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Structure, stability, and hydrogen-bonding interaction in phenol, water, and pheatdr clusters have been
investigated using ab initio and density functional theoretical (DFT) methods and using various topological
features of electron density. Calculated interaction energies at MP2/6-31G* level for clusters with similar
hydrogen-bonding pattern reveal that intermolecular interaction in phenol clusters is slightly stronger than in
water clusters. However, fusion of phenol and water clusters leads to stability that is akin to th#& of H
clusters. The presence of hydrogen bond critical points (HBCP) and the valygs)oind Vo(r.) at the
HBCPs provide an insight into the nature of closed shell interaction in hydrogen-bonded clusters. It is shown
that the calculated values of tofa(r ) and V?p(r.) of all the clusters vary linearly with the interaction energy.

Introduction bonded clusters. Since phenol is the simplest aromatic alcohol
and has the chromophore of an aromatic amino acid, hydration
of phenol molecules has been studied as a natural first step to
understand hydrogen bonding that represents sokdkent
interaction in biological systems. Studies on phenehter (PW)
clusters have shed much light on the geometries of the clusters
and the nature of hydrogen bonding ther®i#*3° Various
theoretical and experimental studies have revealed that the
hydrogen bonding in PW clusters is similar to that of #2439
Structure and stability of the hydrogen-bonded complexes of
one phenol molecule with one to four water molecules have

Studies on hydrogen bonding in several model systems have
been carried out over the years, with a view to understand
various chemical and biochemical processes in real life sys-
tems!? Numerous experimental and theoretical studies have
been undertaken on a variety of small molecular clusters to probe
solvation phenomena, as solvation effects play an important role
in defining structural and functional aspects of biological
macromolecules.® Substantial advances in molecular modeling
and experimental techniques in recent years have made it
possible to obtain a finer level of understanding of the hydrogen- : . . -
bonding interaction in a variety of molecular clustéiSuper- b?e’_‘ mve;itlg_ated at various levels of ab initio ”“?OW by
sonic molecular beam techniques have enabled the study of sizeDiMitrova= His studies revealed that for complexes with two,

selected gas-phase molecular clusters and have provided moleculdfree: a“O_' four water molecules, the most stable structure was
level insight into the bulk propertiés® The double-resonance & Planar ring. A second-order MgliePlesset (MP2) perturba-
tion theoretic study using interaction-optimized doublptus

laser spectroscopic techniques have provided structural informa- e - b -
polarization basis set has revealed the existence of three different

tion on various molecular clustet3Ab initio calculations at arieds 26 ‘
different levels of theoretical rigor have been carried out to Minima in the phenetwater complex® Benoit and Clary have

explore the structure, stability, and strength of hydrogen bonding Studied phenotwater clustggrs using rigid-body diffusion quan-
in these clusters. Three thematic issues of one review journaltUm Monte Carlo method:**Earlier studies suggested that the

have been devoted to the properties of van der Waals (vdW) interaction involved in_ PW clusterg is similar in strength to _the
clusters~8 In an earlier paper, we have reported on the structure z-hydrogen bongd® Ab initio calculations have also been_carrled
and stability of water clusters (\Wof size up ton = 2020 Very out for the electronic ground state and_the lowest excited state
recently, alternative models for the dynamics of low-energy ©f Phenol and complexes of phenol with water and ammonia
states of water trimer have been addressed using a simplednd the corresponding catioffs.
perturbation treatment, which reproduces the experimental Vibrational spectroscopy of phenol and phenaiater mixed
results?! The hydration patterns for aldehydes and amides have clusters have suggested possible geometries f@ng B and
been explored with the help of ab initio calculations by PWh,, wheren = 1-51°However, there is not much information
examining the electrostatic topographical featdfelrdan and available on the mixed clusters of thgW,, (m > 1) type. Since
collaborators have made seminal contributions in understandingthe participation of phenolie-OH group in hydrogen bonding
the structure of water clusters in organic hosts, various structuralis similar to that in water clusters, it is natural to expect the
motifs in water cluster interactions with small molecules, and hydrogen-bonding pattern of pheralater mixed clusters to
also on graphite surfaces, using both theoretical and experi-be similar to that in water clusters. Hence, a systematic study
mental method%? has been undertaken to predict the geometries ¥, P(m =
Similar to water molecules, phenol (P) molecules can interact 1-3,n = 1—3, m+ n < 4) clusters and to compare them with
with each other and also with water molecules to form hydrogen- the corresponding geometries forVWs, W4, Py, Ps, and R.

