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Abstract

The sequential Monte Carlo quantum mechanics methodology is used to obtain the solvent effects on the Stokes shift of

acetone in water. One of the great advantages of this methodology is that all the important statistical information is known

before running into the costly quantum mechanical calculations. This advantage is discussed not only with respect to the

statistical correlation between the different structures generated by the simulation but also in the proper identification of

hydrogen bonds in liquids. To obtain the solvent effects in the Stokes shift of the n–pp absorption transition of acetone in water,

quantum-mechanical calculations are performed in super-molecular structures generated by NVT Monte Carlo simulation. The

statistical correlation between configurations is analyzed using the auto-correlation function of the energy. The largest

calculations include one acetone and 170 water molecules. One-hundred INDO/CIS super-molecular calculations are

performed for each solvation shell to obtain the statistical average value. The calculated solvatochromic shift of the n–pp

absorption transition of acetone in water, compared to gas phase, is ,1310 cm21 in good agreement with the experimental blue

shift of 1500 ^ 200 cm21. For the emission of the relaxed excited state, the calculated shift is ,1850 cm21. The total

calculated solvent effect on the Stokes shift of acetone in aqueous solution is thus 540 cm21. A detailed analysis of the sampling

of the configurations obtained in the Monte Carlo simulation is made and it is shown that all results represent statistically

converged values.

q 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Understanding solvent effects is crucial for the

correct interpretation of several phenomena that are

very common in physics, chemistry and biology

[1–4]. The theoretical studies of solvent effects have

seen a great development in the recent years. The

original ideas of Onsager [5] and Kirkwood [6] have

been extended to modern self-consistent-reaction-

field or continuum theories [7–19] that have been

successful in the study of solvent effects of polar
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solutes. A methodology that is now of wide

acceptance is the combined use of Quantum

Mechanics and Molecular Mechanics method

[16 – 32], the so-called QM/MM methodology.

A similar, complementary, approach that has seen

increased use and acceptability is the combined use

of quantum mechanics with some sort of computer

simulation of liquids [30–38]. This is the approach

also used in our group where the structures of the

liquid are generated by Monte Carlo (MC) computer

simulation for subsequent quantum-mechanical (QM)

calculations [38–44]. This sequential Monte Carlo

quantum mechanics methodology (S-MC/QM) meth-

odology has the advantage that running first the MC

simulation gives important statistical information

that is advantageously used in the preparation of

the subsequent QM calculations [37 – 40]. For

instance, the total number of necessary quantum

mechanical calculations can be dramatically reduced

if statistically correlated structures are avoided. This

can be done systematically using the auto-correlation

function of the energy obtained in the simulation

[37–40,45].

In this paper we use the S-MC/QM method to

study the solvent effects on the Stokes shift (the

difference between the absorption and emission

transition energies) of acetone. Most carbonyl

molecules do not fluoresce. For instance, formal-

dehyde does not fluoresce. Acetone is the simplest

molecule with the hydrogen-bond acceptor CyO

group that exhibits a clear emission spectrum. The

absorption spectrum of acetone has been the subject

of several theoretical studies. In fact, the solvent

effect on acetone is one of the first systems that were

subjected to a QM/MM methodology for the study of

the solvatochromic shift of the n–pp absorption

transition [34]. However, the study of the excited

states is considerably more scarce. The solvation of

electronic excited molecular states has been studied

by several groups [43,46–52] but the specific

consideration of fluorescence shift is more sparse

[43,47,49,51–53]. A fundamental question has to do

with the relaxation time of the excited state in the

solvent. For the absorption, it is generally assumed

that the transition is vertical obeying the Franck–

Condon principle. For the emission, instead, the

transition initiates in the excited state. If its

relaxation time is smaller than its life-time,

the excited state may relax the geometry before

emitting. If, however, the relaxation is slow the

emission will occur in a non-relaxed state. In fact the

fluorescence spectrum may be a superposition of

instantaneous transitions depending on the solvent

relaxation [54]. Acetone is known to have a planar

H2CyO group in the ground state and an out-of-plane

in the n–ppexcited state, similar to formaldehyde.

