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Hydrogen bonded complexes between two different aliphatic alcohols exhibit donor/acceptor isomerism. In
a supersonic jet expansion, the less stable isomer can isomerize to the more stable isomer if the energy
difference is sufficiently large and the barrier sufficiently low. We show by FTIR jet spectroscopy that this
is progressively the case for methanol/methanol-d1, methanol/ethanol, and methanol/tert-butyl alcohol, until
no metastable donor/acceptor isomer persists in the expansion. Collisional relaxation experiments,18O labeling
and quantum chemical calculations are used to assign the spectra. Differences between energetical and
spectroscopic acceptor strengths are discussed.

Introduction

When a hydrogen bond is formed between two aliphatic
alcohols, one OH group acts as the hydrogen bond donor and
the other one acts as the hydrogen bond acceptor. This leads to
isomerism, whenever the two alcohols are chemically1 or
conformationally2 different. Obviously, the most stable hydrogen
bond isomer is that in which the “better” donor donates its
hydrogen to the “better” acceptor, rather than vice versa.
However, this apparently straightforward statement gives rise
to several questions. How can one measure donor and acceptor
strength? Do the results correlate with common organic
chemistry rules about inductive effects? Are donor and acceptor
strength trends always anticorrelated in alcohols? Can vibrational
spectroscopy be used to study such isomerism? Will the less
favorable isomer coexist with the more stable one in a supersonic
jet expansion?3

Our goal is to answer some of these questions using dimers
of the simplest aliphatic alcohols such as methanol (MeOH),
ethanol (EtOH), andtert-butyl alcohol (t-BuOH). This makes
quantum chemical predictions feasible, but it precludes the most
sensitive spectroscopic techniques, such as laser-induced fluo-
rescence or soft ionization, which require suitable UV chro-
mophores. Direct absorption IR spectroscopy is thus the method
of choice. Due to sensitivity limitations, it has so far been
constrained to matrix isolation studies for these systems.1 We
have recently developed supersonic jet FTIR spectroscopy to
the point where such systems can also be routinely studied in
vacuum isolation.4 An alternative approach would be cavity
ringdown laser absorption spectroscopy.5 Another alternative
would be the use of microwave spectroscopy, if the high-
resolution spectra can be assigned to individual conformations.6

For smaller molecules and clusters, insightful isomerization
experiments in rare gas expansions have been carried out
before.7

In any case, the vacuum environment allows for a more direct
comparison to theory, as matrix perturbations1,8 are avoided.

This is vital if the isomer effects occur on a sub-kilocalorie scale.
As an example for interesting matrix perturbations, Coussan et
al.1 very recently studied mixed methanol/ethanol dimers.
Methanol was found to be the donor in Ar matrices, whereas it
acts as the hydrogen bond acceptor toward ethanol in an N2

matrix. At the same time, the preferred conformation of ethanol
in these matrices is inverted from trans to gauche, like in the
corresponding matrix isolated monomers.9,10This underlines the
usefulness of vacuum isolation studies for such subtle isomer-
izations.

The symmetry in alcohol dimers can be broken in different
ways. The most subtle effects are expected for isotope substitu-
tion. While heavy atom substitution is most useful for labeling
purposes,1 deuteration can have a pronounced influence on the
isomer equilibrium due to zero point energy effects. In general,
deuterium prefers the bound position, where its reduced
vibrational amplitude can lead to a significant lowering of the
zero point energy. In contrast, energetical and spectroscopic
effects of acceptor deuteration on the donor vibrations are often
quite subtle.11,12The symmetry in an alcohol dimer can also be
broken by conformational isomerism, if donor and acceptor
molecules adopt different conformations, such as in ethanol
dimer.2,6,10

Finally, chemical substitution offers a robust way to distin-
guish between hydrogen bond isomers. Substitution of hydrogen
atoms by methyl groups in methanol, such as in the case of
ethanol ortert-butyl alcohol, is expected to increase the acceptor
strength of an OH group, whereas it might be thought to weaken
the donor strength. Both effects can be attributed to the+I effect
of the substituted methyl groups, which increases the electron
density at the oxygen atom. As will be seen, this simple picture
must be viewed with some caution.

