

[23,24,29,30]. As far as the simulation is performed

aiming at generating liquid structures at a given

temperature MC methods are more ef®cient. We

have preferred MC simulations for generating struc-

tures for subsequent quantum mechanical calculations

[30]. This complements the original supermolecular

method where the chromophore is calculated with

only a few of the solvent molecules explicitly consid-

ered. It goes well beyond simple supermolecular and

SCRF approaches because (i) it now includes several

solvent molecules, selected from the radial distribu-

tion function, corresponding to a division in solvation

shells; (ii) it includes statistical averages; (iii) it

includes explicitly short and long range interactions

between the solute and the solvent; (iv) it includes

exchange effects, as the wave-function is anti-

symmetric over the entire super-molecule and ®nally,

(v) the quantum mechanical calculation may expli-

citly include all the electrostatic, polarization and

induction effects. In the next section, we describe

how we select the number of molecules to be expli-

citly considered, how we de®ne solvation shells, and

how we select, among the millions of con®gurations

generated by the MC simulation, those structures used

in the quantum mechanical calculations. The QM

required over the supermolecule is considerably larger

than that required over the chromophore alone, but it

is certainly doable using semi-empirical QM. In a

subsequent section we present results for solvatochro-

mic shifts, in¯uence of hydrogen bonds and change in

optical and electrical properties of molecules in solu-

tion. We also show how a solvent may dramatically

alter the ®rst dipole hyperpolarizability of a dye that

changes from a neutral to a zwitterion form.

2. Methods of calculation

2.1. Monte Carlo simulation

The (MC) simulation is performed using standard

procedures for the Metropolis sampling technique

[31] in the canonical NVT ensemble, where the

number of molecules N, the volume V and the

temperature T are ®xed. As usual, periodic boundary

conditions in a cubic box [26] are used. In our simula-

tion, we use one solute molecule plus 343 molecules

of solvent. The volume of the cubic box is determined

by the experimental density of the solvent. Our results

in this paper use water as the solvent with,

r � 0:9966 g=cm3[32] at T � 258C: The molecules

interact by the Lennard±Jones plus Coulomb potential

with 3 parameters for each atom i (1 i, s i and qi). For
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water molecules, we used the SPC potential devel-

oped by van Gunsteren et al. [33]. For the formalde-

hyde molecule, we used the same potential of Blair

et al. [27]. For pyridine we used the OPLS potential

developed by Jorgensen [34]. In the calculation of the

pair-wise energy, each molecule interacts with all

other molecules within a center of mass separation

that is smaller than the cutoff radius. For the simula-

tions with water, for instance, rc � 10:9 �A: For separa-

tions larger than rc, we use the long range correction

of the potential energy [26]. The initial con®guration

is generated randomly, considering the position and

the orientation of each molecule. A new con®guration

is generated after 344 MC step, i.e. after selecting all

molecules sequentially and trying to translate it in all

the Cartesian directions and also rotate it around a

randomly chosen axis. The maximum allowed displa-

cement of the molecules is auto-adjusted after 17000

MC steps to give an acceptance rate of new con®g-

urations around 50%. The maximum rotation angle is

®xed during the simulation in du � ^158: The full

simulation [35] involves a thermalization stage of

about 1.7 £ 106 MC step followed by an averaging

stage of 16.5 £ 106 MC steps that generates 48000

MC con®gurations. During the averaging stage some

thermodynamical properties, as the internal energy

and the heat capacity at constant volume, are calcu-

lated and they are in agreement with that calculated

for liquid water. The radial distribution function is

also calculated during the averaging stage in the

simulation.

2.2. The auto-correlation function of the energy

As quantum mechanical calculations will be

performed on the structures generated by the MC

simulation it is important to optimize the statistics.

This point has been largely overlooked in previous

calculations. As it is not possible to perform quantum

mechanical calculations in millions or even thousands

of supermolecular structures, generally only a few of

them are chosen. The systematic way to select struc-

tures without affecting the true average is via the use

of the auto-correlation function of the energy [30].

