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The phenol complexes with fluoride in water solution were analyzed for different F� � �O
separation distances ranging from 2.6 Å up to 4.0 Å with 0.2 Å intervals. The quenching

molecular dynamics runs were followed by hybrid quantum mechanics–molecular mechanics

(QM–MM) geometry optimization at B3LYP/6–311+G** level. The analysis of MD trajectories

allowed for detailed characteristics of hydration patterns and mobility of fluoride and phenol

hydroxyl group. The explicit solvent molecules taken into account in QM–MM studies impose

solute geometry changes according to fluctuations of the structure of its nearest neighborhood.

Hence, fluctuations of HOMA (harmonic oscillator model of aromaticity index) values were

observed corresponding to different conformations of water molecules around the solute.

However, the screening role of the water molecules was noticed, which reduces the influence of

the fluoride compared with the gas phase. Similarly as in vapor state, also in water solution the

formation of hydrogen bond between the fluoride and the hydroxyl group of phenol is

energetically favorable.

Introduction

Most of the quantum-chemical modeling applied to organic

molecules is devoted to computation in the gas phase1—and

even this kind of data is often found to be in acceptable

agreement with experimental data or at least with chemical

intuition. However, in many cases solvent effects may affect

dramatically the chemical and physicochemical properties of

molecules.2 Several excellent reviews have been published

describing different theoretical foundations and applicability

of modern approaches to solute–solvent interactions.3–6

Generally, there are three alternative choices for modeling of

solute properties in bulk solution. The explicit models directly

take into consideration the solvent molecules. Unfortunately,

such supermolecule approaches are size-limited, thus prohibit-

ing their application to large systems at advanced levels and

fully taking into account long-range effects of bulk solvent.

On the other hand, much less demanding implicit solvent

approaches rely only on the continuum and homogeneous

medium characterized exclusively by the scalar and static

dielectric constant of solvent. Although such treatments are

computationally more feasible, they are unable to account for

many solvent induced changes of solute properties even in

dilute solutions. This is of special importance in the case of

strong intermolecular interactions between solute and solvent

molecules. The intermediate mixed implicit–explicit treat-

ments or hybrid quantum mechanics–molecular mechanics

(QM–MM) approaches offer real balance between the

accuracy and the computational cost, since in principle they

combine the correctness of a quantum mechanical description

with the low computational cost of molecular mechanics.

Since its first formulation,7–9 various incorporations of quan-

tum mechanics into molecular mechanics were proposed.10–22

Because the partitioning of a chemical system into QM and

MM regions is not straightforward, alternative approaches

were formulated differing by the particular method of the

calculations.23–28 Among many realizations of QM–MM

methods, the ONIOM formulation developed by Morokuma

and co-workers13–17 has reached popularity due to its high

efficiency. The usefulness of QM–MM methods was demon-

strated in many research areas for example thermodynamics25,29–31

and structure of solute–solvent interactions,32–35 description

of reaction mechanisms in solutions,36–40 acid–base

equilibria,41,42 pKa calculations,43–46 solvent effects on con-

formational change of solutes,47–49 solvent imposed chemical

shifts50–52 and solvation structure of several metals53–60 as for

example Pb(II),53 Cu(II),54 Sn(II)55 and Cr(III).56

The solvent molecules impose many changes on molecular

properties of solutes. An interesting question arises: how

dependent is a p-electron delocalization in aromatic systems

on the nature of the environment? Katritzky et al.61 showed by

use of AM1 modeling that the aromaticity of azulene, and

heteroaromatic systems such as imidazole, pyrrole, pyrazole

and the like, estimated by use of the Bird aromaticity index I,62

depends on the environment because of the changes in electric

dipole moment. The changes in Bird’s index were at the level

of a few percent showing usually an increase of aromaticity
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when going from gas phase to dioxane or water. The geometry-

based aromaticity index HOMA (harmonic oscillator model of

aromaticity index—for review see ref. 63) was applied to the

geometry of sodium64 and magnesium65 p-nitroso phenolates

which differed in the number of water molecules hydrating the

above-mentioned systems, three and six, respectively. This

caused a dramatic change in aromaticity of the ring, from

HOMA = 0.46 for sodium salt where mostly the NO group

was hydrated leading to a substantial charge transfer, and in

consequence to an increase of quinoid-like structure of the

ring, whereas in the hexa-hydrated salt both centers of basicity

were hydrated almost to the same degree, and hence much less

quinoid-like structure of the ring appeared and HOMA was

0.63.66 For comparison, HOMA = 0 for the Kekule structure

of benzene and 1 for benzene itself.67

The aim of this paper is to show how various molecular

parameters like bond lengths, rotation of OH and OH� � �F�
groups, aromatic character of the ring and others in phenol

H-bonded complexes with fluoride and a varying H-bond

strength are changed as a result of a ‘‘solvent effect’’ in the

sense of solute–solvent interactions.