In the present study, we move from the delicate isomerism
in methanol/methanol-d1 dimers over the large variety of isomers
in the methanol/ethanol system to the more simple case of
methanol/tert-butyl alcohol. In all cases, FTIR spectra of jet-
cooled dimers were recorded, assignment is supported by isotope
substitution and collisional relaxation, comparison to harmonic
quantum chemical calculations is made, and implications for
concepts of donor/acceptor isomerism are discussed.
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Methods

OH (OD) stretching fundamentals of alcohol dimers were
obtained by ragout-jet FTIR spectroscopy4 and its recent filet-
jet variant.13,14Dimers were produced together with monomers
and some larger clusters in a supersonic jet expansion at≈10-
20 K rotational temperature by coexpanding the alcohols at sub-
percent concentrations with the carrier gas He through pulsed
slit nozzles (12 cm× 0.05 cm in the ragout-jet and 60 cm×
0.02 cm in the filet-jet). A vacuum buffer of 23 m3 volume
allowed to accommodate gas pulses of typically 140 ms length
at a background pressure below 1 mbar. It was further evacuated
down to 0.1 mbar by a series of roots pumps within about 30
s before the next gas pulse was admitted to the buffer. Full
interferometer scans of an FTIR spectrometer (Bruker, IFS 66v/
S, l-N2 cooled InSb detector) were synchronized to the gas pulse.
The resolution of the spectra was 2 cm-1 if no other value is
given.

The binary alcohol mixtures were prepared by bubbling He
through two thermostated saturators, one for each alcohol, into
a 65 L reservoir. The mixing ratio was adjusted by the saturator
temperature, by a separate He flow and by pulsed admission of
each gas to the reservoir via magnetic valves. The alcohol
concentrations are calculated on the basis of gas-phase IR spectra
of the mixtures, which are compared to gas-phase spectra of
the pure alcohols. In some experiments, traces of Ar were added
to the He carrier gas to enhance the cluster relaxation in the
expansion. The amount of Ar in the gas mixture was determined
by mass spectrometry in some cases and estimated from the
gas flow in others.

Methanol (MeOH, dried, Merck), methanol-d1 (MeOD, 99%
D, Aldrich), 18O methanol (Me18OH, 95% 18O, Campro
Scientific), ethanol (EtOH, dried, Merck),tert-butyl alcohol
(t-BuOH, 99%, Lancaster), He (99.996%, Messer), and Ar
(99.998%, Messer) were used as supplied.

Geometry optimizations and harmonic frequency calculations
were carried out using the Gaussian0315 program suite (including
earlier versions) for various basis sets and different levels of
electron correlation treatment. Single-point CCSD(T) calcula-
tions were performed with the MOLPRO suite of programs.16

To compensate in first order for anharmonic effects and
deficiencies in the electronic structure treatment, all harmonic
dimer OH stretching wavenumbersω(th) were shifted by the
difference between the experimental monomer wavenumber
ν̃M(exp) and the harmonic monomer wavenumber prediction
ωM(th):

Donor and Acceptor Strengths and Red Shifts

Before presenting computational and spectroscopic results on
mixed alcohol dimers, a brief discussion of hydrogen bond donor
and acceptor strength and possible spectroscopic observables
is adequate.

Four hydrogen bonded dimers AA, BB, AB, and BA can be
constructed from the two alcohol monomers A and B, where
the first letter in the dimer refers to the donor and the second
to the acceptor. Let AB be more stable than BA and letD(AB)
be the dissociation energy of AB into its fragments A and B.
Thus, we choose the convention:

A measure for the donor strength of A relative to B (DAB) would
be

It is the average energy gain when B is replaced by A as a
donor in one of the four dimers.

The corresponding measure for the acceptor strength of A
relative to B (AAB) would be

It is the average energy gain when B is replaced by A as an
acceptor in one of the four dimers.

The isomer difference∆ED ) D(AB) - D(BA), which is of
interest in the present context, is thus simply given by

Therefore, AB is more stable than BA if the relative donor
strength of A exceeds the relative acceptor strength of A.DAB

and AAB need not have opposite signs (i.e., the better donor
does not have to be the poorer acceptor)!

This is best illustrated with one of the very few examples,
where experimental dissociation energies are largely available
for a set of four dimers, namely, HF/DF.17 We identify A with
DF, as FD‚‚‚FH is clearly more stable than FH‚‚‚FD due to
zero point energy reduction in the hydrogen bond librations.
Thus,D(AB) ≈ 13.84 kJ/mol,18-20 D(BA) ≈ 12.94 kJ/mol,19,20

D(AA) ≈ 14.06 kJ/mol,21 andD(BB) ≈ 12.70 kJ/mol.17,22The
relative donor strength of A isDAB/(kJ/mol)) (1.14+ 1.12)/2
) 1.13. The relative acceptor strength of A isAAB/(kJ/mol) )
(0.22+ 0.24)/2) 0.23. DF is both a better donor and a better
acceptor than HF, but its donor superiority exceeds its acceptor
superiority and thus FD‚‚‚FH is more stable than FH‚‚‚FD.

