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Density functional theory (DFT) calculations of the structures, binding energies, vibrational frequencies a
infrared intensities of methanol clusters containing two to five molecules have been carried out using |
Becke3LYP functional. Thirteen representative H-bonded structures have been studied including cyclic, ch
branched-cyclic and branched-chain hydrogen bond structures. In the methanol trimer, tetramer, and penta
the cyclic structure is more stable by 3.5, 8.3, and 3.6 kcal/mol over the next most strongly bound minimu
In the tetramer and pentamer, the second-most stable minimum corresponds to a branched cycle. C
structures are destabilized from the cyclic minimum by the loss of a hydrogen bond and from a smal
cooperative strengthening of the H-bonds that remain. In all branched structures studied, the formatior
the branch H-bond strengthens the “branch-point” methanol’'s H-bond donation to its neighbor, but weak
its two acceptor H-bonds, leading to largely compensating effects on the total binding energy. The compu
OH stretch vibrational frequency shifts (relative to the monomer at the same level of calculation) are usec
points of comparison with recent experimental work on gas-phase (methamul)benzene(methanol)
clusters and matrix-isolated (methanpjusters.

. Introduction pentamer dat&?223while considerably more sparse, neverthe-
less also point to a preference for cyclic structures in the cold,
supersonic expansion. Finally, CO stretch infrared spectra of
the methanol hexamer have been analyzed in terms & an
cyclic structure which, under warmer expansion conditions,
undergoes a transition to@, cyclic boat structur&s3s

Molecular clusters serve as an important testing ground for
current intermolecular potentials of hydrogen-bonded mol-
eculest—3 In (ROH), clusters, each OH group possesses one
donor and two acceptor sites for H-bonds, leading to an
exponentiating number of minima in the intermolecular potential . . o
engrgy surfacge with increasing cluster size. Since co[z)perative. Our group has recently obtained size-specific OH stretch
effects are sensitively dependent on the number, strength, andnfrared spectra of cold, gas-phase benzenesthanoly, clus-

orientation of the hydrogen bonds preskhg reliable founda- ters V\g;hlm tﬁ' 1-6 using nlasontgnt |c;nk;d|p mfra}[re?hspect;ﬁ-
tion of experimental and computational results on various scopy= In this case, complexation of benzene to the (metha-

H-bonded cluster structures is clearly needed to test currentno')m clusters provides a means of size- and conformation

potentials. The experimental challenge is to make these isomers,se'ectlon while at the same time probing the effects of benzene

distinguish them from one another, and determine their unique on th? (methanal) clysters. 'The sensitivity of the OH stretch
spectral signatures!? The theoretical challenge is to predict vibrational frequencies and intensities to the hydrogen-bonding
structures, binding energies, vibrational frequentisi® tun- environment make the OH stretch mfrared_ spectrum an espe-
neling splittings, and tunneling pathways! for these clusters cially powerful probe of the hydrogen-bonding topology of the

12,37
with sufficient accuracy to guide and interpret the experimental clus-ters. )
data and ultimately refine the existing intermolecular poteftials ~ Finally, a wider range of hydrogen-bonded structures for the
used in simulations of hydrogen-bonded liquids and solids. methanol clusters have been formed and studied recently in a
. i i 39 i i 1

In the study of methanol clusters, recent experimental progressNitrogen matrix by Coussan et #* Using a combination of
is being made on several fronts. Studies of pure, gas-phasethermal annealing, concentration changes, infrared-induced
methanol clusteP£228 in the microwave and infrared have isomerization, and infrared hole-burning, these authors have
provided spectral evidence for the lowest-energy structures of identified O-H stretch, C-H stretch, and €0 stretch infrared
methanol clusters witm = 2—5. The microwave spectrum of  transitions due to cyclic and open-chain trimers, and methanol
the methanol dim&F27reveals a donor/acceptor structure very (€tramers which are cyclic, branched-cyclic, and branched-chain.
much like that of the water dim&?3! Infrared data in the Given this recent influx of new experimental data, computed

CO stretch?2 and OH stretck regions are also available, structures, binding energies, and particularly OH stretch vibra-
including measurements of the absolute cross sections for thetional frequencies and intensities are needed for a wide range
donor and acceptor OH stretch fundamental§he gas-phase  Of (methanol), and benzene(methanol), cluster structures. In
methanol clusters witim > 2 are thought to be H-bonded Our previous report on benzengmethanoly clusters¥ density
cycles®2226 The CO stretch?2 and OH stretch infrared functional theory (DFT) calculations were used as a basis for
spectra of the methanol trimer are consistent with a cyclic distinction among the possible hydrogen-bonded structural types

structure, again as in the water trin¥r34 The tetramer and ~ Observed experimentally, but an analysis of the calculated
structures, binding energies, and OH stretch normal modes was

*To whom correspondence should be addressed. not taken up. Such an analysis is given here. We also presen
@ Abstract published il\dvance ACS Abstract®ecember 1, 1997. a more detailed account of the benzefmethanol), calcula-
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tions which serve as a quantitative point of comparison with 6-31+G* level of theory was chosen for much of our work.
our experiments. This basis set also allowed a seamless comparison with
Several previous computational studies of methanol clusters calculations on benzergmethanol} clusters withm = 2,3 at
have been conducté®:52 Much of this work has concentrated the same level of theory. On the smaller methanol clusters,
on the methanol dimef-44 often with an eye towards producing  additional calculations using the 6-8G'[2d,p] basis set were
a two-body, ab initio-based intermolecular potential for use in also carried out. The 6-31G'[2d,p] basis set combines the
condensed phase simulations of methanol. Mo ét#lhave standard 6-31G(2d,p) basis set for the carbon atoms and the
recently carried out large basis set Hartré®ck, MP2, and 6-31+G[2d,p] basis set for the O and H atoms. The 6-&
DFT/Becke3LYP calculations on the cyclic methanol trimer, [2d,p] basis set is formed by combining the 6+33(2d,p) basis
including harmonic vibrational frequency calculations. Buck set with polarization functions from the aug-cc-pVDZ basis
and Schmid® have modified the perturbation approach of set/*">and has been used previously in studies of water clusters
Buckinghani4—56 to calculate the vibrational frequencies of and benzene(water), clusters®
methanol clusters up through the hexamer. The reported results The geometries of all 13 cluster structures considered were
of that study concentrate on the CO stretch vibrations since thesefully optimized. Most of the structures are local minima
have received much attention from experiment. representative of a given hydrogen-bond topology (chain,
In this work, calculations on a total of 13 minimum-energy branched chain, cyclic, or branched cyclic), as established by
structures of the pure methanol clusters are described. Thisthe absence of any negative vibrational frequencies. The
representative set includes a single structure for the methanolreported structures are the lowest-energy minima of each
dimer, three methanol trimer structures, five tetramer, and four Structural type and cluster size. Other minima of the same
pentamer structures. The range of structural types studiedstructural type differ in the oxygen lone pair used for hydrogen
includes cyclic, chain, branched cyclic, and branched chain bonding and in the orientation of the “dangling” methyl groups.
structures. Apart from the minimum basis set study of Curtiss In the cyclic and branched cyclic clusters, these local minima
et al.?8 eight of these structures have not been studied before differ in the position of the methyl groups relative to the plane
at any level of theory. The DFT calculations employ the Of the hydrogen-bonded ring. The lowest-energy cyclic structure
Becke3LYP exchange-correlation functiof&l>®in most cases ~ has adjacent methyl groups alternating positions above and
using the 6-3%G* basis set. Special emphasis will be placed below the hydrogen-bonded plane, much as is the case for
on a comparison of the calculated OH stretch vibrational dangling hydrogens in (#D),.1#6476.77 In the less rigid chain
frequency shifts and intensities with the recent experimental datastructures, a larger number of alternate conformations exist.
on (methanol)?22-28 and benzene(methanol}3¢ clusters. These differ in the oxygen lone-pairs chosen as H-bond acceptor