Structures that are statistically correlated will not

give important additional information and will not

be used in the QM treatment. For markovian processes

the auto-correlation function follows an exponentially

decaying function [30,36±38],

C�i� �
Xn

j

cje
2i=tj

where i is the interval of con®gurations generated in

the MC simulation. The correlation step is

t �
Z1

0
C�i� di:

Con®gurations that are separated by i . 2t have a

statistical correlation that is less than 14% and for

i . 3t a statistical correlation that is less than 5%.

Fig. 1 shows the calculated auto-correlation function

of formaldehyde in water. From this and the equation

above it can be seen that the correlation step is ,280.

Therefore, in calculating the averages for all solutes in

water we select structures in an interval of con®gura-

tion 3t < 800 MC steps. The total simulation gener-

ates 48000 con®gurations (see above), thus the

averages are taken over 60 con®gurations, separated

by an interval of 800 [30,38,39]. With this, two subse-

quent structures have a correlation that is only 6%.

This procedure is the most systematic way of selecting

a reduced number of con®gurations without compro-

mising the statistical average value [36±38].

2.3. Quantum mechanical calculations

The quantum mechanical calculations are made

using the ZINDO program [40] in the super-molecules

generated by the MC simulations. The quantum

mechanical calculations are then performed for the
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Fig. 1. The calculated auto-correlation function of formaldehyde in

water. Best exponential ®t is shown.



super-molecular structure composed of one solute and

all solvent molecules within a particular solvation

shell. Each solvent water molecule includes eight

valence electrons and the Hartree±Fock wave func-

tion is anti-symmetric with respect to the entire

solute±solvent system. To obtain excitation energies,

CIS calculations are performed. The use of size-exten-

sive methods is extremely important in these super-

molecular calculations. As the appropriate Boltzmann

weights are already included in the Metropolis MC

sampling technique [26] all molecular properties are

obtained as simple average over a chain of L calcu-

lated values. For transition energies, for example,

kDEl � 1

L

XL
i

DEi

For all the hydration shells the value of L is 60,

obtained previously from the auto-correlation func-

tion. For the hydrogen bonds a speci®c statistics will

be performed, where we analyze the number of hydro-

gen bonds in each con®guration, using both the

geometric and energetic criteria [41]. For the calcula-

tion of the ®rst dipole hyperpolarizability we use the

sum-over-states procedures [42]. In total more than

250 excited states, and their corresponding intensities,

are used to obtain the hyperpolarizability.

3. Results and discussions

3.1. Hydrogen bond

Solvation shells are de®ned from the radial distri-

bution function as obtained from the MC simulation.

We discuss separately the hydrogen bond formed

between formaldehyde and water and pyridine in
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Fig. 2. Pair-wise radial distribution function for the oxygen atom of

formaldehyde and the hydrogen atom of water (top) and the nitro-

gen atom of pyridine and the hydrogen atom of water (bottom). First

peak shows the hydrogen bond formation.

Table 1

Statistics of the hydrogen bonds formed between pyridine and water and formaldehyde and water and their contribution to the blue shift of the

n±pp transition

Number of HB Pyridine in water Formaldehyde in water

Occurrence (%) Shift (cm21) Occurrence (%) Shift (cm21)