Spectroscopically, a similar analysis can be carried out by
considering the hydrogen bond induced red shifts of X-H
stretching fundamentals. For the same donor, these red shifts
somehow reflect the acceptor strength of the hydrogen bond
partner, whereas the donor strength would have to be probed
by an acceptor vibration. The sensitivity of hydrogen bond
induced red shifts provides an excellent spectroscopic probe of
the acceptor strength, while suitable donor strength probes will
be more difficult to find. Thus, one can define a quantity

based on donor fundamental wavenumbers (ν̃) as a local
spectroscopic probe of hydrogen bond acceptor strength, which
may or may not correlate with the energetical quantity (AAB)
from eq 4. The minus sign results from the low-frequency shift
of donor vibrations upon hydrogen bond formation.

For the well-studied HF/DF system,ν̃(AA) ) 2834.62 cm-1,23

ν̃(AB) ) 2838.05 cm-1,19 ν̃(BA) ) 3867.72 cm-1,19 andν̃(BB)
) 3868.31 cm-1.23 According to eq 6,AAB

spec/cm-1 ) 2.01,
consistent with DF being a slightly better acceptor than HF.
This is in line with the energetical finding and provides some
validation for the proposed approach.

Correlations between binding energies and hydrogen bond
induced red shifts24-27 have been proposed and refined ever
since the linear Badger-Bauer relationship was postulated in
1937.28 The present analysis concentrates on aspects of donor/
acceptor interchange and does not rely on the validity of energy/

DAB )
(D(AB) - D(BB)) + (D(AA) - D(BA))

2
(3)

AAB )
(D(AA) - D(AB)) + (D(BA) - D(BB))

2
(4)

∆ED ) D(AB) - D(BA) ) DAB - AAB (5)

AAB
spec) -

(ν̃(AA) - ν̃(AB)) + (ν̃(BA) - ν̃(BB))
2

(6)ν̃(th) ) ω(th) + ν̃M(exp)- ωM(th) (1)

D(AB) - D(BA) > 0 (2)
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red-shift correlations. It actually points out limits of such
correlations, as will be seen below.

Results and Discussion

MeOH/MeOD. The most elementary mixed aliphatic alcohol
dimer system is that of methanol with methanol-d1. In the
absence of zero point energy, both mixed isomers are of course
energetically equivalent within the Born-Oppenheimer ap-
proximation. In analogy to HF, one expects MeOD to engage
preferentially as a donor because of the reduced zero point
energy destabilization of the librational modes.29 This is
confirmed by simple harmonic calculations, which are sum-
marized in Table 1. The corresponding relative donor and
acceptor strengths of MeOD are given in Table 2. MeOD is a
better hydrogen bond donor, and to a lesser degree also a better
hydrogen bond acceptor than MeOH.

Whether both mixed MeOH/MeOD dimers are formed in a
supersonic jet expansion depends on the energy difference
between the two and on the barrier height for the donor/acceptor
exchange. For the predicted energy difference of about 0.6 kJ/
mol, one would expect almost complete conversion to the most
stable dimer at a final supersonic jet temperature of about 10-
20 K. However, the equilibrium between isomers is typically
frozen at much higher temperatures in earlier stages of the

expansion. Therefore, the energy barrier for isomer intercon-
version is decisive. For methanol dimer, the corresponding first-
order saddle point involves a planar arrangement of the two
OH groups. The OOH angle is close to 47-48°, and the
imaginary wavenumber amounts to 50-60 cm-1. The electronic
barrier for interconversion is 6-7 kJ/mol. Including zero point
energy, this is lowered to about 5 kJ/mol from the excited-state
perspective (see Table 2). This barrier heigth may be just enough
to stabilize the metastable isomer with MeOD in the hydrogen
bond acceptor role under supersonic jet conditions.