As an aid in referring to the various structures studied, the Sités and in the relative orientation of the methyl groups in the
following short-hand notation will be used, generalized from chain. The former choice dictates the secondary structure of

that introduced by Buck and Schmfdt.An n-membered cycle  the H-bonded chain as a curved, kinked, or zigzag H-bonded
and chain are given the symbols (n) and n, respectively. Structure. Forinstance, in the methanol tetramer chain, the lone-
Branched cycles and chains are then referred to as (mor pair connectivity of the three H-bonds produces 8 mininf (2
n+ mwheremrefers to the number of methanols in the branch. Which exist as four enantiomeric pairs with total binding energies
In the case of branched chains, the point of attachment of the Of —24.02,—23.28,—22.50, and-22.27 kcal/mol. The present
branch to the chain is given by a subscript on the branch. The Paper focuses attention only on the first of these. Future studies
numbering in the chain begins at the free OH end, and is Will be needed to determine the conditions under which
included in the figures. Thus, the1, structure is a methanol ~ conformational isomerization, either with or without tunneling,
tetramer composed of a trimer chain with a single methanol IS Significant.

branch attached to the middle methanol in the trimer chain. Harmonic vibrational frequencies and infrared intensities have
been calculated for all 13 structures. Only the OH stretch and
II. Calculational Methods selected GO stretch vibrations, of particular relevance to

experiment, are reported explicitly in the tables in the next

Density functional calculations were carried out using the section. The full set of vibrational frequencies and intensities
Gaussian 92/DFP and Gaussian 94 suite of programs. The  are available from the authors upon request.
calculations employ the Becke3LYP nonlocal exchange cor-  Total binding energies for the (GBH), clusters are
relation function#l'~63 which has been extensively used in calculated as
studies of water and methanol clusters and tested against MP2
ab initio calculationg>%4+ 71 The results presented here on the BE = E(cluster)— m-E(monomer)
methanol dimer and trimer (Sections lll, IV) confirm that the
properties obtained with B3LYP/6-31G* give structures and  where the monomer energy is determined at the same level of
binding energies in good agreement with the large basis set MP2theory as the cluster. The negative of the binding energy gives
results (MP2/VTZ(2df,2p)) of Bleiber and Sadtand the very the dissociation energy.. Zero-point corrections t®. using
large basis set DFT calculations of Mo et al. (B3LYP/6- the harmonic vibrational frequencies are also made.
311++G(3df,2p))*® In addition, the OH stretch vibrational Corrections for basis-set superposition error (BSSEave
frequency shifts predicted by B3LYP/6-3G* are in close been estimated for the dimer and all three of the trimer structures
agreement with experimental vibrational frequency shifts on using the full counterpoise procedure. For the dimer, the BSSE

(water),, (methanol), benzene (water), and benzene(metha- correction is 1.12 kcal/mol at the 6-3G* but only 0.36 kcal/
nol)y, clusterg®7273which serve as the major point of compari- mol with the 6-38-G'[2d,p] basis set. For the chain, cyclic,
son with recent experiments. In the benzefwater), clusters, and “T” structures of the trimer the BSSE corrections for the

this agreement extends to cyclic, cage, and cubic structures upbinding energies calculated using the 6+33* basis set are
through the water octamé#.’® Since the present study seeks 2.30, 2.42, and 2.12 kcal/mol, respectively. The BSSE correc-
to identify the infrared spectral signatures of a variety of tions, although sizable with the 6-3G* basis set, are similar
H-bonding topologies in the methanol clusters, the Becke3LYP/ for different structures and are relatively unimportant
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for the relative stabilities. BSSE corrections to the binding TABLE 1: Key Structural Parameters for the Methanol
energies of the nine tetramer and pentamer structures are les§luster Theoretical Structures Studied Hereir?

practical and have not been carried out. MeOH
unitt  rop acon Roc® ARoo! aoHo®

Ill. Results (MeOH), 1 0.969 109.2

The key structural parameters for the monomer and 13 (MeOHy 0.969 109.4
methanol cluster structures using the 6+&* basis set are 2 0.977 1093 2.862 1r4.2
summarized in Table 1. The table includes those intramolecular (MeOH) 0-962 109-9 5704 - 167
and intermolecular parameters which are most affected by 3 8'322 183'2 2'789_0'06“' ) 616'26
hydrogen bonding; namely, the OH bond distancsy), the o 0'983 0' 2' 5 9'2
COH bond angle dcon), the oxyger-oxygen separation (MeOH); 0984 1%)9'3 2'%8 El'z
between H-bonded neighboiRyo), and the OO hydrogen 0.984 110.4 2.765 150.7
bond angle. Changes in the—@ separation,ARoo, ac- (MeOH)s 0971 109.0

companying an increase in size or addition of a branch to a = 51
cluster are also reported in Table 1. The methanol molecule in =~

the parent structure used in the comparison is given in (veoH),
parentheses in the table, using the methanol numbering in 4
Figures 4. In the cyclic and branched cyclic structurAfoo

is computed relative to the averadg®o separation in the
corresponding unbranched cyclic structure, since no good one- (MeOH),
for-one correspondence between individual methanol molecules

0.976 109.6 2.887 0.025(2,2)  167.0
0.976 109.6 2.887 0.025(2,2)  167.0

0.969 109.8

0.984 108.6 2.777—-0.017 (3,2) 175.6
0.989 109.6 2.747-0.052 (3,3) 171.1
0.984 109.3 2.783 169.5

0.990 109.7 2.737-0.029 (3),avg) 168.4
0.990 109.8 2.737-0.029 ((3),avg) 168.4
0.990 109.7 2.737-0.029 ((3),avg) 168.4

exists. ) ) 0.990 109.8 2.737-0.029 ((3),avg) 168.4
The H-bonded cyclic structures for the trimer, tetramer, and
. > . ; (MeOH), 0.970 109.2
pentamer are shown as inserts in Figure-@¢awhile the chain 3+1, 0.980 109.6 2.834 0.040 (3,2) 167.7

structures for the dimer, trimer, and tetramer are presented in

Figure 2a-c, respectively. The three branched-chain and four
branched-cycle structures investigated in this work are displayed (MeOH),
in Figures 3 and 4, respectively. Finally, the lowest-energy 3+ 1.
benzene-(methanol) and benzene(methanol structures are

shown as insets in Figure 5a,b.

The binding energies for the structures shown in Figures$ 1 Me(30|1)41
are collected in Table 2. Values are given both with and without ®
zero-point energy correction. For the dimer and trimer struc-
tures, BSSE-corrected binding energies are also included, aS(MeOH)
are values computed with the larger 6433'[2d,p] basis set. (5)
The OH stretch harmonic vibrational frequencies and infrared
intensities are reported in Table 3. The frequency shifts of the
OH stretch vibrations from the value calculated for the free
monomer (at the same level of theory) are also given. (MeOH)s

As an aid in assessing the degree of localization or delocal- @+1
ization of the OH oscillators in a given OH stretch normal mode,
the calculated OH stretch normal modes have been projected
onto the basis set provided by the individual OH bond (veoH)
displacements of the methanol subunits. The fractional character (3)+ 2
of the normal modes in this local mode basis are given in Table
4, together with a sign indicating the relative phases of the OH
oscillations in the mode.

Finally, Tables 5 and 6 provide a comparison of the results
of the present calculations with both experimental and previous
theoretical studies of the structures, binding energies, and
vibrational frequency shifts of selected methanol clusters.