0 13.3 0 0.0 0

1 53.3 35 23.3 146

2 33.4 277 63.3 313

3 0.0 0.0 13.4 360

Total 100 (72) 112 ^ 39 100 (114) 281 ^ 65



water. Fig. 2a shows the radial distribution function

between the oxygen of formaldehyde and the hydro-

gen of water. As it can be seen there is a hydrogen

bond peak that starts at around 1.4 AÊ and has a mini-

mum at 2.4 AÊ , with a pronounced peak at 1.7 AÊ . We

call this the HB solvation, to separate it from the other

solvation shells. Some of these con®gurations have a

formaldehyde±water interaction energy that is either

too low or even positive. Therefore it is quite appro-

priate to use also an energetic criterion [39,41]. Thus

only those structures with a pair-wise formaldehyde±

water binding energy higher than 3.0 kcal/mol are

included. Thus using both the geometric and energetic

criteria we ®nd a total of 114 hydrogen bonds in the

separated 60 MC structures. This gives an average of

1.9 hydrogen bonds. Table 1 gives the statistics

obtained for the hydrogen bonds and their contribu-

tion to the solvatochromism. The total average blue

shift due exclusively to the HB shell is calculated here

as 281 ^ 65 cm21. This is lower than that obtained by

Blair et al. [27]. We include here only those water

molecules that satisfy the energetic and geometric

criteria. As a result the average number of hydrogen

bonds reduce from 2.6 to 1.9. This hydrogen bond

contribution of ,300 cm21 calculated here corre-

sponds to only 15% of the total estimated blue shift

of ,2000 cm21 [21,27,39,43±45]. Inclusion of the

water molecules in the outer solvation shells (up to

8.4 AÊ ) in the calculations gives a total solvatochro-

mism of < 1950 ^ 100 cm21
; in excellent agreement

with the estimated blue shift [21,27,39,43±45]. This

calculation includes the third solvation shell with a

total of 80 water molecules around the solute.

We now discuss the results for the pyridine in

water. Fig. 2b shows the radial distribution function

between the nitrogen atom of pyridine and the hydro-

gen atom of water. The HB peak has its maximum at

2.0 AÊ . In this case, using again the geometric and

energetic criteria, we ®nd that the average number

of hydrogen bonds is 1.2. This result is in agreement

with previously calculated [46] and observed values

[47]. The total calculated contribution of the HB

solvation to the blue shift is 112 ^ 39 cm21 (Table

2). We ®nd that 13.3% of the con®gurations have no

hydrogen bonds. The majority, 53.3%, form one

hydrogen bond and gives a blue shift of only

35 cm21. In complement, 33.4% of the con®gurations

have two hydrogen bonds and give a blue shift of

277 cm21. The total calculated average blue shift of

the hydrogen bonds to the n±pp transition of pyridine
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Table 2

Variation of the calculated shift (in cm21) of the n±pp transition of

pyridine in water with the solvation shells. N is the number of water

molecules included. M is the total number of valence electrons. L is

the number of MC structures used for ensemble average

Solvation shell N M L Distance (AÊ ) Blue shift

HBa 1.2 39.6 60 3.6 112 ^ 39

First 29 262 60 6.1 716 ^ 30

Second 70 590 60 8.3 805 ^ 29

Bulk 900b

a Average values taken from Table 1.
b Estimated from extrapolation (see Fig. 4b).

Fig. 3. Calculated distribution of the change in direction and module

of the dipole moment of the pyridine±water complex as compared

to that for isolated pyridine. See text.



in water is 112 ^ 39 cm21. If we consider only those

structures that form at least one hydrogen bond, then

the total blue shift is now 128 ^ 39 cm21. This is

considerably smaller than that inferred from cavity

models [46]. This present calculation is the ®rst expli-

cit true calculation of the hydrogen bond contribution

to the solvatochromic shift of the singlet n±pp transi-

tion of pyridine in water.

The study of the blue shift of the n±pp transition of

azines in protic solvents, such as water, using SCRF

have found that it is necessary to include explicitly

one or two hydrogen bonded molecules [12,25]. Thus

the chromophore that polarizes the dielectric conti-

nuum is not that of the isolated chromophore but,

instead, that of the complex. It is of general interest

to study the local change in the properties of the chro-

mophore due to the hydrogen bond interaction. We

now analyze the change in the dipole moment of pyri-

dine as compared to the complex pyridine±water

system. This complex is obtained from the MC simu-

lation of the liquid. It includes the effect of tempera-

ture and ensemble averages and it is a better

representation of the situation that is found in a real

liquid than that obtained with geometry optimization

of the cluster [48]. Fig. 3 shows the distribution of

calculated values for both the direction and module

of the dipole moment. The dipole moment of isolated

pyridine lies in the direction of the long C2 axis and

the dipole moment of the complex pyridine±water

makes an angle that deviates from the original axis

by 268, on the average. It is interesting to note that the

total calculated dipole moment of the complex is

4.3 debye, as compared with that calculated for

isolated pyridine that is 2.8 debye. Hence, the average

dipole moment of the complex deviates by 268 and is

more than 50% larger. Similar results are obtained for

the case of formaldehyde±water using ab initio calcu-

lations [49].