The relaxation of the excited state of formaldehyde

has been studied by Levy et al. [46] using molecular

dynamics simulation. The solvation dynamics of

excited chromophores in acetone as a solvent has

been considered [55]. In this paper we study the

solvation shift of the n–pp state of acetone both in

the absorption and emission and from this we obtain

the solvent effect on the Stokes shift, both in the gas

phase and in the solvent water environment. We

perform a systematic study of the n–pp blue shifts in

the absorption and emission of acetone in water

where the solvent molecules are explicitly included

in the quantum mechanical calculations. We use

Monte Carlo simulations to generate structures of the

liquid and super-molecular quantum mechanical

calculations, with all-valence electrons, to obtain

the separate contributions of the different solvation

shells to the spectroscopic shift starting from the

hydrogen-bonded water molecules. The final result is

estimated after extrapolation to the bulk limit. Thus

we not only investigate how the solvation shells

influence the shift but we also extrapolate our results

to obtain our best estimate of the solvatochromic

shift of the n–pp absorption and emission transitions

of acetone in water, compared to gas phase. It should

be remarked that the use of ab initio theories is

difficult not only because of the computational effort

involved in these large super-molecular calculations

but also because we analyze the solvation effects

with the size of the super-molecules, and therefore,

the use of size-extensive methods is imperative. CIS

is a simple theoretical model that includes the

advantage of size-extensivity. As most excited states

are dominated by single excitations, it is a favorite

model for semi-empirical theories [56]. We use the

semi-empirical INDO/CIS [56] method that has

proven to be a very successful theory for spec-

troscopy and spectroscopic shifts [36–38] in both

polar and non-polar solutes and solvents [37,38,

41–44,57,58].
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2. Methods of calculation

2.1. Monte Carlo simulation

The Monte Carlo simulation is performed using

standard procedures for the Metropolis sampling

technique [59] in the canonical ensemble, where the

number of molecules N; the volume V and the

temperature T are fixed. As usual, periodic boundary

conditions in a cubic box [45] are used. In our

simulations, we use one acetone molecule plus 450

molecules of water. The volume of the cubic box is

determined by the experimental density of the water,

r ¼ 0:9966 g/cm3 at T ¼ 25 8C. The molecules inter-

act by the Lennard–Jones plus Coulomb potential

with three parameters for each atom i ð1i; si and qiÞ:

They are combined to generate the pair-potential

parameters by 1ij ¼ ð1i1jÞ
1=2 and sij ¼ ðsisjÞ

1=2: For

the water molecules, we used the SPC potential

developed by Berendsen et al. [60]. For the ground

and the first excited state of acetone, we use the

classical parameters 1i and si of Gao [34] and the

charges are obtained by electrostatic potential fitting

in ab initio calculations [61] with HF and CIS/

CHELPG (using all single excitations) level, respect-

ively, and 6-311þþG(d,p) basis set. The geometry of

acetone in the excited state is taken from

CASSCF(10,11)/6-311G(d,p) calculations [62]. For

the ground state, however, we take into account the

small lengthening of the CyO distance that occurs

when hydrogen bond is formed with water. We then

optimized the geometry of acetone with one water

molecule using MP2/6-311þþG(d) [63]. This has a

small favorable effect in the description of

the absorption transition in water, as noted before

[33,63]. The geometrical parameters are given in

Table 1.We perform the Monte Carlo simulations of

acetone in 450 water molecules with the geometry and

the classical potential of acetone both in the

corresponding ground (Fig. 1a) and first excited

(Fig. 1b) states. The parameters of this potential are

shown in Table 2. The dipole moment of the excited

state is decreased by the n–pp vertical excitation and

this leads to the expected blue shift in the absorption.

However, in the relaxation of the excited state the

dipole moment increases. Thus, the relaxed excited

state has a larger dipole moment, compared to the

equilibrium ground state, of 0.26 D.