0.981 109.6 2.808 0.009(3,3) 165.0
0.975 109.4 2.896 0.034(2,2) 167.6

0.964 110.0
0.985 109.6 2.761-0.033(3,2)  170.0
0.979 109.4 2.843 0.044(33)  163.1
0.978 109.1 2.854-0.008(2,2)  175.2

0.981 110.3 2.822 0.064((3),2) 149.0
0.983 110.8 2.759-0.006 ((3),3)  148.2
0.987 109.7 2.737-0.039((3),1)  152.4
0.978 109.2 2.860-0.002(2,2)  172.6

0.992 109.5 2.718-0.019 (4),avg) 176.7
0.992 109.1 2.719-0.018 ((4),avg) 175.9
0.993 109.6 2.721-0.016 ((4),avg) 177.9
0.991 109.5 2.736-0.001 ((4),avg) 175.4
0.992 109.4 2.721-0.016 (4),avg) 177.5

0.984 109.5 2.809 0.072((4),avg) 165.6
0.991 109.6 2.725-0.012 ((4),avg) 167.4
0.993 109.5 2.714-0.023 ((4),avg) 168.5
0.997 110.0 2.695-0.042 ((4),avg) 170.6
0.979 109.5 2.834-0.028(2,2) 1685

0.980 110.0 2.823 0.065 ((3),2) 147.1
0.984 1105 2.750-0.015((3),3)  149.1
0.987 110.7 2.734-0.042((3),1)  152.9
0.984 109.5 2.775-0.019(32)  168.0
0.982 109.4 2.801 0.002(3,3)  166.8

0.983 110.0 2.806—0.016 ((3)-1,1) 149.5
0.979 109.5 2.849 0.090 ((81,2) 144.3
0.989 110.1 2.729-0.008 ((3)-1,3) 155.8
0.978 109.6 2.809—0.051 ((3)-1,4) 160.4
0.979 109.6 2.820—0.040 ((3)-1,4) 162.4

aCalculated at the Becke3LYP/6-3G* level of theory.” Indices

(MeOH)
@)+1+1

GObhwWpNpE OMWNE ORWONE ORRWNE RONEFE RDOWONE DONE AONPRFE DWONE WONE WNEFE WONEFE NP

IV. Discussion for the methanol units refer to labels from Figures3l ¢ Geometrical
. parameters are given for the respective methanol’s interaction with the
A. The Methanol Dimer and Benzene-(Methanol),. The methanol to which it hydrogen donatésARoo is the difference

minimum-energy structure calculated for the methanol dimer between the respective O-O distance and that for the HB in the structure
is composed of H-bond donor and acceptor molecules boundto which it is to be compared. The compared structure is given in
in a near-linear H-bond (Figure 2a). Previous experimental and parerjt_heses with its _shortand notat!on and relevant_ MeOH unit
recent theoretical studies on the dimer are included in Tables 5identified. For the cyclic clusters\Roo is calculated relative to the
and 6 for comparison with the present results. In the dimer, averageRoo of the indicated cyclic cluster.

the computed ©0 separation from the present DFT calcula- series inRoo, and subsequently determining the= 0 Rool
tions with the 6-3%+G* and 6-3H-G'[2d,p] basis sets are 2.862  using the Numerov procedufg.The corrected values are 2.880
and 2.881 A, respectively. We have corrected the calculated and 2.904 A, respectively, compared to an experimental ¥alue
equilibrium distance for vibrational averaging by fitting the one- for Roodof 2.98 A. The comparison with other calculated
dimensional methanol-methanol stretching potential to a power values are shown in Table 5.
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Figure 1. Stick diagram of the calculated OH stretch harmonic Figure 2. Stick diagram of the calculated OH stretch harmonic
frequency shifts and infrared intensities for the cyclic methanol (a) frequency shifts and infrared intensities for the chain methanol (a) dimer
trimer (3), (b) tetramer (4), and (c) pentamer (5). The frequency shift 2, (b) trimer_3, and (c) tetramer 4. The frequency shift is relative to the
is relative to the OH stretch harmonic frequency for the methanol OH stretch harmonic frequency for the methanol monomer at the same
monomer at the same level of theory (3762.9-&mThe structures level of theory (3762.9 crt). The structures giving rise to these spectra
giving rise to these spectra are shown as insets and are described irare shown as insets and are described in the text. The numbering on
the text. The numbering of the methanol molecules corresponds with the vibrational transitions corresponds to the methanol numbering in
the numbering in Tables 1 and 4. The daggers (1) in the OH stretch the inset and indicates which methanol OH has the largest coefficient-
spectra locate the positions of very weak transitions. In the cyclic (s) in that normal mode (Table 4). See the text for further discussion.
tetramer spectrum, the transition marked with an asterisk is doubly

Qegen.erate with two unresolved transitions each of the indicated a)
intensity.
N

The binding energy calculated for the dimer, after correction L2
for ZPE and BSSE, is 3.70 kcal/mol with the 6-8G* basis .‘" »
set and 3.43 kcal/mol with the 6-315'[2d,p] basis set, g@a“
respectively. These values are in good agreement with the S 1
experimental value derived from infrared predissociation mea- 2+1,

surements@o = 3.2 & 0.1 kcal/mol)*

The comparison dRop andDg with the B3LYP/6-313%++G-
(2df,2p) calculations of Mo et &P addresses the issue of
convergence with increasing basis set size. Th@®Qeparation
for the dimer using B3LYP with the 6-31G* and 6-3H-G'-
[2d,p] basis setsRpo = 2.862 and 2.881 A, respectively) is
virtually unchanged from the results using the much larger basis
set (2.875 A). The BSSE-corrected binding energie3.70/
—3.43 kcal/mol) are in close agreement with experimer8.g
=+ 0.1 kcal/mol) and also within 0.6 kcal/mol of the value3 08
kcal/mol) calculated with the G2(MP2/SVP) basis %ethich
is specifically designed to determine accurate binding energies.
Reasonable convergence is thereby demonstrated.

The MP2/VTZ(2df,2p) results of Bleiber and Satfasn the
methanol dimer provide a comparison of the B3LYP results
against conventional, high-level ab initio methods. The MP2
O—0 separation (2.831 A) is 0.031 A smaller than the B3LYP/
6-31+G* result, but further from experiment (2.98 A). The Figure 3. Calculated branched-chain structures for the methanol (a)
ZPE and BSSE-corrected binding energy of the MP2 calculation trimer and (b), (c) tetramer. The structures are designated-asl?
is —3.78 kcal/mol, very close to the B3LYP/6-3G* result and_3+ 1;, and_3+ 1,, respectively, where # m, denotes a chain of
(—3.70 kcal/mol). n units long with a branch at molecube of chain lengthm units
attached. The numbering of the methanol molecules corresponds with
the numbering in Tables 1 and 4.

The OH stretch normal modes of the methanol dimer are
nearly pure local mode donor and acceptor vibrations (Table
4), indicating that the OHOH coupling across the hydrogen valueg? for the frequency shifts of donor and acceptor OH
bond is small compared to the energy difference between stretches of methanol dimer are3 and —107 cnrtl. The
(uncoupled) donor and acceptor levels. The experimental Becke3LYP calculations give donor OH stretch frequency shifts
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a)

Relative Intensity (arb. units)

3)+2 3)+1+1
Figure 4. Calculated branched-cyclic structures for the methanol (a) e A AR A
(3) + 1 tetramer, (b) (4)+ 1 pentamer, (c) (3} 2 pentamer, and (d) -250 -200 -150 -100 -50 0 -350  -250  -150 -50

(3)+1+1 pentamer. The structure designation<{rn denotes an-unit
cycle with a branch of chain lengti units attached. The numbering

of the methanol molecules corresponds with the numbering in Tables ] ] .
1 and 4. Figure 5. Calculated structure (top), experimental resonant ion-dip

infrared spectrum in the OH stretch region (middle), and harmonic

: . vibrational frequencies and infrared intensities calculated at the B3LYP/
which are somewhat too large (Table 6), with the results at the 6-31-G* level of theory (bottom) for (a) benzengmethanol), and

6-31+G* basis set £ 150.0 cn1?) in better quantitative agree- ()" penzene (methanol). The frequency shift of the experimental
ment with experiment. Calculations of the OH stretch frequency spectra is relative to the methanol monomer OH stretch fundamental
shifts using a variety of methods are included in Table 6 for (3681 cnt?), while that for the calculation is the methanol monomer
comparison with the present work. It should be particularly OH stretch harmonic frequency calculated at the same level of theory
noted that the present Becke3LYP frequency shifts using the (3762.9 cm?).
6-31+G* basis set are virtually identical with those using the . . ) )
much larger 6-31%-+G(3df,2p) from Mo et al5 puckering of the ring (Figure 1c). Due to cooperative effects,
The analogous Becke3LYP 6-8G* calculations on benzenre the O-0O separations in the cylic structures decrease with
(methano) (bottom trace) are compared with experiment (upper increasing ring size, approaching a limiting value near 2.72 A
trace) in Figure 5a. Besides the improved signal-to-noise, the in the pentamer. At the same time, the rather large nonlinearity
new experimental data does not suffer from the decreased©f the H-bonds in the trimer (3D and tetramer (13 also
infrared power near 3500 crh which distorted the experimental ~ @pproach asymptotic values near linear in the pentaméf)(
intensities in our previous repdi. In making the comparison, The total (uncorrected) binding energies of the cyclic
the calculated intensities have been convoluted over a Gaussiarminimum-energy conformers for the trimer, tetramer, and
profile with width chosen to match the experimental widths. pentamer are-18.4,—32.8 and—42.9 kcal/mol, respectively
Note that the calculated frequency shifts of both doret§7 (Table 2). These are 3.5, 8.3, and 3.2 kcal/mol more stable,
cm™Y) andsr H-bonded OH €56 cnt?) stretches are in excellent  respectively, than the next most stable structures. The per