The theory of atoms-in-molecules (AIM) allows one to
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Figure 1. Optimized molecular structure of various phenol, water, and phemater clusters.

thereby provides a definition of a chemical bond through bond calculated using the supermolecule approach and corrected for
path and bond critical point (BCP). A BCP is a point at which basis set superposition error (BSSE) using the counterpoise (CP)

the gradient vectorY) of electron density vanishe¥p(r) = procedure suggested by Boys and Berrfirdi
0). It is invariably found between two bonded nuclei of a
molecule in its equilibrium geometry. Bad&has done pioneer- SE= E¢uster— { Epm + Ewn} (1)

ing work on AIM theory and its applications. Popelier and co-
workers have also made noteworthy contributions to further
improvement of AIM theory and its applications to various
chemical bonding issu¢3-** Bone and Bader carried out an

whereEcysteris the total energy of a cluster aiiith,, and Ewn

are the total energies of phenol and water molecules/clusters
; . i calculated using the CP method with the same basis set. The
AIM _anaIyS|s on several configurations of :_)/dW complgxgs of AIM calculations were carried out using the wave functions
Ar with CO, CoHa, OCS, and S@molecules®® Several criteria generated from the ab initio calculations with the help of
based on AIM theory have been proposed to charactenzeAWIZOOO packagél

hydrogen bond&!#6The cooperative enhancement of inter- and '

intramolecular hydrogen-bonding interactipns in a variety of b.cits and Discussion

molecular clusters has also been described using the AIM

approacH’—33 AIM theory has been used to investigate the blue- ~ The molecular structure of different®/, clusters as obtained
shifting hydrogen bonds al$8.The topological descriptors  from HF/6-31G* calculations is presented in Figure 1. For water
obtained from AIM theory and electron localization function clusters, the ©H bond length varies from 0.9467 A to 0.9609
have been employed to distinguish weak, medium, and strongA, while the H-O—H angle varies from 105.490 105.78, in
hydrogen bonds in various molecular systeéfing? Grabowski agreement with the previously reported values in the literdfure.
used ab initio methods and AIM theory to understand hydrogen A comparison of the geometrical features reveals that the core
bonding in R-C=N...HF and R-C=N...HCI complexes§? structure of hydrogen-bonded phenol clusters and phewmater
Subramanian et af® have applied AIM theory to understand mixed clusters is similar to that of water clustéts-or the

the interaction of He, Ne, and Ar with HF and HCI. Bader type analysis of the strength of hydrogen bondingGEs are
analysis has been made on di-hydrogen-bonded complexes irconsidered. The stabilization energies and the number of
the framework of high-level post-Hartre&ock theory. The hydrogen bondsNyg) in these clusters as determined using the
success of AIM theory in characterizing hydrogen bonding in supermolecule approach are listed in Table 1. [8# results
various canonical and noncanonical DNA pairs has been have been corrected for basis set superposition error|Se
demonstrated recentd.In the present investigation, hydrogen for phenolic clusters are, in general, comparable to those for
bonding in phenol, water, and pherabater clusters has been the corresponding water clusters. A closer examination, how-
analyzed with the help of topological and integrated atomic ever, reveals some interesting features.

properties of electron density. The most stable form of water dimer has ong-®...0,
hydrogen bond, where d and a refer to the donor and acceptor
Computational Details atoms, respectively, and so does the phenol dimer. In addition,

there are two weak €H...O hydrogen bonds (see Figure 4).
The geometries of all RV, clusters were optimized using  These are, in a sense, formed by geometrical constraints. Since

computationally manageable, meaningfully large basis setthe CG-O distance in &H...O is 3.7 A, it could be considered
6-31G* at Hartree-Fock (HF), MP2, and density functional a weak hydrogen bond. Such a view gets reinforced when we
theory (DFT) with B3LYP parametrization levels of theory using examine the topological characteristics of the electron density
the G98W suite of progrant8.Frequency calculations were map for the system. The MP2 calculation predicts a slightly
carried out at HF level and scaled by 0.8929 as is the standardlarger|SE for P, than for W, which is presumably because of
practice?® Stabilization energies (SE) of all clusters have been a larger contribution from the electron correlation (dispersion
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TABLE 1: Number of Hydrogen Bonds (Nyg) and
Stabilization Energies (SE|) for Py, W,, and P,W, Clusters
as Obtained from Different Levels of Calculation Using
6-31G* Basis Set
Nus |SE (kcal/mol) tpas