Table 1

Geometrical information of the acetone molecule in the ground

(Fig. 1a) and first excited (Fig. 1b) states

Ground state First excited state

Distances (Å)

OC1 1.226 1.355

C1H1 1.089 1.084

C1H3 1.094 1.089

C1C2 1.511 1.521

C1H2 1.094 1.087

Angles (degrees)

OC1C2 122.2 112.4

C2C1C3 116.8 117.3

Dihedrals (degrees)

C2C1C3O 0 132.4

OC1C2H1 2121.2 2170.6

OC1C2H2 0 251.4

OC1C2H3 121.2 69.4

Fig. 1. Illustration of the acetone geometry in the (a) ground and (b)

first excited states.
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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 cut-

off radius rc ¼ 11:9 Å. For separations larger than rc;

we use the long range correction of the potential

energy [45]. For the Lennard–Jones potential, the

long-range correction is evaluated using the pair

radial distribution function and for the Coulomb

potential it is evaluated using the reaction field

method with dipole interactions (dielectric constant

of water ¼ 78.5). The initial configuration is gener-

ated randomly, considering the position and the

orientation of each molecule. A new MC step is

defined by random selecting a molecule and trying to

translate it in all the Cartesian directions and also

rotate it around a randomly chosen axis. The

maximum allowed displacement of the molecules is

auto-adjusted after generating 50 configurations to

give an acceptance rate around 50%. The maximum

rotation angle is fixed in the simulation to du ¼ ^158:

The MC simulation is performed using the DICE [64]

program. It involves a thermalization stage of about

5.2 £ 106 MC steps followed by an averaging stage of

27 £ 106 MC steps. The radial distribution function is

also calculated during the averaging stage of the

simulation. Structures that are statistically very

correlated will not give important additional infor-

mation. Therefore, we calculate the auto-correlation

function of the energy and obtain the interval between

configurations of the Monte Carlo simulation that

gives statistically new information [37,38,40,65]. This

interval is called the correlation step. Essentially, it

gives the number of MC steps that statistically

uncorrelated configuration can be sampled. For the

simulations presented here, we obtain that configur-

ations separated by 27 £ 104 MC steps are statistically

uncorrelated. Then, the total of 27 £ 106 successive

configurations generated in the simulation can be

drastically reduced to 100 configurations with ,15%

of correlation, without compromising the statistical

average [37–40,65–67]. Thus, after the simulation,

100 nearly uncorrelated configurations were sampled

to be used in further quantum mechanical super-

molecular calculations. A detailed discussion on this

procedure of sampling configurations will be given

below. These 100 configurations will be subjected to

quantum mechanical super-molecular calculations.

2.2. Quantum mechanical transition energy

calculations

The transition energies are calculated using the

ZINDO program [68] within the INDO/CIS [56]

model, in the super-molecules generated by the Monte

Carlo simulations. The quantum mechanical calcu-

lations are then performed for the super-molecular

clusters composed of one acetone and all solvent

molecules within a particular solvation shell. Each

water molecule includes eight valence electrons and

the Hartree–Fock wave function is anti-symmetric

with respect to the entire solute–solvent system.

The solvatochromic shift in the absorption is given

by the difference in the transition energies in the gas

phase ðn0Þ and in solution ðn1Þ; i.e. Dnab ¼ n1 2 n0:

In the fully relaxed excited state the solvatochromic

shift in the emission is given by Dnem ¼ n3 2 n2;

where n2 and n3 are the transition energies in the gas

phase and in solution, with the solute molecule in the

excited geometry (Fig. 2). The Stokes shift in gas

phase is given by n2 2 n0 whereas in the solvent it is

Table 2

Potential parameters for the Lennard – Jones and Coulomb

potentials

Atom i 1i si qi in ground state qi in excited state

O 0.210 2.960 20.632736 20.603418

C1 0.105 3.750 0.778728 0.594348

C2 0.160 3.910 20.373880 20.231246

H1 0.000 0.000 0.120406 0.036522

H2 0.000 0.000 0.093321 0.079064

H3 0.000 0.000 0.087157 0.120195

Fig. 2. Illustration of the solvatochromic shift in the absorption

ðDnab ¼ n1 2 n0Þ and the fully relaxed emission ðDnem ¼ n3 2 n2Þ:
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given by n3 2 n1: Therefore, the solvent effect on the

Stokes shift is given by the difference d ¼ ðn3 2

n1Þ2 ðn2 2 n0Þ ¼ ðn3 2 n2Þ2 ðn1 2 n0Þ: Thus the

difference between the solvatochromic shifts in the

absorption and emission gives the solvent effect in the

Stokes shift.