It remains to be discussed whether the mixed dimers can be
distinguished spectroscopically from their homodimer counter-
parts. The donor OH (OD) stretching chromophore is fairly
localized and may not be shifted sufficiently in frequency upon
deuteration of the acceptor OH. Harmonically, the predicted shift
is indeed very small, on the order of 0.1-0.3 cm-1 and quite
independent of the employed level of theory. Its sign is such
that acceptor deuteration leads to a slight red shift for the MeOD
donor and to a slight blue shift for the MeOH donor. These
purely harmonic mass effects are likely to be overlapped by
larger anharmonic contributions, which affect the acceptor
strength via effective bond elongation and distortion due to zero
point motion. Indeed, the energetical data in Table 2 suggest
that MeOD is the better acceptor. From this, one expects a red
shift upon acceptor deuteration, which is at variance with the
purely harmonic mass effect for the MeOH donor.

At this stage, the experimental ragout-jet FTIR spectrum of
mixed MeOH/MeOD expansions in He can be discussed. Figure
1 compares the region of the OH stretch vibration for isotopi-
cally mixed (trace (b)) and pure MeOH (trace (a), scaled to
match the dimer band intensity) expansions. The mixing ratio
in trace (b) is about MeOH:MeOD) 1:2. The methanol
monomer absorption (M) peaks at 3686 cm-1 (see Table 3) in
accordance with ref 4. It also includes any OH stretching bands
of pure acceptor molecules, in particular from the dimer. At
lower wavenumber the donor bands of dimers (D), trimers (T),
and tetramers (Te) occur. The vibrational bands have overlap-

TABLE 1: Dissociation Energies (in kJ/mol) of Alcohol Dimers in the Notation Donor + Acceptor with (D0) and without (De)
Harmonic Zero Point Energy Correction Calculated at MP2 (in parentheses B3LYP) Level for a range of basis sets: (A)
6-31+G(d), (B) 6-311++G(d,p), (C) 6-311++G(2d,p), and (D) 6-311++G(3df,2p)a

A B C D

dimer De D0 De D0 De D0 De De,c

MeOH + MeOH 32.1 25.5 28.5 22.4 26.8 21.2 - -
(26.0) (19.7) (24.4) (18.6) (-) (-) [-] [-]

MeOD + MeOD 32.1 - 28.5 23.4 26.8 22.1 - -
(26.0) (20.7) (24.4) (19.5) (-) (-) [-] [-]

t-BuOH + t-BuOH 40.3 34.4 35.5 - - - - -
(23.9) (17.9) (21.6) (16.4) (-) (-) [-] [-]

MeOH + MeOD 32.1 - 28.5 22.5 26.8 21.4 - -
(26.0) (19.9) (24.4) (18.8) (-) (-) [-] [-]

MeOD + MeOH 32.1 - 28.5 23.2 26.8 22.0 - -
(26.0) (20.5) (24.4) (19.4) (-) (-) [-] [-]

MeOH + EtOHt - - - - 29.2 23.0 28.6 24.4
(26.5) (20.3) (-) (-) (-) (-) [28.3] [25.4]

EtOHt + MeOH - - - - 26.6 21.4 25.6 21.9
(25.4) (19.6) (-) (-) (-) (-) [25.6] [23.1]

MeOH + EtOHg - - - - 29.9 24.1 29.2 24.9
(26.8) (20.4) (-) (-) (-) (-) [28.8] [25.9]

EtOHg + MeOH - - - - 26.2 20.6 27.2 23.2
(25.1) (18.8) (-) (-) (-) (-) [26.9] [24.2]

MeOH + t-BuOH 37.3 30.7 32.9 - - - - -
(27.2) (20.9) (24.9) (19.5) (-) (-) [-] [-]

t-BuOH + MeOH 34.1 28.0 30.7 - - - - -
(23.5) (17.3) (21.8) (16.1) (-) (-) [-] [-]

a The entry in brackets under (D) is an energy calculation at the CCSD(T)/avtz’ level2 at the same geometry. All other values are obtained after
geometry optimization.De,c is the dissociation energy after counterpoise correction.39 The dissociation of dimers containing ethanol is relative to
the monomer fragments.

