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Computations are presented for the ortho- and para-substituted benzyl algohdlibters. A variety of
conformers are predicted, and their relative energies are compared. Binding energies of the clusters are
computed, and detailed analysis is presented on the effects of substitution on the strength of the hydrogen bond
in the clusters. F- and NHsubstituted clusters are studied to analyze the effects of electron-withdrawing and
electron-pushing groups. In para-substituted clusters, the inductive effects are dominant, affecting the binding
energies in opposite way depending on whether the hydroxyl group is proton-donating or -accepting. For ortho-
substituted clusters, more direct involvement of the substituting group and the resulting geometry change of the
hydrogen bond should be invoked to elucidate complicated pattern of the binding energy of the clusters.
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Introduction water clusters can help reveal valuable information for the
configuration of solvent molecules around the solute. Thus,
Clusters have been given a lot of attention as intermediarthe binding energies of these interesting clusters, when pro-
structures lying between the isolated molecules and the fullperly computed, can yield direct meaning of the solvent-
solvated molecules in solution phase. Many solvent molesolute interactions measured, for example, by the chromato-
cules may interact with the solute in solution phase, and thgraphic methot!23on molecular scale. Particularly interest-
properties of the solute molecule in solution would dependng is the role of the differences in the structures of the
on the configuration of the solvents around it in very compli-functional groups in yielding differential hydrogen bonding
cated fashion. One approach to treat this situation is tavith the water molecules. For example, in the analysis of the
employ the approximations based on polarizable continuurhydrogen bonding in phenol-{8), and benzyl alcohol-
model}? in which the solvent is considered as continuum(H-O),(n = 1-4) clusters and the corresponding clusters with
parametrized by bulk property such as the dielectric constarihe methanol molecules, we shoffatiat the differences in
Alternatively, the solution phase may be approximated ashe binding energies of these clusters may largely be
clusters**’when only a small number of solvents moleculesexplained by the differences in the acidity and the hydrogen
affect the properties of solute. When a specific functionabonding basicity of the organic alcohols and the “solvent”
group of the solute interacts with solvent molecules, themolecules in the system. This suggests that the electrostatic
cluster model may serve as good model system of theffects of the functional groups and the water and the
solution, since the interactions with the solvent molecules itmethanol molecules are primarily important in determining
the immediate vicinity of the functional group would largely the interactions. Other effects (such as streric) are considered
determine the properties of the solution, while other solvento play minor role in these systems. However, they may
molecules may safely be considered as “spectators”. affect the strengths of the hydrogen bonding to a larger
The interactions between the hydroxyl group of the organi@legree in other clusters.
alcohol and the water molecules in aqueous solution are In the present study, we investigate the effects of different
such case, where the cluster model may be very useful type of interactions (inductive, steric, intramolecular hydrogen
understand the effects of solvent configurations. Specificallyponding, etc.) on the binding energies of the benzyl alcohol
the binding energies of organic alcohol - water clusters caderivative-HO clusters by studying the effects of the sub-
be very useful guide to elucidate the local arrangement aoftitution by functional groups (-F, and -MHat ortho or para
solvent molecules around the solute in solution phase, and fmositions. In the para-subsituted clusters, for which the
understand the differential interactione.( hydrogen bond- effects may be safely considered as mostly inductive, the
ing),*®1° between a variety of functional groups in the influence of the substituted functional groups depends on
organic alcohol with the water molecules. Combined withwhether the hydroxyl group is proton-donating or accepting:
the experimental studies based on the infrared (IR) spectrdhe binding energy of the cluster increases (decreases) by the
scopy and the supersonic beam technique, computational studiectron-withdrawing substituent when the OH group is
of the structures and binding energies of organic alcoholproton-donating (-accepting), and the reverse is true for the
elecron-pushing substituents. For ortho substitution, however,
"This work is dedicated to Professor Kyung-Hoon Jung at KAIST the presence of the substituents may significantly alter the
who has inspired us so much. local structures of the OH-water interactions, and the effects
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of the intramolecular hydrogen bonding and the steric factorable 1 Computed energies, zero point energies (ZPE) and binding
may also affect the strengths of the hydrogen bonding inergies (BE) of the clusters

very complicated fashion. Energy  ZPE BE  Role of phenolic
(Hartree) (kcal/mol)(kcal/mol)  OH group