Frequency Shift (cm™)

agreement with the experimental valuesl{5 and—76 cnr, H-bond binding energies are6.1, —8.2, and—8.6 kcal/mol
respectively). The calculated intensities also reproduce experi-for the cyclic trimer, tetramer, and pentamer, respectively. The
ment satisfactorily. small increase in per H-bond binding between tetramer and

B. Cyclic Methanol Clusters. 1. Structures and Binding ~ pentamer follows the asymptotic approach to linear H-bonds
EnergiesThe lowest-energy structures for the cyclic methanol in the larger cycles. The accompanying saturation in the
trimer (3), tetramer (4), and pentamer (5) are composed of planarcooperative strengthening of the H-bonds mirrors a similar effect
((3) and (4)) or nearly planar (5) OHOH:+-O rings with methyl calculated previously for cyclic water clustéfs.
groups taking up alternating positions above and below the plane No experimental data is available on the-O separation or
of the rings (Figure lac). Each methanol molecule acts binding energies of the cyclic methanol clusters. However, Mo
simultaneously as H-bond acceptor and donor (AD) to their et al.*>have recently carried out both DFT and MP2 calculations
nearest neighbors in the ring, thereby taking up nearly equivalenton the cyclic methanol trimer using the 6-31&(d,p) basis set.
sites in the cluster. In the trinférand pentamer, the odd number The O-0O separations calculated by the MP2 and DFT methods
of methyl groups unavoidably juxtaposes two methyls on are nearly identical (within 0.005 A), despite the considerable
adjacent molecules, while the tetramer Isasymmetry. The time savings of the DFT calculation. The present B3LYP
asymmetry present in the trimer and pentamer leads to smallcalculations using the 6-31G* and 6-3H-G'[2d,p] give O-O
differences in the ©0O separations (Table 1). The—-® separations which straddle the 6-31G(d,p) results but differ
separations of the pentamer are also affected by the slightby less than 0.01 A from them (Table 5). In the present DFT
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TABLE 2: Calculated Binding Energies for Methanol Cluster Conformers?

binding energies

structure uncorrected ZPE corrected ZPEP and BSSE correctéd predicted
2 —6.28 (-5.05) —4.82 (-3.79) —3.70 (-3.43)
3 —14.94 (-12.28) —11.88 (-9.58) -9.58
3) —18.40 (-13.12) —12.10 (-9.77) -9.67
2+ 1 —11.22 (-8.93) —8.44 (-6.58) -6.32 12.56 (2+ 2) — 1.3=11.26
4 —24.02 -19.33
@) —-32.82 -27.19
3+ 1 -19.72 —14.66 21.22 (3+ 2) — 1.3=19.92
3+1, —21.08 —16.75 21.22 (3+2)=21.22
3)+1 —24.53 —20.02 24.68 ((3)F 2) = 24.68
() —42.91 —36.00
@+1 —-39.21 —-32.31 39.10 ((4) 2) = 39.10
(3)+2 —-33.78 —26.89 33.34 ((3)- 3) = 33.34
@)+1+1 —32.24 —25.78 30.96 ((3) 2+ 2) = 30.96

aValues given were calculated at the Becke3LYP/6-@t level of theory while those in parentheses employed a 6312d,p] basis set.
b These values are corrected for zero-point energy by frequency calculations at the prescribed level of Thessyvalues are corrected for basis
set superposition error by the full CP method at the prescribed level of tHesfimated binding energies of particular clusters, calculated using
egs 1 and 2 in the text.

study of the cyclic trimer, both ZPE and BSSE corrections have subunits have unique positions beginning with the acceptor
been made to the 6-31G* results, leading to a best estimate methanol (A), followed by one or more acceptor/donor positions
of Do = 9.67 kcal/mol, just 0.09 kcal/mol more strongly bound (AD) which are, in turn, capped by a single donor molecule
that the methanol trimer chain (Table 2). The analogous (D). Despite the much less restrictive conditions on the H-bond
B3LYP/6-31H-+G(3df,sp) value of Mo et &° is 10.4 kcal/ linkage than in the cyclic clusters, the H-bonds in the chains
mol. are not strictly linear, but bend away from linear by ° in
2. OH Stretch Normal Modes, Vibrational Frequencies, and adjusting to the small steric interactions and dispersive forces
Infrared Intensities. A schematic diagram of the OH stretch present in the cluster (Table 1). The signatures for stronger
infrared spectra calculated for the cyclic trimer, tetramer, and H-bonding (shorteRoo and longerron) belong to the interior
pentamer are shown in parts-@of Figure 1, respectively. All methanol molecules, though their values indicate somewhat
vibrational frequencies in the cyclic structures are far red-shifed weaker binding than in the cyclic structure of the same size.
from the monomer value (3763 ci) because all the OH groups  The effect of cooperativity in the chain is manifested in the
are involved in H-bonds of comparable strength. The average decreasing ©0 separation of the (terminal) donor methanol
frequency shift of the vibrations increases in magnitude along with the adjacent moleculeRoo shrinks from 2.862 to 2.799
the series (3), (4), and (5) (Figure-ie), consistent with the  to 2.783 A as the chain size increases from dimer to trimer to
increased binding per H-bond in the larger rings. tetramer, respectively. Not surprisingly, the majority of the
The OH stretch normal modes are extensively delocalized decrease occurs in going from the dimer to the trimer chain, as
over all OH bonds in the cycles, much as for the single donor would occur if the effects of lengthening the chain primarily
vibrations in the cyclic water cluste?$56.77 The coupling of influence a given molecule’s nearest neighbors in the chain.
the OH groups in the ring breaks the near-degeneracy of the The binding energies of the chain trimer (14.94 kcal/mol)
OH oscillators, leading to a range of vibrational frequencies and tetramer (24.02 kcal/mol) are 3.5 and 8.3 kcal/mol smaller
which reflects the magnitude of the coupling. As pointed out in magnitude than their cyclic counterparts. Including ZPE
by Honegger and Leutwyler for cyclic water clustéfshe OH corrections, these differences are 2.8 and 7.7 kcal/mol, indicating
stretch modes in the H-bonded ring can be thought of as a clear energetic preference for formation of cyclic over chain
longitudinal phonons with varying numbers of nodes in the structures in these small clusters. The average H-bond energy
phonon oscillation. In Table 4, the plus and minus signs indicate calculated for the trimer chain (7.47 kcal/mol) is significantly
the relative phase of oscillation of the OH bond. In each case, greater than in the cyclic trimer (6.13 kcal/mol), but this is more
the lowest frequency vibration is that with no nodes, while than compensated by the extra H-bond in the cyclic structure.
successively higher frequency modes have increasing numberdn the chain tetramer, even the average energy per H-bond (8.01
of nodes in its oscillation. Due to the symmetry of the OH kcal/mol) is smaller than in the cyclic structure (8.21 kcal/mol).
groups in the cyclic structures, most of the OH stretch infrared This is a consequence of the smaller cooperativity in the chain
intensity is carried by the near-degenerate pair of vibrations with structures.
two nodes (Table 4). Th& symmetry of the cyclic tetramer As reported in our previous publicati@hthe experimentally
rigorously forbids the lowest frequency OH stretch mode, while observed benzerdmethanolj cluster incorporates the methanol
the slightly asymmetric trimer and pentamer produce weak trimer as a H-bonded chain rather than a cycle. The implication
transitions in this mode. is that, in the presence of the “solute” benzene, the lowest-
The calculated frequency shifts for the OH stretch vibrations energy structure for the “solvent” methanol trimer is changed
are in excellent agreement with recent gas-phase and matrixfrom a cycle to a chain. The B3LYP/6-315* calculations
data on the cyclic trimer and the tentative experimental correctly predict this reversal (albeit in the absence of ZPE and
assignments of the cyclic tetramer OH stretch b&3d%383° BSSE corrections), with the benzeng@nethanol trimer chain)
As Table 6 shows, the agreement is typically better than 20 (hereafter Bz-3) over 5 kcal/mol more stable than Bz-(3) (Table
cm! for these cyclic clusters. 2). The lesser number of methanol-methanol H-bonds in Bz-3
C. Methanol Cluster Chains and Benzene (Methanol)s. than Bz-(3) is in this case more than compensated by (i) the
1. Structures and Binding EnergieS'he chain structures of  greater strength of the H-bonds in the trimer chain over the cycle
the methanol trimer, 3, and tetramer, 4, are shown in parts band (ii) the much stronger attraction of the chain for benzene.
and c of Figure 2, respectively. In the chains, the methanol As Figure 5b) shows, the trimer chain is of a length that enables
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TABLE 3: Calculated Vibrational Quantities for Methanol and is relatively unchanged in either frequency or intensity from
Cluster Conformers? its value in the methanol dimer as the chain length grows. The
frequency  frequency shift intensity other OH stretch modes all carry appreciable intensity in the
(incmY) (incmY) (in km/mol) chain structures due to their lack of symmetry by comparison