TABLE 2: Relative Donor (DMeOD-MeOH) and Acceptor
Strength (AMeOD-MeOH) of MeOD in MeOH/MeOD (in
kJ/mol) Calculated at Harmonic B3LYP and MP2 Level for
Basis Sets A to C from Table 1a

method basis setDMeOD-MeOH AMeOD-MeOH ∆E0,D ∆ES ∆E0,S

B3LYP A 0.8 0.2 0.6 5.9 4.6
B 0.75 0.15 0.6

MP2 B 0.85 0.15 0.7 7.0 5.5
C 0.75 0.15 0.6

a Also given is the difference in zero point energy levels (∆E0,D)
and the electronic interconversion barrier (∆ES) as well as the barrier
from the excited isomer to the ground state isomer (∆E0,S).
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ping contributions from OH stretching motions in partially
deuterated and nondeuterated clusters. This is indicated in the
notation (index H+ D). The trimer bands show a significant
isotope effect. Its analysis is beyond the scope of the present
article, but it may shed some light onto the controversial
interpretation of the methanol trimer spectrum.4,30-32 The change
in the dimer band is more subtle. Therefore the region from
3590 to 3560 cm-1 is displayed as an enlarged inset in Figure
1. The band position of the MeOH dimer at 3575 cm-1 is
marked with a dashed line. This shows that the absorption peak
in the mixture is red-shifted by about 2 cm-1. Due to MeOH
dimer band overlap, the real band position of the mixed dimer
may be somewhat lower than 3573 cm-1. Its accurate determi-
nation by subtraction of the MeOH dimer part is not trivial due
to the unknown partition of D among the three possible
isotopomers. However, the mere existence of the isotope shift
proves that the metastable mixed dimer is indeed present in the
expansion.

Ragout-jet FTIR spectra of the OD stretch region are shown
in Figure 2. Trace (a) is the spectrum of pure MeOD, and trace
(b) is obtained from the mixture. The capital letters refer to
both spectra and label the monomer (M), dimers (D), trimers
(T), and higher clusters (C). The CH stretch vibrations are
located between 3040 and 2830 cm-1. C bands around 3250
cm-1 are due to OH stretching modes in partially deuterated
clusters and do not occur in spectrum (b), supporting its isotopic
purity. The change in the dimer band between trace (a) and
trace (b) is even more subtle than in the OH stretch region.
Again the dimer region is enlarged in an inset. The band position
of the MeOD homodimer is marked with a dotted line to

emphasize the slight shift toward higher wavenumber upon
MeOH addition. Trace (c) is the original 1 cm-1 resolution
version of trace (b), which has 2 cm-1 resolution, like trace
(a). A low frequency shoulder is common to all spectra. From
the slight spectral shift, it can be concluded that the mixed
MeOD‚‚‚MeOH dimer is shifted by about 0.5 cm-1 to the blue
of the MeOD homodimer. This shift is four times smaller than
that of MeOH‚‚‚MeOD relative to (MeOH)2, but in line with
the expectation of a better relative acceptor strength of MeOD.

The experimental wavenumbers for monomers and dimers
are summarized in Table 3 and compared to harmonic predic-
tions that were adjusted to the monomer band center according
to eq 1. Apart from the failure to predict the subtle acceptor
deuteration shifts, one may note the consistent overestimation
of the dimer red shifts at B3LYP and MP2 level.33,34 Isotope-
substituted methanol has previously been investigated by matrix
isolation techniques.11,12 IR spectra in the region of the OH
stretch vibration of MeOH-d3 and a mixture of MeOH-d3 with
MeOD-d3 showed shifts of the OH donor in the mixed dimer
below 0.5 cm-1, qualitatively consistent with our findings, if
matrix effects are considered.

In summary, MeOH/MeOD is a system where the relaxation
in the supersonic He jet remains incomplete. A barrier of about
5 kJ/mol is thought to be responsible for the survival of the
metastable mixed dimer, in which MeOH acts as a hydrogen
bond donor toward MeOD. Spectroscopic and energetical
acceptor strengths are consistent with each other.

MeOH/EtOH. The mixed dimer of methanol and ethanol is
an elementary example in which conformational, donor/accep-
tor1 and diastereomeric isomerism occur at the same time.
Ethanol exists in a trans (t, also called anti) and in two
enantiomeric gauche conformations (g+, g-) with very subtle
energy balance.2 Starting with thet conformation and looking
along the Of C bond vector in a Newman projection,g+ is
the conformation in which the O-H bond is rotated clockwise
by 120°. When ethanol engages in a hydrogen bond with
methanol as the donor or as the acceptor, a new asymmetric
center emerges at the acceptor oxygen atom. In a simplistic view,
there is a choice between two oxygen lone pairs. Looking again

Figure 1. Jet spectra of MeOH/MeOD in He in the region of the OH
stretch vibration. Trace (a) shows pure MeOH (cMeOH = 0.6%), and
trace (b) shows a mixture (cMeOH = 0.3%,cMeOD = 0.6%). The dashed
line marks the band position of the MeOH homodimer. See text for
further explanations.