clusters  primary  secondary HF MP2  DFT/B3LYP

3 | Pa
P, 1 2 4.3 5.7 4.8 : 2
W, 1 47 52 5.4 mPW
PW 1 1 6.3 7.3 7.7 B P
Ps 3 1 12.8 17.7 15.6
Ws 3 141 166 18.9 - Sl
PW, 3 14.5 17.1 18.9 W
ij 2 4 égg éﬁg gg Figure 2. Superimposed structures of, RV, and mixed phenet
W, 4 25.3 30.7 35.2 water clusters.
PW; 4 1 25.0 30.1 33.6
P,W, 4 2 24.9 31.1 32.7
PsW 4 2 23.6 30.9 30.4

energy), arising from the interaction between the phenyl rifgs.
However, the DFT calculation predicts a slightly low&g
for P, than for W reflecting the limitations of the predictive
power of the B3LYP exchange and correlation functionals.
The mixed dimer of PW can, in principle, exist in two
forms: one in which phenol acts as the proton donor and another
in which water acts as the donor. Since phenol is more acidic
(pKa = 10) than water, it does not come as a surprise that the
most stable form of PW has phenol acting as the proton donor,
with a |[SH of 6.3, 7.3, and 7.7 kcal/mol, respectively, at HF,
MP2, and DFT levels of computation. This includes the strength _ )
of an Q—H...O, hydrogen bond and a weak secondag-C Figure 3. Hydrogen-bonded arrangement of phenol tetrameric cluster.

H...Q, interaction (see Figure 4). all the clusters R W4, and R\W, (m+ n = 4) superimposed in
While HF and DFT calculations predict a slightly low&H Figure 2 show clearly the common core four-membered ring

for P; than for W5, MP2 calculations predict a slightly larger  structure.

|SE for P; than for Ws. The phenolic trimer forms a ring Hydrogen-bonding distances (A) in phenol, water, and

structure very similar to that of the water trimer. Understandably, phenol-water clusters at HF and MP2 levels are listed in Table
the three phenyl rings are out-of-plane with respect to each other.2. It can be seen that they©H...O, bond distance is slightly
The mixed trimers PWand BW also show similar three-  larger in B and R than in W5 and W, presumably because of
membered ring structures with comparable stability. The the steric hindrance between phenyl groups in the former. The
geometries of the trimers are such that there is no room for replacement of a water molecule by a phenol molecule in water

Cyq—H...O; bond formation. The €H...7r type of weak inter- tetramer increases theq©H...O, intermolecular distance. A
action is evident from the topological features corresponding similar effect can also been seen in the other mixed clusters.
to the phenol trimer. The cluster formed by two water and two phenol molecules

For the tetramers also, the HF and DFT calculations predict shows interesting structural features. The two planar aromatic
a lower|SH for P4 than for W,. The MP2 calculations, on the  rings are not parallel to each other and they form a basket type
other hand, suggest;fo have a slightly largefSE than W,. of a structure. In the phenol tetramer, the two aromatic rings
This is in keeping with the presence of four additional weak are parallel to each other with a reasonable slide as dictated by
bonds in R (see Figure 4). In the mixed tetrameric clusters, the hydrogen-bonded core structure and they form a kind of a
PsW has a weak g¢-H...C, bond and BW, and PW have displaced stacking structure as illustrated in Figure 3. The
Cq—H...Os bonds with similar|SE values. The structures of  stacking distance between two phenyl rings is about 3.5 A, in

TABLE 2: Hydrogen-Bonding Distances (A) in Phenol, Water, and PhenotWater Clusters, as Obtained from HF and MP2
Calculations

range of primary range of secondary
hydrogen bond (OH...O) distances (A) hydrogen bond distances (A)
clusters HF/6-31G* MP2/6-31G* HF/6-31G* MP2/6-31G*
P, 2.959 2.879 3.6673.734 (CH...0) 3.4183.439 (CH...O)
W, 2.969 2.927
PW 2.901 2.848 3.636 (CH...O) 3.487 (CH...O)
Ps 2.867-2.884 2.755-2.798 4.271(CH.x) 3.610 (CH.x)
W3 2.859-2.876 2.7842.797
PW, 2.813-2.961 2.746-2.855
P, W 2.810-2.934 2.736-2.830
P4 2.845-2.858 2.732-2.738 4.2074.342 (CH...C & CH...0) 3.7884.331 (CH...C & CH...0)
W, 2.825-2.826 2.751
PW; 2.784-2.901 2.706-2.803 3.556 (CH...0) 3.333 (CH...0)
PW, 2.796-2.868 2.715-2.769 3.595-3.597 (CH...O) 3.394 (CH...O)