(MeOH), 3762.9 0.0 24.1 to the cyclic clusters.
(MeOH), 3612.9 —~150.0 516.9 As Table 4 shows, the normal modes in the chain clusters

2 3758.6 -4.3 385 are quite highly localized on single OH bonds. In all the modes

(MeOH), 3503.8 —259.1 607.7 of 3 and_4, this localization is greater than 80%, reflecting the
3 3559.4 —203.5 649.6 unigue H-bonding environment of each methanol in the chain.
87763 134 37.2 Given the significant localization of the normal modes, the
(MFS())H)S g‘égi-i :gﬂ-; 8%%% vibrational frequencies of Table 3 are strongly correlated with
3534.9 —228.0 778.4 the key structural parameters of the H-bond in which they are
(MeOH)s 3635.9 1270 599.7 involved (Table 1). A longeron, more nearly linear H-bond,
2+1; 3654.5 —~108.4 260.7 and shorterRoo give rise to a lower OH stretch vibrational
3746.8 -16.1 50.3 frequency (larger frequency shift).
(MeOH), 3388.3 —374.6 903.9 The only OH stretch infrared data on the pure methanol chain

4 gégg-% :ggi-g gg%-g clusters is the matrix data on the trimer chain from the elegant

37648 19 38.8 work of Coussan et &-3° Once again, the calculated frequency
(MeOH): 33011 _4618 0.0 shlfts_m _Table 3 {13, —2_03, and—25_9 cntl) are in good _

@) 33920 ~370.9 1861.7 guantitative agreement with the experimental frequency shifts
3392.3 —370.6 1867.1 of the three OH stretch bands ef2, —231, and—274 cnr?!
3429.3 —333.6 933 (relative to the methanol monomer OH stretch of 3664 €in

(MeOH), 3521.4 —241.5 559.8 the matrix.
3+1L gg;i'z :iﬂ-g ggg'g The calculated OH stretch IR spectrum for Bz-3 is compared
37525 2104 49.8 with our newly acquired resonant ion-dip infrared spectrum in
(MeOH), 3485.2 2777 7529 Figure 5b. Again, the calculated frequency shift292,—246,
3+1, 3582.9 ~180.0 644.7 —78 cnTl) are in excellent agreement with experimenf@2,
3617.0 —145.9 379.4 —246,—92 cnt?), differing appreciably only in the H-bonded
37717 8.8 40.4 OH stretch, whose frequency shift is somewhat underestimated.
(MeOH), 3436.3 —326.6 4139 The cooperative strengthening of théd-bond to benzene with

@+1 g’ggg-i :ggg-g ?f?-g increasing methanol chain length is evidenced by the increasing

3604.0 —158.9 426.2 OH stretch frequency shift calculated along the Bdseries
(MeOH); 32590 _503.9 126 (—383, —57, and—78 cntl, respectively).

(5) 3338.0 —424.9 2557.2 D. Branched Methanol Chains. 1. Structures and Binding
3348.8 —414.1 2309.5 Energies. Three small branched-chain structures have been
gigg:g :ggg:‘; i%:g in\_/estigated, the & 1; trimer (Figure 3_a), the 3 1, tetramer

(MeOH), 3231.0 _E31.9 641.9 (Figure 3t_)), and_ the 3 1, tetramer (Figure 3c). The 2 1;

@) +1 33330 —4299 14476 structure is one in which one methanol acts as double acceptor
3386.9 —376.0 1095.0 (AA, molecule 1) to two other methanols. This structure has
3506.9 —256.0 617.7 also been identified as a local minimum in the recent calculations
3597.0 —165.9 521.2 by Mo et al45 The optimized structure for this cluster retains

(MeOH) 3432.3 —330.6 644.1 Cs symmetry, with the two donor molecules taking up equivalent

@ +2 ggfi’g :%?8 Zgg'i H-bonding positions relative to the two lone pairs on the double-
3534.8 —2281 752.0 acceptor oxygen. This structure can be viewed as two dimer
3580.5 —182.4 540.8 segments sharing the same acceptor methanol. The presenc

(MeOH)s 3399.3 —363.6 590.2 of two hydrogen bonds to the same methanol leads to an increase

B3+1+1 3529.5 —233.4 613.3 of 0.025 A in the O-O separation of the two H bonds relative
gggg-g :igg-i ﬁg-i to the dimer. At the same time, the steric hindrance associated
3617.7 _1452 8372 with formation of a double-acceptor methanol also increases

] the nonlinearity of the hydrogen bonds frorhifi the dimer to
a Calculated at the Becke3LYP/6-8G* level of theory.? Relative 13° in the2 + 1; structure.

to the methanol monomer-€H stretch at the same level of theory.
y The 3+ 1; and_3+ 1, tetramer structures probe the effects

it to bind appreciably both to benzenetscloud as a H-bond of a branch on the trimer chain. Relative to one another, the
donor and to the aryl €H as a (weak) H-bond acceptor. The two structures test the effects of the position of the branch point

effect of benzene on the terminal OH which forms thi-bond on the chain. As Table 1 shows, the-O separation of the
is best seen in the increase in i from 0.968 A in 3 to 0.975 H-bond from methanol 4 to methanol 3 (hereafter designated
A'in Bz-3. as the 4-3 hydrogen bond) is very similar (2.896 and 2.854

2. OH Stretch Normal Modes, Vibrational Frequencies, and A) in the 3+ 1; and_3+ 1, structures, indicating that the point
Intensities. Figure 2b,c presents the calculated OH stretch of attachment is not of great consequence to the H-bond strength
infrared spectra of the methanol trimer and tetramer chains. A of the branch. In the 3+ 1; structure (Figure 3b), the
spectroscopic signature of the chain structures is the free OHattachment of the monomer branch to the trimer chain lengthens
stretch fundamental (near zero frequency shift), which is notably the original H-bond 2-1 by ARoo = +0.040 A but has a
absent from the calculated spectra of either the cyclic or relatively modest effect0.009 A) on the 3-2 H-bond which
branched-cyclic structures. The free OH stretch is quite weak is once removed from the branch point. Similar effects are seen
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TABLE 4: Projection of the O —H Stretch Normal Modes onto the MeOH Unit OH Bonds?