TABLE 3: Experimental ν̃(exp) and Corrected Harmonic
ν̃(th) Wavenumbers at Different Levels of Theory (in cm-1)
of the OH Stretch Vibration of Methanol Monomers and
Dimers

ν̃(exp) ν̃(th)(B3LYP/A) ν̃(th)(B3LYP/B) ν̃(th)(MP2/C) assignment

3686 3686 3686 3686 MeOH
3575 3543 3533 3534 (MeOH)2

3573 3543 3533 3534 MeOH‚‚‚MeOD
2718 2718 2718 2718 MeOD
2638 2615 2608 2608 MeOD‚‚‚MeOH
2637 2615 2608 2608 (MeOD)2

Figure 2. Jet spectra of MeOH/MeOD in He in the region of the OD
stretch vibration. Trace (a) shows pure MeOD, and trace (b) shows a
mixture (cMeOH = 0.4%,cMeOD = 0.8%). Spectrum (c) has a resolution
of 1 cm-1. The band position of the MeOD homodimer is marked with
a dotted line, and the approximate position of the MeOD‚‚‚MeOH dimer
is marked with a dashed line.
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along the Of C bond vector, we denote the lone pair in
clockwise direction from the O-H bond as the right lone pair.
Together with the donor/acceptor isomerism, this leads to 3×
2 × 2 isomers in a rotational isomeric state picture, which form
6 pairs of enantiomers. A recent study1 investigated four of these
structures. On the other hand, a systematic search on the
potential energy hypersurface shows that there are multiple
minima for some of the six rotational isomers that arise from
secondary interactions with C-H groups.35 The combination
of left lone pair andg+ conformation (or by mirror symmetry
also right lone pair andg- conformation) at the ethanol acceptor
generally leads to more open structures than left-g- (or right-
g+) combinations. The compactness of the latter appears to
provide a slight energy advantage via interactions of the methyl
group in ethanol with the oxygen in methanol, as seen in Table
4 and Figure 3. According to harmonic calculations at lower
level, this qualitative conclusion is not changed by the addition
of zero point energy.

Based on the energetics in Table 4, one expects at least two
isomers in the jet in which MeOH acts as a donor and EtOHg/t

as an acceptor. They are very close in energy. It is not clear
whether the trans or the gauche isomer is more stable, as the
monomer gauche/trans energy difference is off by 0.5 kJ/mol
at MP2 level for this large basis set2 and zero-point energy
effects are not included (see however Table 1).

The reverse isomers with ethanol as the hydrogen bond donor
compete energetically with higher-lying MeOH‚‚‚EtOH isomers.
In most cases, these higher-lying isomers are only minima on
the potential energy hypersurface. With the inclusion of zero
point energy, the barriers of the corresponding rearrangement
reactions tend to vanish. Therefore, the lowest isomers of each
class are highlighted in the table as the most likely candidates
for spectral assignment. Computed dissociation energies of these
four mixed MeOH/EtOH dimers for a range of basis sets and
methods with and without zero point energy correction,D0 and
De, are compared to those of other dimers in Table 1. They are
in line with those obtained at B3LYP/6-311++G(2d,2p) level.1

One should note that the dissociation values in Table 1 refer to
monomer fragments in the relevant conformation; therefore, the
dimers involving gauche EtOH have a stronger binding energy,

TABLE 4: MeOH/EtOH Dimers in Four Different Isomer Classes Together with Relative Energies (in kJ/mol) at MP2 Level
with Basis Set D, with (∆ECP) and without (∆E) Counterpoise Correctiona

donor+ acceptor type ∆ECP ∆E rO‚‚‚H/pm ∆ECP
CCSD(T) ∆E CCSD(T)

MeOH + EtOHt compact 0.0 0.0 276 0.0 0.0
MeOH + EtOHt (2) compact 1.8 1.6 273
EtOHt + MeOH open 2.4 3.0 328 2.4 2.7
MeOH + EtOHg compact 0.3 0.3 267 0.2 0.1
MeOH + EtOHg (2) compact 2.3 2.6 269
MeOH + EtOHg (3) open 2.6 2.9 338
EtOHg + MeOH compact 1.9 2.3 290 1.9 2.0
EtOHg + MeOH (2) open 2.6 3.2 315

a Compactg+-ethanol structures involve the right acceptor oxygen lone pair. The shortest intermolecular O-C-H distancerO‚‚‚H (in pm) is
also given. The most stable isomers of each class that are considered in the spectral analysis are marked in bold face. For them, relative CCSD(T)
energies with (∆ECP

CCSD(T)) and without (∆ECCSD(T)) counterpoise correction (in kJ/mol) are also given.