PswW 2.789-2.889 2.71+2.784 3.612-4.188 (CH...O & CH...H) 3.3393.730 (CH...0 & CH...H)
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Figure 4. Molecular topography of phenol, water, and phenshter clusters as obtained from theoretical electron density. Bond critical points are
denoted by red dots and the ring critical points by yellow dots.

TABLE 3: Electron Density p(rc) and Laplacian of Electron Density (V2p(rc)) for Various Phenol—Water Clusters
primary hydrogen bond

secondary hydrogen bond

clusters electron density (gfa  Laplacian of electron density (g2 electron density (e/8) Laplacian of electron density (e’
P, 0.021 0.019 0.0030.004 0.004-0.005
W, 0.021 0.018
PW 0.025 0.022 0.004 0.005
P 0.021-0.022 0.0190.020 0.002 0.002
W3 0.022-0.024 0.0190.020
PW, 0.017-0.028 0.0150.024
P,W 0.018-0.027 0.0160.023
Py 0.025-0.028 0.0220.024 0.002-0.003 0.002-0.003
W, 0.029 0.025
PW; 0.024-0.033 0.0260.028 0.005 0.005
PW, 0.025-0.032 0.0220.027 0.005 0.005
PsW 0.024-0.033 0.02%0.028 0.003-0.004 0.002-0.005

close agreement with the stacking in othersz systems and

between base pairs in DN%.

AIM Analysis of Hydrogen-Bonded Clusters. The AIM
approach is useful in examining the topological features of in all the mixed clusters.
electron density maps for hydrogen-bonded, di-hydrogen-
bonded, and van der Waals comple&$’ The presence of

tetramers, the basic£©H...O, hydrogen-bonded core structure
is analogous to that of W The existence of the additional
C—H...O, weak C-H...C, and C-H...H interaction can be seen

According to the AIM theory, topological atoms are defined
as regions in space consisting of bundle of electron density

bond critical points has been used as one of the criteria for gradient paths attracted to the nucléi®ecause of its firm
identifying the presence of hydrogen bonding in any intermo- theoretical footing in quantum mechanics, the AIM theory can
be considered as a partitioning scheme to understand the

lecular complex. The values of(rc) and VZp(ro) for the
hydrogen bonds present in\®/,, clusters are listed in Table 3.
The existence of E&-H...O, type of interaction in some of the

properties of atoms in molecules. Hence, the AIM theory can
be used to probe the properties of atoms in intermolecular

clusters is revealed by the presence of additional hydrogen bondcomplexes also. In this study, the integrated atomic properties
critical points and the magnitude of the corresponding topologi- of hydrogen atoms have been used to understand the nature of
cal parameters. The molecular electron density topography of hydrogen bonding in various clusters. Cubero et al. have used
various clusters is shown in Figure 4. The red and yellow dots the AIM theory to distinguish hydrogen bonding from anti-
indicate bond critical points and ring critical points, respectively. hydrogen bonding and have provided an atomic rationale for
It is clear from the figure that there are bond critical points the blue shift in anti-hydrogen bon&%Their results showed
corresponding to the secondary weak hydrogen bonding interac-that the hydrogen-bonding criteria based on the AIM theory
tion in P, PW, B, P4, PW5, PWs, and BW clusters. It is also are met by the nonconventional di-hydrogen bonding as in
clear from Table 3 and Figure 4 that the presence of secondaryC—H...H also. However, they found that to differentiate
weak hydrogen bonding adds to the stability of different phenol hydrogen bonding from anti-hydrogen bonding, it is necessary
and phenctwater clusters. The formation of a ring structure to supplement Popelier's criteffawith information on the

in W3, P;, and the mixed clusters PM&nd BW is evident from changes in electron density and other properties of the donor
the presence of ring critical points. In phenol trimer, it is possible X —H bond, upon complexation. The Popelier critétiased to