Methods

The two-step procedure was applied for structural and

energetic characteristics of phenol complexes with fluoride in

water solution. The quenching molecular dynamics runs were

followed by hybrid QM–MM geometry optimization. The first

stage provided conformation fluctuations, whereas the second

one was used for estimation of the geometric pattern and then

the values of structural index of aromaticity, HOMA. Before

the MD was run, the atomic charges were calculated according

to the Merz–Kollman scheme via the RESP procedure68 at

B3LYP/6–311+G** level. Each separation distance between

fluoride and the oxygen atom of the phenol was analyzed

separately, and small but systematic variations of point atomic

charges were noticed. Thus, the potential induction of the

electrostatic field of anion on the neutral molecule was taken

into account. The AMBER force field69 was used for dynamic

trajectory generation. The model system consisted of one

phenol molecule placed in the middle of a 60 � 60 � 60 Å

cube. The box was filled with 5832 water molecules of TIP3P

type.70 The fluoride was placed at the controlled distance from

the oxygen atom of the phenol. The F� � �O separation distance

was fixed during all molecular dynamics runs at values ranging

from 2.6 Å up to 4.0 Å with 0.2 Å interval. The periodic

boundary conditions were applied at room temperature. After

initial equilibration the 500 ps long runs were performed for

each of F� � �O separation distance. All the systems readily

underwent equilibration. Stable fluctuations of root mean

square deviations (RMSD) as well as total, potential and

kinetic energies were usually achieved just after 20 ps. Starting

from 100 ps collection of snapshots was performed every 1 ps

for each run corresponding to different F–O separations.

The resulting conformations were pre-optimized based on

AMBER force field, and only low-energy structures were

selected for further hybrid QM–MM calculations.71,72 The

criterion was set to 10 kcal mol�1 with respect to the lowest

energy snapshot. Before the ONIOM13–17 hybrid calculations

were performed, each system was divided into two layers,

namely HIGH quantum chemistry layer (B3LYP/6–311+G**)

and LOW molecular mechanics layer (AMBER force field).

The HIGH layer comprised phenol, fluoride and nine water

molecules in the nearest proximity to F�, as schematically

presented in Fig. 1. The rest of the water molecules

were defined as LOW layer. All hybrid calculations were

performed based on Gaussian03,73 whereas molecular

dynamics calculations were done using Amber 8.0 software.74

Results and discussion

Dynamic properties (MD runs)

The molecular dynamics runs performed for nine O� � �F
separation distances allowed us to make a detailed inter-

pretation of the system behavior. The hydration patterns

and the mobility of particular fragments are directly available

from each trajectory.

Hydration of phenol and fluoride

The fluctuations of water molecules in immediate vicinity of

the analyzed system are a main source of the observed

structural and energetic heterogeneities. Thus, the hydration

patterns are analyzed in the first place. Fig. 2 presents the

mean numbers of water molecules found within a defined

distance from either the center of aromatic ring or fluoride.

The selection radius was set to 3.0 Å and 4.0 Å, which

corresponds to the expected first and second solvation layers,

respectively. Interestingly, fluoride is highly solvated and on

average about five water molecules are tightly bound via short

and strong hydrogen bonds. Such interactions of water mole-

cules are only slightly dependent on the F� � �O1 separation

distance. For the shortest distance, the mean number of water

molecules around the fluoride is about 3.5 within 3.0 Å and

almost 5 for a sphere of 4.0 Å radius. Interestingly, these

values are smaller in comparison with free fluoride in water,

for which the expected coordination number is equal to six.

Fig. 1 The definition of the fluoride–phenol system for QM–MM

modeling. The fluoride along with phenol and the water molecules

marked by thick tubes define the HIGH layer treated on quantum

chemistry level. The rest of the water molecules (thin tubes) are within

the LOW layer analyzed via MM–AMBER force field.
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This represents the existence of [F(H2O)]6
� anion in water

solution. As may be inferred from Fig. 2, such a complex may

be formed for separation distances high enough since the mean

number of water molecules in the 4.0 Å proximity to fluoride is

about six in the case of 4.0 Å separation between the anion and

oxygen atom of the hydroxyl group of phenol molecule. If

fluoride is in a closer proximity to the hydroxyl group, there is

not enough room for full hydration and the number of water

molecules decreases to 5. The hydroxyl group of phenol is

expected to interact with six water molecules. The hydro-

phobic ring of benzene is not hydrated, except the one water

molecule above each side of the plane of the ring. Such a

description of hydration of the analyzed system is in good

agreement with chemical intuition, confirming the reliability of

the applied model.