The average solvatochromic shift can be obtained

as a simple average over L transition energy values

kEl ¼
1

L

XL

i

Ei ð1Þ

It is known that independent, or uncorrelated, values

of Ei generate a normal distribution with a standard

deviation and a statistical error of the average. For the

hydrogen bonds, in order to have a better statistics,

covering the different possible cases with one, two or

more water molecules bound to acetone, we use L ¼

600: For the first, second or third hydration shells the

value of L ¼ 100 is found to be sufficient to give

converged values for the solvatochromic shifts. After

convergence, increasing L; is immaterial for the

average but simply decreases the statistical error.

3. Results and discussions

3.1. Hydrogen bond

An important point in the study of computer

simulation of liquids is the identification of the

hydrogen bonds. We first analyze the pair-wise radial

distribution function because it is the conventional

and well-known procedure to give the coordination

number. The radial distribution function defines also

the solvation shells [45]. Fig. 3 shows the radial

distribution function between the oxygen of acetone

and the hydrogens and the oxygen of water, GO – H(r)

and GO – O(r). As it can be seen, there is a hydrogen

bond peak that starts at the O–H distance around

1.4 Å and O–O distance around 2.4 Å and ends at the

minimum in O–H distance around 2.5 Å and O–O

distance around 3.3 Å. Spherical integration of this

peak in the GO – O(r) gives a coordination number of

2.2 water molecules in the ground state of the acetone

and 2.4 in the first excited state. The uncertainty

associated with this procedure is that it cannot be

assured that all nearest-neighbor structures involved

within a distance O–O smaller than the minimum of

GO – O(r) (3.3 Å in this case) are indeed associated

with hydrogen bonds. Combining this with the O–H

distribution gives better results but structures not

associated to hydrogen bond may still persist.

Alternative procedures have then been suggested

[69]. A very efficient way to extract the hydrogen-

bonded structures was discussed earlier by Stilinger

and Rahman [70–72] and Mezei and Beveridge [73].

They have emphasized the directional and energetic

aspects of hydrogen bonds and their usefulness in

identifying hydrogen bonds in computer simulation of

liquids. Hydrogen bonds are indeed better obtained

using the geometric and energetic criteria [70–75].

We consider here a hydrogen bond when the distance

between the oxygen atoms of acetone and water is less

than the first minimum of the radial distribution

function, 3.3 Å, the angle formed between the oxygen

atom of acetone and the OH bond of water is less than

408 and the binding energy is at least 2.7 kcal/mol.

The selection of the 2.7 kcal/mol for the cut-off limit

of the hydrogen bond is obtained from the histogram

of the pair-wise energy distribution. Fig. 4 shows

Fig. 3. Radial distribution function between the oxygen atom of

acetone (in ground and excited states) and the hydrogen and oxygen

atoms of water.

K. Coutinho, S. Canuto / Journal of Molecular Structure (Theochem) 632 (2003) 235–246 239



the pair-wise interaction energy between ground state

acetone and water and gives those that are rep-

resented by hydrogen bonds. Fig. 5, in complement,

shows the histogram of the pair-wise energy

distribution. This histogram clearly identifies the

hydrogen-bonded structures and show the energy

minimum at 2.7 kcal/mol. The geometric–energetic

criterion turns out to be a very good way of obtaining

hydrogen bonds in liquids [75]. With this, in the 600

MC configurations we find 1004 hydrogen bonds

formed between water and acetone in the ground

state and 1180 in the first excited state. This gives an

average of 1.7 and 2.0 bonds in the ground and

excited states, respectively, slightly smaller than the

result obtained for the coordination number given by

the integration of the first peak of the GO – O(r) radial

distribution function. Thus in the excited state the

average number of hydrogen bonds is larger by 23%

when compared to the ground state. This is a

consequence of the dipole moment increase of the

relaxed first excited state compared to the ground

state. Note that the atomic charge in the oxygen site

of the excited state is smaller than that in ground

state. The hydrogen bonds formed between acetone

and water can now be analyzed in a very detailed

form. Table 3 gives the statistics. We find for the

ground state of acetone that out of the 600

configurations analyzed, nine make no hydrogen

bonds (1.5%) but 213 configurations have one

hydrogen bond (35.5%), 343 form two hydrogen

bonds (57.2%) and 35 form three hydrogen bonds

(5.8%). In the subsequent quantum mechanical

calculations these structures can be analyzed separ-

ately (Table 3). Calculations of the transition

energies are performed on all these complexes with

one, two and three water molecules. For instance,

343 INDO/CIS calculations are made with acetone

and two water molecules. The resulting average

n–pp transition energy is subtracted from the

transition of isolated acetone to give the average

shift of 816 ^ 37 cm21 for the configurations with

two hydrogen bonds. The total blue shift of the HB

Fig. 4. Pairwise interaction energy between acetone in the ground

state and all water molecules. Hydrogen bonds are emphasized.