to identify C—H...7 interaction, in addition to the threes© gain insight into hydrogen bonds include (1) correct topological
H...0, hydrogen-bonding interactions. Iny Rnd the mixed pattern (bond critical point and gradient path), (2) appropriate
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values of electron density at the BCP, (3) proper value of
Laplacian of electron density at the BCP, and (4) mutual
penetration of hydrogen and acceptor atoms. The criteria
pertaining to integrated properties of hydrogen atoms involve
(5) an increase of net positive charge, (6) an energy destabiliza-
tion, (7) a decrease in dipolar polarization, and finally (8) a
decrease in atomic volume.

The loss of electron density on hydrogen atoms has been used
as one of the criteria for hydrogen bonding. Charges on
hydrogen atoms in isolated phenol and water molecules and in
the clusters have been computed by integrating the electron
density in the appropriate hydrogen atom region partitioned by
the AIM theory. The resulting values listed in Table 4 show
clearly that the hydrogen nuclei are deshielded upon hydrogen
bond formation. The magnitude of this effect ranges from 0.04
to 0.08 au for the different clusters. Similar variations have been
observed in previous studies on hydrogen-bonded compféxes.

Another property of hydrogen bonding is the energy desta-
bilization of the hydrogen atom, which can be derived from
the difference between atomic energies of the hydrogen atoms
in the clusters and the isolated molecules. The results presented
in Table 4 indicate that this quantity is positive in all the cases
and it varies from 0.03 to 0.05 au. It can be seen that hydrogen
bond formation necessarily destabilizes the hydrogen atoms that
are involved in the bonding.

Popelier had also pointed out that the first moment of the
charge distribution, which is a measure of the dipolar polariza-
tion, for hydrogen atom decreases upon formation of a hydrogen
bond. The first moments for the hydrogen atom in the isolated
molecules and in clusters are listed in Table 4. It is clear that
hydrogen bonding leads to a decrease in the first moment of
hydrogen atoms participating in hydrogen bonding and this
decrease ranges from 0.02 to 0.05 au, in accordance with the
earlier findings*+50

The decrease in atomic volume of hydrogen upon hydrogen
bond formation has also been used as a criterion for hydrogen
bonding. The atomic volume corresponding to hydrogen in
isolated water and phenol molecules and in clusters of phenol,
water, and phenelwater as computed from AIM theory is
reported in Table 4. Clearly, there is a decrease in atomic volume
of 5—9 au upon formation of hydrogen bond.

Relationship between Total Electron Density and Hydro-
gen-Bonding Interaction Energy.There are several reports on
the use of electron density and its Laplacian as a descriptor to
quantify the strength of hydrogen bort§$5571t is found that
the sums of electron density (o(r¢)) and its Laplacian) V2p-

(rc)) at all HBCPs bear a linear relationship with the stabilization
energy for all the hydrogen-bonded clusters as illustrated in
Figure 5. A linear regression analysis yields

@)
®)

stabilization energy= 212.62 o(ro)
stabilization energy= 248.2°y N (A

The correlation coefficient is nearly unity in both the cases.
It can be seen from Figure 5a and 5b that the hydrogen-bonded
clusters havingSH in the range of 525 kcal/mol show three
clusters in the density region between 0.020 and 0.12% e/a
corresponding to the dimers, trimers, and tetramers, respectively.
It is interesting to observe from the linear fit that the total density
of the phenol and phenelwater mixed clusters is comparable
to that of water clusters.

Vibrational Spectral Analysis of Different Clusters. Some
of the vibrational frequencies of individual molecules undergo

Integrated Atomic Properties of the Hydrogen Atoms Involved in Hydrogen Bonding in Different Phenol—Water Clusters and Monomers and the Change A) Arising

upon Complexation

TABLE 4:

J. Phys. Chem. A, Vol. 109, No. 5, 200847

energy (au) first moment (au) volume (au)

charge (au)

complex

monomer

complex

monomer

complex

A monomer

complex

monomer

0.6

clusters

—5.9
-5.9
—6.7
—5.8

131
13.7
12.3
13.2

—0.02
—0.03
—0.03
—0.03
—0.03

0.13
0.14
0.13
0.13
0.13

0.16
0.16
0.16
0.16
0.16
0.16
0.16

0.02
0.02
0.03
0.03

0.59
0.6
0.6

P>
W,
PW
P3

—6.0t0—6.5
—4.3t0—7.4
—5.1t0—7.3
—6.9t0—7.7
—79t0—-8.1
—6.9t0—8.4
—6.8t0—8.3
—6.2t0—9.0