H20 -76.03123 14.51

) . . . Benzyl alcohol -344.61723 89.66
In this study all the calculations were carried out using thgsenzyl alcohol-

GAUSSIAN 98W set of prograni§ Bond lengths and angles  H,0

are computed along with the zero-point energies by employ-(B1) -420.65694 105.82 3.67 Proton-donating
ing the HF/6-31+G** basis set. Since we are mostly interest- (B2) -420.65627 105.89  3.17 Proton-accepting
ed in the difference between the binding energies of the-fluorobenzyl- -443.47067 84.28

unsubstituted and the substituted benzyl alcohol-wateralcohol

clusters to elucidate the role of substituting group, weP-fluorobenzyl-

Computational Methods

employ fairly simple theoretical model (HF/6-31+G**) in aFl)cggtil)-l-bO 510.51043 10036 378 Proton-donating
the present work. The results presented below indicate thaEp-FBZ) 519.50949 100.52 3.03 Proton-accepting

this model could elucidate the role of electron-withdrawing :
. . ~p-aminobenzyl-
and electron-pushing substituents on the hydrogen bonding,;.qno -399.65334 100.51
in various types of the substituted benzyl alcohol-watef, aminobenzyl-
clusters in a systematic way. The stationary conformers areycohol-H0O

obtained by verifying that all the harmonic frequencies be (p-AB1) -475.69286 117.10  3.45 Proton-donating
real. The binding energies are computed as the differencép-AB2) -475.69283 117.08  3.45 Proton-accepting
between the energy of the clusters and the sum of the-fluorobenzyl-
energies of the separated fragments, corrected for zero-poirdicohol -443.47076  84.44
energies. o-fluorobenzyl-
alcohol-HO
Results (o-FB11) -519.51055 100.28  4.04 Proton-donating
(o-FB12) -519.51030 100.74  3.42 Proton-donating

. L . . (o-FB13) -519.51030 100.63  3.41 Proton-accepting
We first compute the binding energies of the unsubstltuted(o_FBl4) -519.51010 100.55 2.83 Proton-accepting

benzyl alcohol-water clusters to compare with those of the
substituted benzyl alcohol-water clusters. The structures and
the binding energies are given in Figure 1 and Table land almost in perpendicular position relative to the phenyl
respectively. We find two stationary structures for the benzyting, while it orients parallel to the phenyl ring in B2. The
alcohol-water clusters. In the conformer B1, the alcoholiceffects of the substituents on the weak interactions in the
OH group acts as proton donor to the water molecule, whilaromatic alcohol-water clusters may be quite complicated to
it accepts proton in the second conformer B2. The bindingnalyze. First, the substituting group may influence the
energies of B1 and B2 are 3.67 and 3.17 kcal/mol, respedwdrogen bonding between the hydroxyl and the water
tively. The orientation of the binding water molecule in B1 molecule through the phenyl ring by inductive effects. In
and B2 are different: In B1, the water molecule lies abovehis case, the electron-withdrawing or electron-donating
tendency of the substituting group would be the critical
factor to affect the strengths of the hydrogen bonds. For
para-substituted benzyl alcohol, this effect will be most
4 ‘. 2 important, because the substituting group is rather isolated
from the hydrogen bond. For ortho-substituted benzyl alcohal,
q on the other hand, the substituting group is very close to the

o ‘ hydrogen bond between the hydroxyl and the water molecule,

4 ‘r_m.l'.! and thus may directly interact either with the hydroxyl group
F) or the water molecule. In some instances, it is expected that

1 the substituting group may alter the local structures of the
clusters near the hydrogen bond so that they are completely

{ different from those of the phenol-water cluster. Therefore,

> L we first compute the structures and the binding energies of

SNt
r‘;&—{ {J HM- il the conformers of para-substituted benzyl alcohol to isolate
- ?— i
B2

B

. the inductive effects of the substituting group through the
phenyl ring. We investigate the effects of substitution by -F
and -NH group at the para position as typical example of

Figure 1. Computed structures of benzyl alcoheHclusters (81 €lectron-withdrawing and electron-donating group, respec-
and B2). tively.
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The computed structures and the energies of the p-fluorc 4
benzyl alcohol-HO clusters are given in Figure 2 and Table ‘.
1. We obtain two isomers (p-FB1 and p-FB2), of which p- tl.f