Impact of fluoride proximity on the hydroxyl group mobility

It is reasonable to expect that the interactions of fluoride with

the hydroxyl group of phenol should affect the mobility of the

latter. Indeed, this is demonstrated in Fig. 3 by fluctuations of

F� � �H1 distances over time presented for different values of

F� � �O1 coordinate. At far remoteness of the fluoride, the range

of fluctuations of F� � �H1 values is large and frequently

increases up to 1 Å. This demonstrates almost unperturbed

rotation of the hydroxyl group. It is worth remembering that

the F� � �O1 distance is kept fixed during simulations. The closer

the fluoride is to the oxygen atom of the phenol, the more

significant is the fixing of H1 hydrogen atom of the hydroxyl

group with respect to the approaching anion. The smallest

variations of the F� � �H1 coordinate are of course observed if

strong binding of fluoride takes place. In the case of F� � �O1

distance equal to 2.6 Å or 2.8 Å, the variations are within

thermal fluctuations of phenol hydroxyl group. This indicates

that hydrogen atom is almost in the line between oxygen and

fluoride. At F� � �O1 separation equal to 3.0 Å, the mobility of

the H1 hydrogen atom becomes important, and at slightly

further separations (Z3.2 Å) the F� � �H1 hydrogen bond is no

longer expected to form. It is interesting to know if such

behavior of the H1 atom is accompanied by corresponding

rotation of the hydroxyl group. Fig. 4a presents the time

evolution of C2–C1–O1–H1 torsion angle (numbering of the

atoms in Fig. 1) for the nearest proximity of fluoride. Clearly,

there are two preferential conformations of the hydroxyl

group, which may be interpreted as syn and anti orientations

of OH with respect to the C2 atom of the ring. Obviously,

rotation of the OH group occurs during MD simulations, but

two positions are favored, which are roughly coplanar with the

benzene moiety. Keeping in mind that a strong hydrogen bond

is formed between fluoride and the H1 atom at this separation

distance (see Fig. 3), the intriguing movement of fluoride must

Fig. 2 The hydration layers formed around fluoride and the aromatic

ring of phenol characterized as the mean value of water molecules

estimated for each molecular dynamics run.

Fig. 3 Fluctuations of F� � �H1 separation distance as a function of

time for five distinct MD runs corresponding to different values of

F� � �O1 coordinate.

Fig. 4 Time evolution of selected coordinates defining orientation of

the hydroxyl group of phenol, C2–C1–O1–H1 torsion angle, (a) and the

position of fluoride with respect to phenol, F� � �H2 and F� � �H6, (b) in

the case of d(F� � �O1) = 2.6 Å.
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be accomplished with the rotation of the hydroxyl group.

Indeed, the analysis of time evolution of F� � �H2 and F� � �H6

(numbering of atoms in Fig. 1) separation distances coming

from the trajectory corresponding to F� � �O1 distance equal to

2.6 Å (Fig. 4b), leads to the conclusion that there is a direct

correlation between rotation of the OH group and the move-

ment of fluoride. In this case, the hydrogen bond formed via

the F� � �H1–O1 bridge is so strong that spontaneous flipping of

fluoride occurs. At higher F� � �O1 separations, where the

interactions of fluoride with the hydroxyl group of the phenol

molecule become screened by water molecules, this behavior is

not observed.

Mobility of fluoride

The final comment on the dynamic properties of the system

analyzed is related to the path of dissociation of the F� � �H1

hydrogen bond. In the gas phase, the fluoride is able to

interact with the H2 atom forming a bifurcated structure.

The same possibility is also observed in water solutions. As

a measure of the dissociation path the values of the F� � �H1–O1

angle may be chosen. In Fig. 5 the fluctuations of the values of

this angle as well as averaged data are presented. The inspec-

tion of these data leads to the conclusion that fluoride still

interacts with the phenol molecule even at relatively large

separation distances. This justifies a significant reduction of

the F� � �H1–O1 angle along the dissociation path. Interestingly,

at 4.0 Å separation distance, between fluoride and the oxygen

atom, the fluctuations of the F� � �H1–O1 angle indicate oscilla-

tions of fluoride toward the hydrogen atom in the ortho

position. On the contrary, in close proximity of the fluoride

and formations of the strong hydrogen bond with the OH

group, the average value of F� � �H1–O1 angle is close to 1701. A

systematic decrease of these parameters is observed as the

fluoride departs from the phenol system.