13.+135
11.715.2
11.8-14.4
11.412.2
11.5-11.6
10.6-12.8
10.7#12.8
10.5-12.8

19.6-19.5
19.5-19.6
19.6-19.6
19.6-19.5
19.6-19.5

19.5-19.6
19.6-19.6
19

—0.02t0—0.03
—0.02t0—0.03

—0.03

—0.04
—0.03t0—0.04

—0.03t0—0.04
—0.03t0—0.05

0.120.14
0.130.14
0.120.13
0.12

0.130.12
0.120.13
0.120.13

0.16
0.16
0.16
0.16
0.16

0.03-0.04
0.04

0.04-0.05
0.04-0.05
0.04-0.05

0.03-0.04
0.05

—0.31t0—0.32
—0.31t0—0.32

—0.31

—0.31
—0.30t0—0.31

—0.30t0—0.31
—0.30—-0.31

—0.35
—0.35
—0.35
—0.35
—0.35
—0.35
—0.35
—0.35

0.05-0.06
0.05-0.06
0.06

0.07
0.070.08
0.06-0.07
0.05-0.08

0.64-0.66
0.64-0.66
0.66-0.67
0.66

0.65-0.67
0.65-0.67
0.65-0.67

0.59
0.59-0.60
0.59-0.60
0.6

0.59
0.59-0.60
0.59-0.60
0.59-0.60

PW,
P.W
Py
Wy
PW;
P.W,
PsW

W3
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Figure 6. The computed (scaled) vibrational frequencies for OH in
P, Wh, and RW, clusters. In the water molecules, both the symmetric
(W) and asymmetric®) stretches are shown.

substantial shift on complex formation with other mol-

agreement with that of experimental valtfeand indicate the
involvement of all the three-OH groups concerned in the
hydrogen bonding in the formation of a closed ring structure in
Ps. For By, four —OH stretching frequencies were obtained and
they range from 3487 to 3540 crh The red shift in theoy of
phenol molecules reinforces the formation of hydrogen bonding
and ring structure in P

The calculated stretching frequencies of water clusters and
corresponding red shifts upon hydrogen bonding are in good
agreement with the earlier reported treA¥Since a lot of work
has been carried out on structure, stability, and spectra of water
clusters, a detailed discussion on the water clusters is not
presented here. However, it is very interesting to compare the
vibrational frequencies of mixed pherolater clusters.

The stretching frequencies of the donor and donor/acceptor
OH groups participating in hydrogen bonding in the mixed
phenol-water clusters range from 3429 to 3632 @mThe
phenolic—OH stretching frequencies undergo a larger red shift
than the water-OH. The free—OH stretching frequencies of
water in mixed phenetwater clusters are in the range of that
corresponding to isolated water molecules as well as in

ecules*4719From the changes in the frequencies observed, it corresponding water clusters. The formation of a hydrogen bond
is possible to derive information about the characteristics of between the phenolieOH and a water molecule leads to a

interaction between molecules. A red shift in thOH stretching

red shift of 101cm? for the phenolic-OH, when compared to

frequencies has been used to characterize hydrogen bondhe experimentally observed value of 133 ¢m'©

formation. Therefore, vibrational frequencies for isolated water

The red shift in the vibrational frequencies of the phenolic

and phenol molecules and their clusters have been calculated_gy group in PW is 185 cntt and the same for @ is 172

at HF/6-31G* level. It is well known that vibrational frequencies

and 107 cm?. The—OH stretching mode for the water molecule

calculated at the HF level need to be scaled by a factor beforeg, s 4 red shift of 89 and 45 chin the PWs complex. For

comparison with experiment can be made. The scaled frequen-,
cies for —OH stretches in different clusters are presented in

Figure 6. Raman and IR spectra show pheneli©OH (von)
stretch to occur at 3657 crhl® The calculated (scaled)
frequency at HF/6-31G* level is 3681 crhfor phenol. In B,
the calculated oy stretches occur at 3619 and 3671 ¢énirhe

he BW complex, the red shift in the waterOH vibrational
mode is 47 cm?.