3.2. Solvation shells

Fig. 4a shows the radial distribution function

between the center-of-mass of pyridine and water.

Two solvation shells are discernible. The ®rst shell

starts at 3.0 AÊ ending at 6.1 AÊ . The second ends at

8.3 AÊ . Integration of the radial distribution function

gives a total of 29 and 70 water molecules in these

shells, respectively. To obtain the solvation shift we

now perform super-molecular calculations involving

the solute pyridine and all the molecules in a given

solvation shell. The solvent molecules are explicitly

considered with all the valence electrons. Table 2

shows the calculated solvatochromic shift and

summarizes the results obtained for each solvation

shell, including the HB solvation shell, previously

discussed. The largest calculation, obtained for the

second solvation shell, is composed of the pyridine

molecule and 70 water molecules with a total of 590

valence electrons explicitly considered in a totally

anti-symmetric ground state wave-function. This

gives a calculated blue shift of 805 ^ 29 cm21. The

experimental result for the solvation shift of the
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Fig. 4. Pair-wise radial distribution function between the center-of-

mass of pyridine and water (top). Below is shown the corresponding

solvatochromic shifts of the corresponding solvation shells, includ-

ing the hydrogen bonds. See text.



singlet n±pp transition of pyridine in water is not

precisely known. For azines, in general, this solvation

is estimated to lie in the broad range between 1000

and 3000 cm21 [50]. Our results obtain this shift to lie

in the lower side of this range for pyridine. Also, they

seem to show that a small number of water molecules

cannot adequately describe the pyridine solvatochro-

mic shift (see Fig. 4b). It is clear that one has to

include solvent molecules that are located more than

8.0 AÊ from the center-of-mass of the pyridine mole-

cule. The results shown in Fig. 4b suggest that the

calculated energy shift may be extrapolated to the

bulk limit. In doing so we obtain an estimated limiting

value of ,900 cm21. This would be our best estimate

of the blue shift of the n±pp transition of pyridine in

water. A similar analysis of the solvatochromic shift

of the n±pp transition of formaldehyde in water [39],

from hydrogen bond to bulk, gave a limiting value of

2200 cm21, in good agreement with some previous

calculations, in particular those by Blair et al. [27] and

the very recent (RISM-SCF) results of Naka et al. [51]

and SaÂnchez et al. [45]. In the case of benzene, a

nonpolar molecule, in different solvents we ®nd that

the ®rst solvation shell is enough to give the solvato-

chromic shift [24,30] For polar molecules such as

formaldehyde and pyridine it is clear that the effect

extends over the second, third and outer solvation

shells [39].

3.3. Structural changes

So far we have been discussing those solvent effects

that arise from the interaction between the solute and

the solvent. There is another solvent effect that is

equally important but more dif®cult to deal with.

This is the case of the structural changes induced by

the solvent. Geometry changes due to solvent effects

have been studied with QM/MM by Gao et al. [52]

and using continuum approach by Cammi et al. [53].

Here, we want to consider the case of phenol blue

(Fig. 5). This is a well-known dye that may exist in

resonance between two forms. One is the neutral

form, shown in Fig. 5a. The other is the charge-sepa-

rated zwitterion form shown in Fig. 5b. Whereas in

the gas phase the neutral form is more stable, the

zwitterion is believed to prevail in most polar

solvents. Geometry optimization of the isolated mole-

cule inevitably leads to the neutral form. However, the

calculated properties of phenol blue using this isolated

neutral form is in gross disagreement with those

results obtained in solvents [54].

The in¯uence of the solvent in the structure of

phenol blue can be studied using the concept of

bond-length-alternation [55]. This can be obtained

by the x parameter de®ned below:

x � r�C3 2 N1�2 r�C4 2 N1�
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Fig. 5. Phenol blue in its two extreme forms. Neutral structure (top)

and charge-separated zwitterion structure (bottom).

Fig. 6. Variation of the ®rst dipole hyperpolarizability (projected

along the dipole moment) with the bond-length-alternation. Nega-

tive values of x correspond to a predominance of the neutral form,

whereas positive values correspond to a predominance of the

charge-separated value. See text.