Figure 3. Mixed MeOH/EtOH dimer structures calculated at the MP2/6-311++G(3df,2p) level of theory. The hydrogen bond length and the
shortest secondary oxygen contact for each isomer are given in Å. See also Table 4.
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although in absolute terms they may be energetically higher in
energy than those involving trans EtOH (see Table 4). The subtle
monomer isomerization energy renders an analysis of the relative
donor and acceptor strengths of ethanol and methanol less useful
at the present stage than for MeOH/t-BuOH (see next section).

Whether the less stable isomers with methanol as hydrogen
bond acceptor persist in a supersonic jet is crucially dependent
on the barrier for interconversion into the more stable MeOH‚
‚‚EtOH isomers. This is analyzed in Table 5. As for MeOH/
MeOD, the exchange is mainly a motion along the HOO
coordinate. The barrier can be located in a one-dimensional scan
along this coordinate. Figure 4 shows such a scan for the MeOH/
EtOHt dimer at the B3LYP/6-31+G(d) level. The angleδ
between the OH bond of the donor or the acceptor and the O‚
‚‚O vector is again close to 45° at the barrier. The exact barrier
was located by using the highest point of the scan as a starting
point for a transition state optimization (opt) TS) implemented
in Gaussian.15 Its first-order saddle point character was verified
by a force field calculation. In contrast to MeOH/MeOD, the
HOOH dihedral angle deviates slightly from 180°. The elec-
tronic barrier height as viewed from the less stable isomer is
5.7 kJ/mol. If the zero point energy ofn vibrations at the local
minimum and of alln - 1 true vibrations at the saddle point
are added, the barrier is reduced to 4.7 kJ/mol. On the basis of
the similar energetics in MeOH/MeOD, one may expect that
some dimers in the jet expansion are stabilized in the less stable
donor/acceptor arrangement. However, one should not dismiss
other routes for interconversion, involving a third molecule.
While such dimer-molecule collisions are more than 3 orders
of magnitude less frequent than dimer-rare gas collisions in
our diluted experiment, they may be more efficient in terms of
donor/acceptor interconversion.

These calculations set the stage for the spectroscopic study
of mixed MeOH/EtOH expansions. Its results are summarized
in Figure 5. Traces (a) and (b) show ragout-jet FTIR spectra of
pure methanol4 and ethanol2 in the OH stretch region. Mono-

mers, dimers, and trimers are marked with M (trans and gauche
in the case of ethanol), D, and T. Here, we concentrate on the
dimer region. The donor OH stretch vibrations of ethanol dimer
occur at 3547, 3539, and 3531 cm-1, red-shifted with respect
to the single methanol dimer band at 3575 cm-1. We could
recently show that the lowest wavenumber band contains the
most stable dimer conformation, a homoconfigurational gauche
form.2 Trace (c) provides the ragout-jet FTIR spectrum of a
mixed expansion. The concentration of ethanol is only about
half that of the methanol to avoid overlapping ethanol dimer
bands. Apart from the strong methanol dimer band, only the
ethanol dimer band at 3531 cm-1 due to the most stable ethanol
dimer survives. This may be a result of the enhanced collisional
relaxation by the added methanol. Three new bands occur at
3567, 3556, and 3548 cm-1 (i.e., just between the bands of the
pure dimers). The most blue-shifted band carries only about
one-fifth of the intensity of the other bands and overlaps with
the wing of the methanol dimer band. After scaling and
subtraction of the methanol dimer band via trace (a), the
difference spectrum (d) is obtained. It clearly exhibits the three
bands attributed to mixed dimers.