MeOH O—H stretch normal modés

unit® Vs V4 V3 V2 21
ik : 0o gum
(MeOH), 1 () 0.000 () 0.000 &) 1.000
: : ohE e ga

3 . . .
(MeOH)s 1 (+)0.198 ) 0.011 ¢)0.793
@) 2 +)0.371 ) 0.471 {) 0.149
3 (+) 0.431 &) 0.518 &) 0.058
(MeOH); 1 (-) 0.000 &) 0.006 &) 0.995
2+ 1 2 (-) 0.500 &) 0.497 ¢)0.003
3 (+) 0.500 &) 0.497 ¢)0.003
(MeOH), 1 (-) 0.000 ) 0.000 &) 0.000 &) 1.000
4 2 (+) 0.053 &) 0.017 &) 0.930 ¢) 0.000
: Mmoo Bim gl RS

4 . . . .
(MeOH), 1 (+) 0.250 @) 0.254 () 0.246 ) 0.252
@) 2 ) 0.250 {)0.246 ¢) 0.254 &) 0.252
3 (+) 0.250 ) 0.254 &) 0.246 {) 0.252
4 (+) 0.250 @) 0.246 &) 0.254 &) 0.244
(MeOH), 1 (+) 0.000 ) 0.001 () 0.003 ) 0.996
3+ 1 2 (+) 0.149 ¢)0.837 ¢)0.019 &) 0.001
3 (+) 0.849 {) 0.144 &) 0.000 ¢) 0.000
4 () 0.002 ¢)0.018 ¢)0.978 &) 0.003
(MeOH), 1 (+) 0.000 ) 0.000 () 0.000 () 0.999
3+1, 2 (+) 0.952 ¢)0.007 &) 0.040 &) 0.001
3 (+) 0.032 &) 0.691 ) 0.273 ¢ 0.000
4 (+) 0.016 ) 0.302 {) 0.687 ¢)0.001
(MeOH), 1 (+) 0.038 ) 0.082 () 0.801 &) 0.077
@)+1 2 ) 0.080 ¢)0.805 ¢)0.114 ¢)0.001
3 (+) 0.871 &) 0.101 &) 0.003 ¢)0.020
4 (+) 0.010 ) 0.012 &) 0.082 &) 0.902
(MeOH)s 1 (+)0.238 @) 0.214 @) 0.190 ) 0.315 ) 0.035
© 5 (30515 £) 04t ) 0:063 10163 ) 0115
4 (+) 0.119 ¢ 0.001 ¢)0.281 ¢ 0.018 ¢) 0.590
5 (+)0.182 ¢ 0.282 £)0.172 ¢)0.103 &) 0.260
(MeOH); 1 (+) 0.002 &) 0.001 &) 0.000 () 0.048 ) 0.952
@) +1 2 ) 0.052 ¢)0.261 ¢)0.649 ¢) 0.030 &) 0.000
3 +)0.185 0.490 0.326 0.000 0.000
4 §+; 0.740 8 0.246 68 0.002 8 0.007 58 0.006
5 (+) 0.021 ¢) 0.002 ¢)0.023 {) 0.915 ¢) 0.042
(MeOH)s 1 (+) 0.022 €)0.042 &) 0.007 &) 0.031 ) 0.898
@2 ] (0708 £)0.015 &30 154 ) 0015 00023
4 (+) 0.064 {) 0.561 {)0.013 ¢)0.318 {) 0.046
5 (+) 0.006 &) 0.290 {+) 0.084 ¢)0.613 &) 0.003
(MeOH)s 1 (+) 0.035 ) 0.848 €)0.035 &) 0.000 ) 0.079
@)+1+1 2 ) 0.012 ¢)0.010 ¢)0.163 &) 0.395 &) 0.416
3 (+) 0.949 ¢ 0.032 &) 0.003 ¢)0.015 &) 0.000
4 (4)0.004 &) 0.040 &) 0.009 ¢ 0.543 ¢) 0.405
5 () 0.000 ¢)0.071 &) 0.790 ) 0.047 &) 0.099

aNormal modes based on the Becke3LYP/6-&* level of theory.? Indices for the methanol units refer to labels from Figure 1° Relative
phases of the ©H stretches are given in parentheses.

in the 3+ 1, structure, but in this case it is the-2 hydrogen the H-bond on the other branch of the “Y” and strengthens the
bond which is lengthened (by 0.044 A), since molecule 2 is H-bond to the stem of the Y, as shown schematically below:
now the attachment point for the branch. Here, a counteracting

contraction £0.033 A) is seen in the ©0 separation of the

2—1 H-bond, suggesting that the formation of a double-acceptor Weaken& /branch
methanol at the branch point strengthens the donating H-bond

of the double acceptor molecule with its neighbor. Similar strengthened

trends are seen in the OH bond lengthigy(3) in 3 + 1z is

shortened by 0.003 A from its value in 3, whitep(2) is

lengthed by 0.003 A. Put another way, an AAD methanol has weaker acceptor
We will see that these two counteracting effects are general H-bonds than an AD molecule but a stronger donor H-bond. A

results of the attachment of a branch to either a chain or cycle; similar conclusion was reached recently by Mo et al. in their

namely, that the formation of the “branch” H-bond weakens studies of water trimer¥.



90 J. Phys. Chem. A, Vol. 102, No. 1, 1998 Hagemeister et al.

TABLE 5: Comparison of the Calculated and Experimental Binding Energies and Selected Structural Parameters for Various
Sized Methanol Clusters

HF/
MP2/  6-311++G B3LYP/ MP2/NVTZ
Becke3LYP/ Becke3LYP/ 6-31+G* (2d,2p) 6-3114++G(3df,2p) (2df,2p) MP2/
6-31+G* 6-314+-G'[2d,p] and w/ZPE and G2(MP2,SVP) w/ZPE ESPB
exptl W/ZPE W/ZPE2 W/ZPE  and BSSE W/ZPE and BSSE w/ZPE OPLS PHHZF
reference this work this work this work 37 45 42 40 53 53
(MeOH), B.E. —-3.2+0.19 —4.82(-3.7¢¢ —3.79/-3.43F —7.73/-6.08 —4.12 —3.55(-3.08 —3.78 —-35 —-6.8 —5.60
2 (kcal/mol)
rOHﬁ\mplOr 0.969 0.963 0.974 0.938 0.962
A
I oH,donor 0.977 0.972 0.980 0.942 0.970
Roo (A) 2.98(2y 2.862 281 2.861 3.011 2.875 2.831 296 274 285
aoHo 174.2 174.1 175.8 176.9 177.4 172.2
(deg)
(MeOH); B.E. —14.6512.2% —11.97 —-11.95 —11.52/10.20 —17.55-14.14
3) (kcal/mol)
angrOH 0.984 0.977 0.944 0.976
(A)
avg'}s\l‘-\’00 2.766 2.787 2.932 2.771
A
aoHo 150.4 151.9 149.6 149.0
(deg)
(MeOH), B.E. —27.19 —29.82 -23.51
4) (kcal/mol)
avg. 2.737
Roo(A)
aoHo 168.4
(deg)
(MeOH)s B.E. —36.00 —39.72 —31.65
(5) (kcal/mol)
avg.Roo 2.723
A
aoHo 176.7
(deg)

2The binding energies are corrected for ZPEhe binding energies are corrected for both ZPE and BS$ke binding energies are not
corrected for ZPE or BSSE.Reference 41¢ Reference 27.

The binding energies listed in Table 2 clearly predict a strong 2. OH Stretch Normal Modes, Vibrational Frequencies, and
discrimination against branched-chain structures on energeticintensities. Given the structural and energetic consequences of
grounds. Inthe 2 1; structure, the binding energy (Table 2) branch formation one can readily anticipate the effects of branch
before ZPE correction is onky11.22 kcal/mol, about 1.3 kcal/  formation on the OH stretch vibrational frequencies and
mol smaller in magnitude than that of two independent methanol intensities.
dimer H-bonds £12.56 kcal/mol). This reflects the weakened (1) The branched chains retain a free OH stretch.

H-bonds associated with formation of the double-acceptor (2) Since the OH stretch modes of the chain structures are

methanol molecule. . already nearly local mode in character, the attachment of the
The uncorrected binding energy for thet31; structure is branch largely retains this localization.

only 19.7 kcal/mol, over 13 kcal/mol smaller than the most  (3) The OH stretch mode associated with the single-molecule

strongly bound tetramer structure, the cyclic tetramer (4). The pranchis just to the high-frequency side of the donor OH stretch

3+ 1s structure has several energetic liabilities: (i) it possesses ot 5 methanol dimer due to the weakened H-bond associated
one fewer hydrogen bond than the cyclic tetramer, (i) the \yith branch formation.

magnitude of the cooperative effects in the chain is smaller than (4) The more symmetric structures €21 and 3+ 1,) have

in cyclic structures, and (iii) the two *branch-point” hydrogen some delocalization of the OH stretch modes of the equal length

bonds are Wgaker than their unbranched analogues. Energet'branches (Table 4). This coupling splits the two terminal donor
cally, formation of an AAD molecule in the 3- 1, structure OH stretch levels

leads to largely compensating effects; that is, the stem H-bond (5) The OH stretch frequency of the strengthened AAD

is strengthened by an amount roughly equal to the weakening . : . )
in the two branch H-bonds. On the other hand, when the branch|_|'bondlIn the__3+ Lo strqcture is shifted dowr} in frequgncy by
74 cnt! from its value in the unbranched trimer chain.