Structural properties (QM–MM study)

It is well known that polar solvents screen electrostatic inter-

actions. One of the measures of such an effect is the value of

the dielectric constant (e). For example, in the case of water

e = 78.5, which means that the electrostatic interactions

between point charges are about 80 times weaker in water

environment than in vacuum, if placed at the same distances.

Consequently, it is reasonable to expect that the impact of the

fluoride on the phenol aromaticity should be manifested to a

lesser extent in water solutions than in the vapor state. A

question immediately arises: which of the contemporary solva-

tion models is reliable enough to describe these phenomena?

Out of many possibilities, the explicit models seem to be the

best to choose since the polarized continuum solvation models

often overestimate the relaxation of molecular geometries.

One of the most spectacular examples is 4-NO-aniline, for

which the HOMA value changes from 0.922 in vapor at

B3LYP/6–311+G** level to 0.735, if estimated by the

IEFPCM model at the same level of theory.75,76 The observed

over 25% reduction of the aromatic character is rather a

method artifact than an experimentally confirmed property

of this compound. On the other hand, for most of the aromatic

species much less reduction of aromaticity is observed if the

PCM model is used. Thus, despite its inherent shortcoming

the PCM models may still offer valuable reference data. The

explicit solvent models are beneficial due to direct involvement

of the solute–solvent interactions. However, it is worth

mentioning that the TIP3P model of water molecules

overestimates77,78 hydrogen bond interaction between the

solute in QM layer and solvent molecules belonging to MM

part. In our model, all water molecules within 3 Å radius from

a hydroxyl group of either phenol or fluoride anion were

treated on QM level. Thus, such a drop of water in the nearest

vicinity to fluoride interacting with phenol is in fact treated as

‘‘extended’’ solute. Of course, the water model still affects the

structure of solvent molecules in the solute neighborhood.

However, in our QM–MM model the actual interactions

inside such ‘‘extended’’ solute are treated on the QM level

rather than MM. It is reasonable to expect that careful

selection of the size of the first hydration layer reduces artifacts

related to QM and MM frontiers. Some tests not mentioned in

the text were performed prior to actual calculations for

different radii of the first solvation layer. The results led to

the conclusion that increasing the number of water molecules

in the HIGH level did not affect significantly the structural and

energetic properties of the system analyzed. Furthermore, a

serious problem arises as concerns the selection of meaningful

conformations of solvent molecules around the solute

Fig. 5 The fluctuations of F� � �H1–O1 angle observed during MD simulations corresponding to two selected separation distances of F� � �O1 (a)

and averaged values of this angle estimated for all the analyzed trajectories (b).
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molecule. One of the frequently used ways is the so-called

quenching method, which takes snapshots from molecular

dynamics runs and uses them as initial conformations for

quantum chemistry calculations. This is a very promising

way if combined with hybrid quantum chemistry–molecular

mechanics methods, QM–MM. The solute along with a few

solvent molecules may be treated on an advanced quantum

chemistry level, while the rest of the solution may be mimicked

by explicit solvent within the MM framework. The definition

of these two regions may be based on chemical intuition and

adjusted according to a particular situation. Such a treatment

has simple chemical meaning and potentially may be imple-

mented for any kind of system. There is also an intermediate

way, which is a combination of the above two and is some-

times referred to as the microsolvated model. According to

this approach, the solute and a few explicit solvent molecules

are calculated as supermolecule either in vapor or within the

PCM framework. Again the source of particular conformation

may be the quenching MD runs.

Below there are presented and discussed the results of the

first two methods. In Fig. 6 the values of HOMA are plotted

against the F� � �O1 separation distance. The dotted line repre-

sents the impact of the fluoride on the structural aromaticity

index in the gas phase. The results of analogous calculations

performed in the implicit water solution within the IEFPCM

model are plotted as a solid black curve in Fig. 6. The expected

systematic reduction of aromaticity is observed in the latter

case for all separation distances of F� � �O1. The last set of data

presented in Fig. 6 corresponds to the QM–MM ONIOM

model. Interestingly, the fluctuations of HOMA values were

observed corresponding to different conformations of water

molecules around the solute. The explicit solvent molecules

impose solute geometry changes according to fluctuations of

the structure of its nearest neighborhood. This expresses the

inherent feature of any real system comprising the interactions

of discrete molecules. The averaged values, presented in Fig. 6

as the gray line, correspond to much higher HOMA values

than the ones estimated based on the IEFPCM model. The

observed fluctuations are the smallest in the case of high

separation distance of fluoride and at the same time the

predictions of PCM and ONIOM models are almost identical.