FBL1 is of lower energy. In this isomer, the hydroxyl group is w
proton-donor to the water molecule, while in p-FB2, it acts - il f——mﬂ_‘
as proton-acceptor. Since the fluorine is at para-position, o

direct interaction between hydroxyl and fluorine is extremely PR

unlikely. This indicates that the difference in the binding

energy related to that of benzyl alcohoeltHclusters signifies ‘ -+

the inductive effects of fluorine. It is also worth noting that < %_ L 2 Q'
their local structures of p-FB1 and p-FB2 are quite similar tc ' f—“‘}:jHJ
those of the corresponding benzyl alcoheBHtlusters, B1 ol

and B2, shown in Figure 1. The computed binding energie i i p-ARZ
for of p-FB1 and p-FB2 are 3.78 and 3.03 kcal/mole, respec
tively. This finding suggests that the substitution by fluorineFigure 3. Computed structures of p-aminobenzyl alcohgDH
atom at the para position affects the binding energy of thclusters (p-AB1 and p-AB2).
cluster in opposite fashion, depending on weather the hydroxy.
group is proton-donating or proton-accepting, since thehe amino group acts atectron-donatingubstituent. If the
binding energy of the p-fluorobenzyl alcohoj®cluster p-  change in the binding energy of the p-fluorobenzyl alcohol-
FB1 is larger than that (3.67 kcal/mole) of the benzylwater cluster from that of the corresponding fluorobenzyl
alcohol-HO cluster B1, while the binding energy of p-FB2 alcohol-water cluster is indeed due to the inductive effects of
is smaller than that (3.17 kcal/mole) of B2. This interestingthe electron-withdrawing-F group, then the substitution by
behavior of the binding energy can be understood byNH; at the para position would give changes in the binding
considering that the electron-withdrawing effect of theenergy in exactly the reverse way. Two isomers of the p-
fluorine at the para-position tends to reduce the partiahminobenzyl alcohol-O clusters are found (Figure 3). One
negative charge of the oxygen atom and to increase thisomer (p-AB1) is the structure in which the hydroxyl is a
partial positive charge of the hydrogen atom of the hydroxybroton-donor, while for the other (p-AB2) it is proton-
group. As the result, the acidity of the hydrogen atomaccepting. According to the analysis given above, the bind-
increases and the hydrogen bonding basicity of the oxygeimg energy of the cluster would decrease when the hydroxyl
atom of the hydroxyl group decreases. Thus, when thacts as proton-donor, and increase when it acts as proton-
hydroxyl group acts as proton-donor (acid) as in the p-FBXJcceptor. The computed binding energies of p-AB1 and p-
cluster, the hydrogen bonding is strengthened by the fluorindB2 are very similar to each other, being about 3.45, as
atom at the para-position, while the reverse is true for p-FBZjiven in Table 1. As expected, the binding energy of p-AB1
in which the hydroxyl group is proton-accepting. (p-AB2) is smaller (larger) than the corresponding benzyl
By the same reasoning, the substitution by an electroralcohol-HO cluster B1 (B2).
donating group at the para position would decrease The structures of o-fluorobenzyl alcohol are shown in
(increase) the bonding energy of the clusters containing thEigure 4. It can be seen that the structures of o-fluorobenzyl
proton-donating (accepting) hydroxyl group. In order toalcohol are rather different from those of p-fluorobenzyl
confirm this prediction, we also compute the binding ener-alcohol. In the ortho-substituted isomers, the fluorine atom
gies of the p-aminobenzyl alcohob®l clusters, in which can directly participate in hydrogen bonding with the
hydroxyl group. One isomer (0-FB1) contains intramolecular
interactions, while the other (0-FB2) does not. The energies
4 ‘_J of the two isomers are very similar, the difference being only
Ef 0.006 kcal/mole. In order to analyze the binding energies of
ﬁ {— ] J the ortho-substituted benzyl alcohol-water clusters, the di-
o Y hedral angle of the carbon-carbon bond connecting the
f_ ' Hﬂf‘* phenyl ring and the -Ci#®H group should be taken into
n-EB consideration, since the carbon-carbon bond may rotate to
form more favorable hydrogen bond. This dihedral angle
3— 4 may depend sensitively on the environment around the func-
4 o tional groups in the molecule. In the bare benzyl alcohol, for
‘}—H 8 P d‘ example, the dihedral angle is 43&hile those of the two
4 j’_f f—“-m_ o isomers of o-fluorobenzyl alcohol are 11%5(2-FB1) and
) 21.9 (0-FB2). It indicates that the C-C bond in o-FB1
ad rotates to form intramolecular hydrogen bond between the