forms a double-acceptor methanol (such as it 2 and_3+ . )
d Theonly experimental data on the branched-chain structures

1), the weakening of the branch H-bonds is not compensated, ; .
by the stronger AAD donor H-bond, thereby decreasing the net IS that tentatively assigned to thet31; structure by Coussan
et al. in a N matrix3® Bands with frequency shifts of18,

binding over the sub-structure sum by about 1.3 kcal/mol (Table . )
—195,—233, and—281 cn1! are assigned to this structure based

2). Thus an approximate binding energy for the- 2, 3+ 1;, i )
and 3+ 1, structures can be obtained from on the changes expected upon breaking a H-bond in & (B)
- branched cycle. The correspondence with our computed
BE[n+b] ~ BE[n] + BE[b+1] — 1.3(#AA) 1) frequencies {10, —111,—187,—241 cn1?) is not as good as
might be expected on the basis of their close proximity for other
where “n” is the length of the longest chain, “b” is the length structures. Whether matrix effects, incorrect assignment, or
of the branch, and “#AA” is the number of double-acceptor deficiencies in the calculation are responsible for these differ-
methanols in the structure. ences is not known.
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TABLE 6: Comparison of the Calculated and Experimental OH and CO Vibrational Frequency Shifts* for Various Sized
Methanol Clusters

Becke- Becke3LYP/ HF/6-311 Becke3LYP/6- MP2/ MP2/
exptl 3LYP/6-31+-G* 6-31+G'[2d,p] ++G(2d,2p) 311++G(3df,2p) DZP ESPB OPLS PHH3
reference this work this work 37 45 42 40 53 53
(MeOHY), 21 +2.67/+1° —-4.3 —-14.8 -5 -3 +20.6 +70.3
2 2 —107.%/-10F —-150.0 —188.2 —69 —148 —131 —-126 —239.4 -—145.1
CO stretch +18&° +17.4 +20.1 +10 +28.9 +24.2
—7¢ -13 —-125 —-14 +1.3 -1.7
(MeOH) 121 -2 134 2.7
3 2 —230 —203.5 —254.7
V3 279 —259.1 —303.5
(MeOH) 21 -17& —228.0 —255.4 —-98 —234
3) 2 —21P/-209% —241.5 —274.7 —-103 —246
V3 —24F —297.7 —329.1 —128 —300
CO stretch +8° +7.7 +9.2 +0. +3.8 +64.3
(MeOH), V23 —38¢¢ —370.6,—370.9
(4) CO stretch +10° +12.1 +24.9 +26.6
(MeOH), 21 —16Z —-158.9
3+1 V2 —203.5
V3 —239 —242.5
V4 —294 —326.6
(MeOH), 21 -18 -10.4
3+1 V2 —195 —-111.5
V3 —233 —187.0
V4 —281 —241.5
(MeOH) CO stretch +7.5 +275 +16.9
(5) +14° +13.4 +21.0 +16.6
+17.1 +17.2 +14.7
Bz—(MeOH), v; —769 —55.6
Bz-2 V2 -179 —-187.4
Bz—(MeOH) v1 -9 —77.9
Bz- 3 V2 —246 —245.6
V3 —29% —292.5

a Frequency shifts are calculated relative to the frequency of the OH stretch in the free monomer at the same level of theory. All values a
cm L. b Reference 23¢ Reference 5¢ From infrared spectroscopy of matrix-isolated methanol clusters by Coessér(refs 38, 39)¢ Reference
8. T Reference 39. Note that experimental values for structute13 are from a tentative assignmefReference 36.

E. Branched Methanol Cycles. 1. Structures and Binding The (3)+ 2 structure (Figure 4c) tests the effects of extending
Energies. Four branched-cycle structures have been studied: the length of the branch to a dimer unit. One sees that th® O
the (3)+ 1 tetramer (Figure 4a), the (4) 1 pentamer (Figure  separations in the trimer cycle (Table 1) are hardly changed
4b), the (3)+ 2 pentamer (Figure 4c), and the (3)1 + 1 from what was already induced by the monomer branch in the
double-branched pentamer (Figure 4d). The addition of a branch(3) + 1 structure. Furthermore, the dimer branch itself is
to a cyclic structure has similar structural consequences (Tablestructurally very similar to the last two members of a trimer
1) to those just noted in the H-bonded chain; namely, weakening chain (Table 4).
of the double-acceptor H-bonds and strengthening of the AAD  The (3}+1+1 structure (Figure 4d, Table 1) probes the
donor H-bond. addition of a second monomer branch to the{3} structure.

In Table 1, the change in ©0 separation ARoo) is given

In the (3)+ 1 structure, the monomer branch has three nearly- ¢
equivalent attachment points to (3) via the unoccupied lone pairs '¢lative to the (3)t 1 structure. The largest structural changes

duced by the second branch are the shortening of both branck
on the methanol oxygens. At the present level of theory, the In ; .
structure in Figure 4a is 0.2 kcal/mol more strongly bound than 0-0 separaﬂc;ns (liyo'?ﬁl gnd—fot.r?4% A). r']l'hls shuggez’.[s
the alternate one in which the branch attaches to molecule 1 on>0™€ COOperative strengthening ot the branches when adjacen
. o - to one another. As expected, the addition of the second branch
the opposite face of the cycle. Vibrational frequencies have lecul IS0 | h hesq ; Th
been calculated only for the former structure (mo ecu'e 5) also lengthens the-2 OO separation. e
) i ' ] } shortening of the AAD H-bond (23) when a second branch
While the hydrogen bonding and methyl group orientations s added is only 0.016 A because this H-bond is already
of the cyclic trimer are retained upon addition of the branch, constrained to be a double-acceptor H-bond by the presence of
the cycle is significantly distorted in (3} 1 from the near- the first branch.
symmetric structure it has in (3). Once again, the most dramatic  ag with the branched chain clusters, the calculated binding
effects involve the two hydrogen bonds in the cycle at the AAD  energies of the branched cycles (uncorrected for ZPE and BSSE)
branch point” (molecule 3, Figure 4a), shortening the donor are closely reproduced by a simple sum of contributions from
hydrogen bond (from molecule-32 in Flgure 4a) by 0.039 A the relevant sub-structures using
from its value in the cyclic trimer, but lengthening the-3

hydrogen bond by an even greater amount (0.064 A). Th®0O BE [(n)+b] ~ BE[(n)] + BE[b+1] )
separation in the branch H-bond is very close to its value in B
the methanol dimer. where “n” is now the number of methanols in the cycle.

Not surprisingly, in the (4) 1 structure (Figure 4b), similar ~ Equation 2 produces binding energies within a few tenths of a
distortions due to branch formation are evident (Table 1). kcal/mol of the calculations on the “full” cluster for all cases
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but the double-branch structure. In addition, the change in total "
binding energy upon addition of a single-molecule branch is a) (4)
almost the same~6.1 kcal/mol at the present level of theory)

regardless of the type of structure (cycle/chain) or size of the
cluster (cyclic trimer or tetramer). s

2. OH Stretch Normal Modes, Vibrational Frequencies, and 32
Intensities. In the (3)+ 1 structure, the normal modes (Table
4) are largely localized in either the cycle or on the branch. In
this sense it would appear that the AAD molecule acts as a
blocking group between the substructures even though it is itself
intimately involved in both substructures. The highest frequency
OH stretch vibration is more than 90% localized on the branch
OH and appears at a frequency shifted only 8 &ifnom that
of the donor methanol in the methanol dimer.