Fig. 5. Pairwise energy distribution and hydrogen bonds between

acetone and water.

Table 3

Statistics of the hydrogen bonds formed between acetone in the

ground and first excited states and water, and their contribution to

the blue shift of the absorption and emission transitions

Number of HB Ground state First excited state

Occurrence

(%)

Shift

(cm21)

Occurrence

(%)

Shift

(cm21)

0 1.5 0 2.0 0

1 35.5 479 ^ 36 13.8 623 ^ 51

2 57.2 816 ^ 37 69.7 1089 ^ 27

3 5.8 930 ^ 44 14.5 1242 ^ 47

Total 100 690 ^ 45 100 1025 ^ 50

Geometric and energetic criteria are used to sort out a hydrogen

bond (see text). The theoretical error bar is the statistical error of the

average value.
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shell is then obtained using a weighted average of the

contributions of the configurations with different

number of hydrogen bonds. As shown, the total blue

shift contribution of the HB solvation in the

absorption n –pp of acetone in water is

690 ^ 45 cm21. Similar analysis for the emission

gives a total shift of 1025 ^ 50 cm21. The theoreti-

cal error bar is the statistical error of the average

value.

3.2. Solvation and Stokes shifts

We can now analyze the solvation shifts and the

role of the outer shells. Fig. 6 shows the radial

distribution function between the center-of-mass of

acetone and water. Three solvation shells are

discerned. The first shell starts at 2.9 Å ending at

6.15 Å. The second ends at 9.0 Å and a third solvation

extends at around 10.7 Å, close to the cut-off radius.

Integration of the radial distribution function gives a

total of 30, 100 and 170 water molecules from the

solute center-of-mass up to the limit of these three

shells, respectively, for acetone in both ground and

first excited states. Again, we can obtain separately

the contribution of each solvation shell. This is of

importance because it exposes possible long-range

polarization. Table 4 gives the calculated solvato-

chromic shifts for all solvation shells and summarizes

the results. All results shown in Table 4 for the

different solvation shells are represented by an

average over 100 QM calculations. We shall show

later that this is sufficient to give statistically

converged values. From the simulation point of

view it also means that the configuration space is

well represented. To illustrate this important aspect

Fig. 7 shows one super-molecular structure corre-

sponding to the first solvation shell (acetone and 30

water molecules) that is sampled from the MC

simulation. As 100 of these structures are used to

represent the statistics we also show the superposition

of all these 100 structures. As can be seen, the

configuration space is indeed well represented. The

largest calculation is composed of the acetone and 170

water molecules, and gives a calculated blue shift of

1296 ^ 41 cm21 for the absorption and

1837 ^ 60 cm21 for the fully relaxed emission

transitions. Most of the solvatochromic shift is

obtained by including only the first shell of solvent

molecules. However, the results of Table 4 show a

small but systematic increase of the solvatochromic

Fig. 6. Radial distribution function between the center-of-mass of

acetone (in ground and excited states) and water.

Table 4

Variation of the calculated (INDO/CIS) shifts (in cm21) of the n–pp absorption and emission transitions of acetone in water with the solvation

shells

Solvation shell N M Distance (Å) Blue shift Stokes shift

Absorption Emission Stokes shift

First 30 264 6.15 1148 ^ 44 1545 ^ 65 397 ^ 109

Second 100 824 9.00 1251 ^ 45 1797 ^ 63 546 ^ 108

Third 170 1384 10.7 1296 ^ 41 1837 ^ 60 541 ^ 101

Limit Bulk 1310 ^ 40 1850 ^ 60 540 ^ 100

Experimental [76,77] 1500 ^ 200

N is the number of water molecules included. M is the total number of valence electrons. The theoretical error bar is the statistical error of the

average evaluated over 100 super-molecular structures.
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shift due to the second and third shells. It is interesting