Figure 2. Computed structures of p-fluorobenzyl alcoheH fluorine atom and the hydroxyl group. In other words, the
clusters (p-FB1 and p-FB2). increase in energy by forming hydrogen bond overwhelms
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clusters (0-FB13, 0-FB14). Proton-accepting OH group.
Figure 4. Computed structures of o-fluorobenzyl alcohol (o-FB1,
o-FB2).

of the unsubtituted and the substituted benzyl alcohol-water

clusters are quite similar to each other, it may be possible to
the decrease in energy by the rotation of the carbon-carbassume that the other factors than the inductive effects be
bond. The structures of the o-fluorobenzyl alcohgDH similar in both clusters, and it will be easier to analyze the
clusters are shown in Figure 5 and Figure 6. Four structuréaductive effects. Since the structure of 0-FB11 is similar to
are found. In the two structures given in Figure 5, o-FB11that of B1, it would be quite useful to compare their binding
and 0-FB12, the hydroxyl groups act as proton-donor. In thenergies. As given in Table 1, the binding energy of o-FB11
others two isomers (0-FB13 and o-FB14), they are proton{4.04 kcal/mole) is larger than that (3.67 kcal/mole) of B1.
accepting. The binding energies of 0-FB11 and o-FB14Thus, the binding energy increases to some degree by sub-
which are of lower energy of the two isomers given institution of fluorine at the ortho-position. On the other hand,
Figure 5 and Figure 6, are 4.04 and 3.41 kcal/mole, respethe binding energy (2.83 kcal/mole) of 0-FB13, whose struc-
tively. In o-FB14 the OH group displays intramolecular ture is similar to that of B2, is smaller than that (3.17 kcal/
interactions between the proton of the hydroxyl and fluorinemole) of B2. Since the hydroxyl group is proton-donor in the
atom, while in 0-FB11 it does not. Since the binding enerformer case (0-FB11 and B1), while it is proton-accepting in
gies of the o-fluorobenzyl alcohol:8 clusters can be the latter clusters (0-FB13 and B2), this observation is in line
affected by so many factors, such as the inductive effectsyith the case of the para-substituted clusters discussed above.
intramolecular hydrogen bondginteraction with benzene Some of the computed binding energies, however, are subtler
ring, and the rotation of the C-C bond, etc., it will be quiteto analyze. For example, the binding energy of o-FB14 is
difficult to resolve the effects of each factor. If the structurescomputed to be larger than that of B2. Since the various
factors affecting the binding energy cannot be easily
separated in this case, the difference in the binding energies
of these two clusters are more difficult to elucidate.
However, we can give at least some qualitative explanation
for the observation. In the o0-FB14 cluster, extended

o=FE11

<
1% o

Figure 5. Computed structures of o-fluorobenzyl alcohe®GH
clusters (0-FB11, 0-FB12). Proton-donating OH group.

a-FB12

hydrogen bonding network is formed among the fluorine,

the hydroxyl group, and water. These three moieties are
arranged approximately linearly along the hydrogen bond in
the same plane. This configuration may make the hydrogen
bond between fluorine and the hydroxyl, and that between
water and the hydroxyl rather strong, rendering the binding
energy of 0-FB14 a little larger than that of B2.

Conclusion

We find that the effects of substitution at the para-position
are entirely inductive, and the analysis of the binding ener-
gies of the para-substituted benzyl alcohgbDHlusters is
quite straightforward: When electron-withdrawing group is
substituted at the para-position, the binding energy of the
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cluster containing proton-donating (-accepting) hydroxyl 8.
group increases (decreases), while the reverse is true for
electron-donating substituents. For the ortho-substitued®
clusters, the substituents may directly bond with the hydrox,
yl group or the water molecule, or induce considerable
changes in the local structure near the hydrogen bond. Thusl.
in addition to the inductive effects, other factors such ad?:
intramolecular hydrogen bondginteraction with benzene
ring, and the rotation of the C-C bond may also significantly; ,
affect the binding energies of the clusters. The role of the
inductive effects may be elucidated only when the structuress.
of the unsubstituted and the substituted clusters are similakS:
Experimental studies on these clusters will be highly17
intriguing and desirable.
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