Fig. 7 presents structural and energetic properties of con-

formations corresponding to the lowest values of total energy.

It shows that the formation of a hydrogen bond between the

fluoride and the hydroxyl group of phenol is energetically

favorable in water. The energy penalty for breaking this

hydrogen bond equals at least 22 kcal mol�1.

As the F� � �H1 distance increases, there is a visible shortening

of the H1–O1 bond, which corresponds to the release of

interaction of phenol with fluoride. However, inspection of

the values of the F� � �H1–O1 angle suggests that the H1–O1

bond does not define the direction of the fluoride withdrawal.

On the contrary, within the analyzed F� � �O1 distances, the

values of the F� � �H1–O1 angle decrease, which is accomplished

with interactions of fluoride with the o-hydrogen atom of

phenol. This aspect was also revealed by analysis of the

molecular dynamics trajectories.

The influence of the fluoride approaching the phenol

molecule on the C1–O1 bond length is presented in Fig. 8.

Interestingly, distinct features are manifested in the gas phase

and in water solution. In the vapor state there is observed a

smooth and monotonous increase of the C1–O1 bond.

However, the path of fluoride separation influences the length

of this bond. In the case when the fluoride is carried away

along the F� � �H1–O1 line, a shortening of the C1–O1 bond is

observed as compared with free stray away of F� at the

corresponding fluoride separation distances. If the F� � �H1–O1

angle is kept constant at 1801, no bifurcate-like interactions of

fluoride are allowed with H2 or H6 hydrogen atoms. In this

Fig. 6 The values of structural measure of aromaticity, HOMA, as

the function of F� � �O1 separation distance estimated by QM and

QM–MM quantum chemistry studies at B3LYP/6–311+G** level.

Fig. 7 Structural and energetic properties of the lowest energy

conformations of the analyzed QM–MM systems. The values of

distances and angles are expressed in Angstroms and degrees,

respectively.
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case the C1–O1 bond varies from 1.330 Å to 1.359 Å within the

studied range of fluoride proximities. If the values of

F� � �H1–O1 angle are freely optimized, the elongation of

C1–O1 bond is visible and the corresponding interval spans

from 1.331 Å to 1.377 Å. Interestingly, in water solution

modeled within the explicit solvent model, the configuration-

dependent alterations of the C1–O1 bond take place. The

averaged values of this bond, plotted as a gray line in Fig. 8,

have a monotonous trend only for immediate vicinity of

fluoride. Starting from 3.2 Å separation of fluoride a slight

decrease of the C1–O1 bond is observed. However, these

changes are within standard deviation, which is equal to

0.008 Å. Thus, the screening of water molecules is evident,

and from the statistical point of view the populations of C1–O1

bonds are the same for different F� � �O1 separations. Thus, an

almost insignificant impact of the fluoride proximity on the

C1–O1 length is to be expected in water.

Conclusions

Most changes in bond lengths of a solute are related to specific

interactions of water molecules with charged parts of the

system studied. The direct inclusion of water molecules, even

only those forming the first solvation layer, significantly affects

the analyzed solute. Moreover, the conformation changes of

explicit water molecules found in the nearest neighborhood of

phenol impose structural fluctuations on the solute. This, in

turn, leads to fluctuations of aromaticity described by the

structural index. The second role of solvent molecules is the

screening of electrostatic interactions reducing the influence of

ions on the solute in comparison with the gas phase. The

highly polar and polarizable water molecules are particularly

active, significantly isolating the fluoride electrostatic field

from phenol. The dynamic properties inferred from trajectory

analysis also give insight into the behavior of the analyzed

solute in water solution. For long F� � �O distance the hydroxyl

group rotates almost freely; when the distance becomes

shorter, there appears a relatively strong H-bond between

hydrogen atom of the hydroxyl group and fluoride. This kind

of interaction is so strong that at short distance rotation of the

O–H� � �F� group was observed. Thus, the quenching MD

simulations accomplished with QM–MM geometry optimiza-

tions provide a promising way for the dynamic, structural and

energetic description of model bulk systems. Although this

approach is in good accord with chemical intuition, the careful

definition of applied model is indispensable for reducing

potential shortcomings and inherent method-related artifacts.
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