to note, however, that the solvent effect in the Stokes

shift, obtained by the difference in the absorption and

emission, is more stable with respect to the number of

solvent molecules. The results of Table 4 show that

the solvent affects more the separate solvatochromic

shifts than the Stokes shift (with respect to the number

of solvent molecules included). The monotonic

behavior of the calculated energy shift permits

an extrapolation of the absorption and emission

results to the bulk limit. In doing so we obtain a

limiting value of ,1310 cm21 for the absorption and

,1850 cm21 for the emission. This would be our

best result of the blue shift of the absorption and the

relaxed emission of the n–pp state of acetone in

water. It is known experimentally [76,77] that this

first absorption transition of acetone suffers a blue

shift of 1500 ^ 200 cm21 in water, as compared to

the isolated gas phase, in good agreement with our

theoretical result. There has been several

previous theoretical treatments [30,34,49,52,62,

78–82] of this blue shift in the absorption spectrum.

A theoretical analysis of the shift in the emission

transition of acetone in water was lacking, in spite of

the great importance of the fluorescence of acetone

[83]. It is of interest to analyze not only the total

solvatochromic shifts of acetone in water, in the case

of absorption and emission, but also the solvent

effect in the Stokes shift. The Stokes shift (i.e. the

difference between the absorption and the emission)

in water compared to gas phase is obtained here as

540 ^ 100 cm21.

4. Sampling and convergence analysis

The sampling of configurations from statistical

simulations is a very important issue and is crucial

for the efficiency of statistically-based QM/MM

methods. In the S-MC/QM methodology we use the

interval of statistical correlation and the statistical

inefficiency, to select configurations that give

relevant statistical information [23,37–40,66,67].

We have shown previously that this sampling

does not compromise the statistical average

[37–40]. This is very efficient and gives statisti-

cally converged results. In doing so, the subsequent

quantum mechanical calculations are performed

only on some uncorrelated structures. This is one

of the advantages of the sequential procedure of the

S-MC/QM, in that all the important MC statistical

information is available before running into the

QM calculations. As in previous works [37–40,43,

44,57,58,75] we calculate the auto-correlation

function of the energy, CðnÞ; to obtain the interval

Fig. 7. Illustration of one super-molecular structure corresponding

to the first solvation shell and the superposition of all 100 structures

sampled from the simulation.
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of statistical correlation, using the definition

CðnÞ ¼
kdEiEiþnl
kdE2l

¼
kEiEiþnl2 kEilkEiþnl

kE2l2 kEl2
ð2Þ

where Ei is the energy of a configuration i and Eiþn

is the energy of the configuration generated n MC

steps later. For Markovian processes, it is known

that CðnÞ follows an exponential decay [37,65]

CðnÞ ¼ expð2n=tÞ and represents the statistical

correlation between configurations separated by n

MC steps. Thus, CðnÞ ¼ 1 means that configur-

ations separated by n MC steps are 100%

statistically correlated and do not contribute with

new statistical information to the average. Analyz-

ing the exponential decay it is easy to see that only

with an infinite separation the configurations will

be statistically uncorrelated, Cðn ¼ 1Þ ¼ 0: How-

ever, in practice the configurations are considered

statistically uncorrelated for an interval n < 2t:

In the simulations of molecular liquids performed

by us, the CðnÞ was best described by the sum of

two exponential functions, CðnÞ ¼ c1 expð2n=t1Þ þ

c2 expð2n=t2Þ; where t2 q t1: In this case, t is

calculated by integrating CðnÞ from zero to infinite,

then t ¼ c1t1 þ c2t2 ø c2t2: The same behavior of

the auto-correlation function was found by other

authors [66,67] in simulations of spin models in a

lattice. A complementary and alternative way to

obtain statistical correlation is discussed in detail in

a previous paper [37].

The auto-correlation function of the energy for the

ground state simulation of acetone in water is shown

in Fig. 8 (in this figure n is normalized by the number

of molecules, 450). We obtain here that the corre-

lation step 2t ¼ 270 £ 103 MC steps (from Fig. 8 we

have 2t ¼ 2 £ 450ð0:4 £ 13 þ 0:6 £ 485Þ]. Using

configurations separated by less than this is a waste

because it includes configurations that do not

contribute to the average. Further, if the simulation

is not long enough it will give statistically non-

converged results in spite of the large computational

effort. Therefore, we select one configuration in each

270 £ 103 MC steps and use them to perform QM

calculations. This assures that the structures used in

the quantum mechanical calculations are statistically

relevant and converged values are obtained, as it will

be demonstrated below. As the total number of MC

steps in the simulation was 27 £ 106, the averages are

then taken over 100 uncorrelated configurations.