Whereas the normal modes of the cyclic trimer are highly
delocalized around the ring, the asymmetrization produced by |
the binding of the branch to the cycle localizes the ring d) 3+1, 2 3/4
vibrations more than 80% on single OH groups (Table 4). This
has two significant effects on the infrared spectra, first, in
inducing intensity in the lowest frequency OH stretch vibration
and, second, in breaking the near-degeneracy of the two high-
frequency modes which carry all the intensity in the isolated
cyclic trimer. Recent infrared spectra of benze(id,O); show
precisely the same effect due to the asymmetry produced by | 500  -.400  -300 -200  -100 0
benzene on the single-donor OH stretch vibrations of the water
trimer86 Here the effect is enhanced due to the stronger H-bond
formed by the branch methanol with the cyclic methanol trimer. Figure 6. Stick diagram of the calculated OH stretch harmonic

The recent matrix work of Coussan et*8has identified @ frequencies and infrared intensities for methanol tetramer (a) cycle (4),
series of bands in the OH stretch region and assigned them to(b) chain (4), (c) branched chain-81;, d) branched chain 3-1,, and
the (3)+ 1 branched cycle tetramer. As Table 6 shows, the (e) branched cycle (3) 1. The numbering on the vibrational transitions

correspondence of the three observed bands (at a frequency shiforresponds to the methanol numbering from Figures, land indicates

of —162, —239, and—294 cnt?) corresponds well with our which methanol OH has the largest coefficient(s) in that normal mode
! ' Table 4). The inset summarizes the methanol numbering and direction

calculated values of-158.9, —242.5, and—326.6 cnil, (

- . . . of hydrogen donation in the hydrogen bonds.
respectively, and lends some further confirmation to their

assignment. _ chain, branched-cyclic, and branched-chain. The cyclic and
. Similar effects of a pranch are seenin Fhe Ia.rger. cycle prese”tbranched-cyclic (CHDH), clusters maximize the number of
in (4) + 1; however, in that case the distortion is somewhat s hetween methanol molecules, exceeding by one the
more localized, with the greatest effect on the branch-point ,\per found in the chain and branched-chain structures of the
methanol and lesser effects on the other three vibrations in theg;me size. This. in combination with the increased cooperativity
cyclic tetramer. _ present in cyclic clusters, makes the cyclic clusters the global
The OH stretch spectrum of the longer-branch+{3} isomer minimum structures fon = 3—5 and the branched cyclic
can be interpreted roughly as the sum of a distorted cyclic trimer | sters the next most stable structuresrice 4 and 5.
(3) aF‘d th_e D and AD molecul_es in the trimer chain 3. Agal_n, An important goal of the present study has been the
the vibrations are largely localized on the cycle or branch, with determination of the OH stretch spectral signatures for the
“ U o
cross-talk” between the two substructures of only about 10%. o i H-bonding topologiescycles, chains, branched-cycles,
The modes in the ring are quite Iocahzgd due to the weakening and branched-chains. DFT calculations with the Becke3LYP
3f ghnebzgcﬂ']%?nmda;‘gg the strengthening of the-2 H-bond functional and employing the 6-31G* basis set produce OH
pF. v the doubl b. hed i 141 stretch vibrational frequency shifts which match well with
inally, the double-branched cyclic structure, (5) ! experimental values for (methanpgnd benzene(methanol)

IS nt(?]tablcle |n2tj11:it51‘3111r if_t)ge flv(eir 4H—:t3)0niTl ?re to fdtﬁublebaccdeptor clusters in cases where a comparison can be made. The spectr
methanols (2-1, ' »an )- ourof these bonads calculated here confirm the OH stretch vibrations as a sensitive

are weak, and the vibrational freqluency shifts of these vibrations probe of the cluster's H-bonding structure, cooperativity, and
fall between—145 and—233 cn™. intermolecular coupling. This is illustrated in Figure 6, where
the calculated OH stretch spectra of five H-bonding topologies
of the methanol tetramer are compared. Since these structures

In this paper, calculations of the structures, binding energies, are representative of the 13 studied, we close by briefly
vibrational frequencies, and infrared intensities of 13 low-energy highlighting their unique IR spectral characteristics.
conformations of (CHOH), clusters withn = 2—5 have been Cyclic clusters such as the cyclic tetramer (4) (Figure 6a)
presented. Analogous calculations on the lowest-energy struc-carry all their OH stretch intensity in a nearly-degenerate pair
tures of benzene(methanol), n = 2 and 3, have also been of transitions with a large frequency downshift relative to the
included and compared against new experimental resonant ionfree OH of methanol monomer. The OH stretch vibrations are
dip infrared spectra. highly delocalized around the ring, bearing a correspondence

An analysis of the calculated results has been given within with longitudinal phonons with different numbers of nodes in
the framework of four hydrogen-bonded structural types: cyclic, the phonon oscillatiof

—
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V. Conclusions
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H-bonded chains such as 4 (Figure 6b) have a free OH stretch  (26) Kay, B. D.; Castleman, A. W. J. Phys. Cheml985 89, 4867~
WEICh IS hardlyhmoved Tl’oml_lts moTomenC frequency. T.hel .(27) Lovas, F. J.; Belov, S. P.; Tretyakov, M. Y.; Stahl, W.; Suenram,
other OH S.tretc es gre OC.a |?ed n .arge measure on a singleg p. 3. Mol. Spectroscl995 170, 478-92.
OH group in the chain, as indicated in the figure. All the OH (28) Huisken, F.; Kaloudis, M.; Koch, M.; Werhahn, ©.Chem. Phys.
stretch bands carry intensity in the chain structures, but the 1992 10[5; ﬁ%?%’f??\)l KM M hem. Physl077
interior methanols have an enhanced intensity which grows with 66(43)8_53’15' - R Mack, K. M.; Muenter, J. S. Chem. Phys1977
increasing shift to lower frequency, as expected for OH stretch '(30) Odutola, J. A.; Dyke, T. RJ. Chem. Phys198Q 72, 5062-70.
modes in increasingly strong H-bonds. (31) Fraser, G. Tint. Rev. Phys. Chem199], 10, 189-206.
The spectral consequences of a branch in the branched-chain (32) Pugliano, N.; Saykally, R. Sciencel992 257, 1937-40. .
3+ 1, and 3+ 1,) (Figure 6¢,d) are similarl (33) Liu, K;; Elrod, M. J.; Loeser, J. G.; Cruzan, J. D.; Pugliano, N.;
Struc_tures -( -1 = 2) | g ' Yy Brown, M. G.; Rzepio, J.; Saykally, R. Baraday Discuss1994 97, 35—
localized on a given OH group in the structure. The free OH 41.
stretch is once again present in the branched chains. However13 (?|>_4) L'U,\,l K-é'-olfslfh Fi- (333 AElfOCgr']V'- J-;SHgsgéE-ﬁa géggle?'g,l%- A
p e o Pugliano, N.; Saykally, R. . Am. Chem. So — .
the_branched chains show generally smaller frequen_cy shifts in (35) Buck, U.. Schmidt, B.; Siebers, J. G. Chem. Phys1993 99,
their H-bonded OH stretches due to the weakening of the g428-37.
H-bonds to the branch-point methanol. The relative spacing (36) Pribble, R. N.; Hagemeister, F.; Zwier, T..5.Chem. Physl997,

- i i i in 106 2145-2157.
?;;Zigaa%%i%dcg;nwbratlons Is also changed from that in (37) Zwier, T. S. The Infrared spectroscopy of hydrogen-bonded

. . clusters: Cycles, chains, cubes, and three-dimensional networks. In
Finally, the branched cycles, represented by+#3) (Figure Advances in Molecular Vibrations and Collision dynami@&@owman, J.

6e) have only H-bonded OH stretches, one near the donor OHM., Ed.; JAI Press: Greenwich, CT, 1997; Vol. 3, in press.
Of the methanol dlmer and the Other three near those Of the Ch(38) Coussan, S.; BakkaS, N.; LOUte”ler, A.; Perchard, J. P.; Racine, S.

. . . em. Phys. Lettl994 217, 123-29.
cyclic methanol trimer. The asymmetry imposed by the branch (39) Coussan, S.; Loutellier, A.; Perchard, J. P.; Racine, S.; Peremans,

on the trimer cycle partially localizes the vibrations in the cycle, A.; Tadjeddine, A.; Zheng, W. Ql. Chem. Phys1997, 107, 6526-6540.
turning on intensity in all its OH modes and breaking the near- __(40) Anwander, E. H. S.; Probst, M. M.; Rode, B. fhem. Phys1992

n mo 166, 341—60.
degeneracy of the transitions within the cycle. (41) Bizzarri, A.; Stolte, S.; Reuss, J.; Rijdt, J. G. C. M. V. D.-V. D.;

Duijneveldt, F. B. V.Chem. Phys199Q 143 423-35.
(42) Bleiber, A.; Sauer, lhem. Phys. Lettl995 238 243.
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