As it can be seen in Fig. 5, if x is negative there is a

predominance of the neutral form, whereas for x posi-

tive the zwitterion is dominant. The in¯uence of the

structure in the molecular ®rst dipole hyperpolariz-

ability will be analyzed here. To obtain the changes

in the structure, continuously from the neutral to the

zwitterion, it is a common practice to place the mole-

cule in a static homogeneous electric ®eld [56]. Here

we ®nd it to be more ef®cient to place a proton on the

oxygen atom and monitor the bond-length-alternation

by the proximity of the proton to the oxygen atom. For

each oxygen-proton distance the other geometric

parameters were re-optimized. With this we found a

broader range of x values than that in Ref. [56]. In this

way it was possible to monitor the x parameter. Fig. 6

shows the calculated values for the dipole hyperpolar-

izability. These calculations were performed in the

corresponding structure of phenol blue after removing

the proton. As it can be seen there is a large variation

of the hyperpolarizability as a function of the bond-

length-alternation. This variation can be traced to the

solvent polarity. The maximum seen for the hyperpo-

larizability is indeed seen experimentally [57] and

corresponds to the case of phenol blue in chloroform.

The calculated value for the hyperpolarizability as a

function of x changes from 35 £ 10230 esu, in either

of the extreme forms of phenol blue, to a value of

85 £ 10230 esu in a more mixed, resonant, form.

Morley and Fitton [58] have recently measured the

NMR chemical shift of a compound similar to phenol

blue and concluded that even in polar solvents only

the neutral form exists. This is in contrast to the tradi-

tional view and recent resonance Raman results

[59]. The maximum value of the hyperpolarizabil-

ity as a function of the solvent polarity is sugges-

tive of the structural change [57,60,61]. These

results are of importance in the analysis of

second-harmonic-generation of molecules and is

expected to have an impact in the design of

nonlinear optical devices.

4. Summary and conclusions

A sequential MC±QM approach has been used to

study structure, properties and spectroscopy of mole-

cules in solution. A detailed and systematic analysis

of the hydrogen bond contribution to the solvatochro-

mic shift of the singlet n±pp transition of formalde-

hyde and pyridine in water has been made. We ®nd

that the hydrogen bond contribution is relatively

small. The total solvatochromic shift is analyzed as

a function of the solvation shells, starting from the

hydrogen bond and extending to the outer solvation

shells. Long range effects are found to be important.

We investigated carefully the change in local proper-

ties of the chromophore due to hydrogen bond forma-

tion. In the case of pyridine in water, we found

that the dipole moment of the dimer pyridine±

water, generated in the simulation, in the average,

deviates in direction by 268 and is more than 50%

larger, in module, than that for isolated pyridine.

In all quantum mechanical calculations the solvent

molecules are explicitly included with all the

valence electrons and the wave-function is anti-

symmetric with respect to the entire solute±

solvent system. The largest calculation, the

solvation shift of pyridine in water, for the second

solvation shell, involves 60 quantum mechanical

calculation of one pyridine molecule surrounded

by 70 water molecules, with a total of 590 valence

electrons. To obtain statistical averages the quan-

tum mechanical calculations are made on the

structures generated by the MC simulation that

are statistically nearly uncorrelated. The auto-

correlation function of the energy is used to obtain

structures that are only 6% correlated. We also

analyze the structural changes induced by solvent

in resonant dyes. Phenol blue, that may exist in

resonance between the neutral and charge-sepa-

rated forms, is studied using the concept of

bond-length-alternation. We showed that the ®rst

dipole hyperpolarizability, associated with second-

harmonic-generation experiments, has a maximum

value for a mixed, resonant, structure. The results

obtained for the hyperpolarizability are in excel-

lent agreement with that obtained experimentally,

in particular the maximum observed in chloro-

form. This suggests that phenol blue undergoes

structural changes in polar solvents.

Finally, from these examples, it is demonstrated

that the combined use of liquid simulation methods,

such as MC simulation, and proper QM calcula-

tions are convenient and accurate tools for the

study of properties and spectroscopy of molecules

in solution.
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