It is important now to discuss the convergence of

the final results. It is also convenient to show the

statistical efficiency obtained with the auto-corre-

lation function of the energy. Fig. 9 shows the

histogram and the average solvatochromic shifts of

the absorption and emission transitions of acetone in

water using the results obtained for the third solvation

shell. At this stage it is convenient to analyze the

dependence of our calculated average value of

Fig. 9. Histogram showing the statistical convergence of the average

value for the absorption and emission shift of acetone in water

(results for the third solvation shell).

Fig. 8. Calculated auto-correlation function of the energy for the

MC simulation of ground state acetone in water.
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the solvatochromic shifts on the set of L values used in

the calculation. If the sampling is efficient the average

value should converge fast and systematically and

should be independent [39,40] of the particular choice

of the set of MC configurations selected for the QM

calculations. The statistical error of the average,

however, depends on the total number of uncorrelated

configurations ðLÞ used to calculated the average; i.e.

on the total size of the simulation. Fig. 10 shows the

calculated transition energies for different L. The

results clearly demonstrate that the average value has

converged after around 80 QM calculations. This is

again a demonstration of the efficiency of the use of

the auto-correlation function in that only L < 80

instantaneous values give statistically converged

results. Increasing further the number of calculations

does not change the average transition energy but, of

course, the statistical error s decreases with increas-

ing L. Thus the use of the interval of the statistical

correlation obtained using the auto-correlation func-

tion of the energy is a very effective and systematic

way to assure statistically converged results with a

relatively small number of calculations, because only

statistically relevant configurations are included.

5. Summary and conclusions

There has been a large number of theoretical

investigations of solvent effects in the absorption

spectroscopy but very few theoretical studies are

dedicated to the emission process and the Stokes

shift. The very systematic and statistically driven S-

MC/QM methodology is used to study fluorescence

spectroscopy in solution. Using the S-MC/QM

methodology the Stokes shift of acetone in water

was analyzed using several solvation shells, starting

with the hydrogen bonds. An important advantage

of this methodology is that all solvent molecules

are treated quantum-mechanically. INDO/CIS cal-

culations are performed to obtain the transition

energies. To obtain the average, calculations are

made on structures generated by the Monte Carlo

simulation. These structures are statistically nearly

uncorrelated and statistical convergence is demon-

strated. The auto-correlation function is used to

systematically obtain these structures. A detailed

analysis is made of the proper identification and the

contribution of the hydrogen bonds. This is again

another advantage of performing first the simulation

and next the quantum mechanical calculations.

Indeed all the statistical information is known

after the MC simulation and the distribution is used

to proper identify hydrogen bonds in liquids. Next,

in the present application, 100 quantum mechanical

calculations were made for each of the solvation

shells. In the largest calculation we used 100 super-

molecular structures composed of one acetone

surrounded by 170 water molecules, corresponding

to the third solvation shell, extending to 10.7 Å,

from the center of mass of acetone. The calculated

averages for the hydrogen bond shell and the first

three solvation shells give blue shifts for the

absorption that are 690 ^ 45, 1148 ^ 44,

1251 ^ 45 and 1296 ^ 41 cm21, respectively.

Extending these results to the bulk limit we find

a solvatochromic shift in the absorption that

amounts to 1310 ^ 40 cm21, in very good agree-

ment with the experimental result of

1500 ^ 200 cm21. In the emission case, we find

that these numbers are, respectively, 1025 ^ 50,

1545 ^ 65, 1797 ^ 63 and 1837 ^ 60 cm21

extending to a bulk limit of 1850 ^ 60 cm21. The

solvent effect on the Stokes shift is dominated by

the first solvation shell. The best result obtained

here gives a total solvent effect to the Stokes shift

of 540 ^ 100 cm21 for acetone in water.

Fig. 10. Convergence of the calculated shifts for the absorption and

emission with the number of configurations used.
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