The red shift in theroy of phenol moieties in the complexes
having tetrameric core structure ranges from 107 to 252cm
The phenolic-OH group exhibits larger values of red shift in

red shift of these modes from that of isolated phenol are 62 the mixed clusters than in pure phenol or pure water clusters. It

and 10 cm?, respectively. The experimental values correspond-

ing to these vibrational modes are 3654 and 3530'cthTwo
(see Figure 6) calculategy stretches are obtained at 3576 and
3546 cnt? for phenol trimer. The corresponding red shifts of
the bands are 105 and 135 cinlarger than that for 2 The

is known from previous studies that the increase in red shift is
due to increase in donor OH bond length and results in decreased
O—O0 separation in the hydrogen-bonded complexe$.The
decrease in computed-a separation in P/ P,W,, and PW

(see Table 2) is in keeping with the enhanced red shift in the

trends in the stretching frequencies are also in reasonablemixed clusters.
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J. Phys. Chem. A, Vol. 109, No. 5, 200849

(19) Stanley, R. J.; Castleman, A. W., JrChem. Physl991, 94, 7744.
(20) Maheshwary, S.; Patel, N.; Sathyamurthy, N.; Kulkarni, A. D.;

The structure, stability, and spectra of hydrogen-bonded Gadre, S. RJ. Phys. Chem. 2001, 105 10525.

phenol, water, and pheneWater mixed clusters have been

investigated using ab initio (HF and MP2) and DFT methods

and further probed with the help of AIM theory. While HF and
DFT calculations predict the water clusters to have hig8&f

(21) Mandziuk, M.J. Phys. Chem. 2004 108 121.

(22) Kulkarni, A. D.; Babu, K.; Gadre, S. R.; Bartolotti, L. J. Phys.
Chem. A2004 108 2492.

(23) Alfonso, D. R.; Karapetian, K.; Sorescu, D.; Jordan, KJCPhys.
Chem. B2004 108 3431. Shin, J.-W.; Hammer, N. I.; Diken, E. G.;

than the corresponding phenol clusters, MP2 calculations sugges#ohnson, M. A.; Walters, R. S.; Jaeger, T. D.; Duncan, M. A.; Christie, R.

the converse to be true. In any case, the mixed clusters have

A.; Jordan, K. D.Science2004 304, 1137. Tsai, M.-K.; Jordan, K. Dl.

ébhys. Chem. 2004 108 2912. Vila, F.; Jordan, K. DJ. Phys. Chem. A

stability comparable to that of the corresponding water clusters. 2002 106 1391. Karapetian, K.; Jordan, K. D. Properties of Water Clusters
The usefulness of AIM theory in understanding the hydrogen- on a Graphite Sheet. Water in Confining GeometrieBevlin, J. P., Buch,

bonded phenol, water, and pherelater clusters has been
highlighted in this work. The formation of a hydrogen bond

V., Eds.; Springer-Verlag: Berlin, Heidelberg, 2003; pp +3%0.
(24) Feller, D.; Feyereisen, M. W.. Comput. Cheml993 14, 1027.
(25) Watanabe, T.; Ebata, T.; Fujii, M.; Mikami, \hem. Phys. Lett.

leads to a subtle increase in the electron density at the HBCPs.1993 115 347. _
This increased electron density translates into a greater strength (26) Feller, D.; Feyereisen, M. W. Comput. Cheml993 14, 1027.

of hydrogen bonding in the clusters. The calculated electron

(27) Oikawa, A.; Abe, H.; Mikami, N.; Ito, MJ. Phys. Chem1993
027

density topological features and integrated atomic properties '(28) Gerhards, M.: Kleinermanns, K. Chem. Phys1995 103 7392.

indicate a reduction in the overall size of the hydrogen atom in

(29) Burgi, T.; Schutz, M.; Leutwyler, SI. Chem. Phys1995 103

the complexed state. The red shift in the OH stretching ©6350.

(30) Watanabe, T.; Ebata, T.; Tanabe, S.; MikamiJNChem. Phys.

frequency has been employed as an important tool in probing 1996 105 408. Watanabe, H.: wata, . Chem. Phys1996 105, 420.

hydrogen-bonding interactions. Larger red shifts have been

noticed for the mixed phenelater clusters having tetrameric
core structures, in keeping with an increase inHDdistances
and a decrease in-©0 distances.
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