Identification of the donor molecule in these mixed dimers
is possible by the use of Me18OH,1 as shown in trace (e). The
heavier frame shifts the OH stretching modes to lower frequen-
cies. This is seen for the monomer, but also for the three dimer
peaks in trace (c). The most blue-shifted peak is due to MeOH
dimer, as evidenced by a pure Me18OH expansion shown in
trace (f). It is red-shifted by 13 cm-1 relative to Me16OH. This
value agrees well with the predicted shift of 12 cm-1 calculated
at the B3LYP/6-31+G(d) level of theory and also with the
change in the square root of the reduced mass of an isolated
OH oscillator. The other two dimer peaks at 3546 and 3537
cm-1 in trace (e) form the same pattern as in trace (c), merely
shifted by 10-11 cm-1. Thus, both of them can be assigned to
mixed dimers with methanol in the donor position. For the third

TABLE 5: Barrier Heights of the Donor/Acceptor Exchange
Motion in MeOH/EtOH and MeOH/ t-BuOH Dimers at
B3LYP/6-31+G(d) Levela

∆ED ∆ES ∆E0, D ∆E0, S ν̃i δ γ

MeOH/EtOHt 0.9 5.7 0.6 4.7 -48 47.7 (46.0) 177.9
MeOH/EtOHg 1.7 5.2 1.6 3.9 -48 48.3 (45.2) 179.2
MeOH/t-BuOH 3.8 4.4 3.6 3.1 -42 49.1 (44.9) 172.1

a ∆ED (∆E0,D) is the energy difference between theABandBAdimer
without (with) zero point energy (in kJ/mol). The energy difference
∆ES (∆E0,S) between the saddle point and the less stable isomer is also
given. ν̃i is the imaginary wavenumber of the saddle point (in cm-1).
The geometry at the saddle point is described by the HOO-angleδ of
the donor (acceptor) and the HOOH-dihedral angleγ (in deg).

Figure 4. Potential energy of the MeOH/EtOHt dimer along the HOO-
angleδ calculated at the B3LYP/6-31+G* level of theory.

Figure 5. (Traces a-d) Ragout-jet FTIR spectra of methanol (cMeOH

= 0.06%), ethanol (cEtOH = 0.04%) and the mixed expansion of
methanol/ethanol in He. (cMeOH = 0.02%,cEtOH = 0.008%). (Traces e
and f) Ragout-jet FTIR spectra of Me18OH (e) without (cMeOH = 0.25%)
and (f) with EtOH added (cMeOH = 0.04%,cEtOH = 0.02%). (Traces g
and h) Filet-jet FTIR spectra of the mixed expansion of methanol and
ethanol (g) without and (h) with= 1.5% Ar addition. Scaling factors
applied to individual spectra are given as “× 0.nm”.
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and weakest mixed dimer band, no such statement is possible.
A shift of at least two MeOH stretching bands by 11 cm-1 upon
18O-isotope substitution is also observed in an Ar matrix.1 It
would be consistent with a plausible matrix red shift of 30-40
cm-1.

Additional information about the energy sequence of the
conformers can be obtained through enhancement of the
collisional relaxation in the expansion. This is achieved by the
admixture of Ar to the He expansion and has been applied
successfully in the related cases of ethanol dimers2 and
2-fluoroethanol dimers.36 For this purpose, we use small amounts
of Ar to minimize condensation on the molecular clusters, which
would result in red shifts and broadening. Trace (g) shows a
filet-jet spectrum of MeOH/EtOH in pure He and trace (h) the
same spectrum with 1.5% Ar added. Note the increased
absorbance (scaling factor 0.1) in the filet-jet spectra due to
the longer path length and higher concentration for the same
clustering ratio, as compared to the ragout-jet FTIR spectrum
in trace (c).13,37Ar reduces the intensity of the most red-shifted
band at 3548 cm-1 and increases the intensity of the band at
3556 cm-1, without changing their width or position. This is
strong evidence for an assignment of the 3556 cm-1 band to
the most stable mixed dimer. The weak mixed dimer band at
3567 cm-1 and the central ethanol dimer band at 3539 cm-1

are also attenuated by Ar addition, emphasizing that they belong
to metastable dimer conformations.

Under our experimental conditions, Ar condensation on the
dimers to form nanomatrices2 was avoided. In this context, the
bulk matrix work of Coussan et al.1 should be discussed. It also
used16O/18O substitution for the donor/acceptor identification.
In an Ar matrix, methanol was found to act as a donor toward
trans ethanol, whereas in an N2 matrix the inverse pairing is
favored and ethanol adopts the gauche conformation. This
underlines the influence of matrix perturbations on subtle
hydrogen bond isomerism and calls for an accurate modeling
of the matrix environment.8

Table 6 shows the experimental wavenumbers and their Ar-
relaxation and18O assignment in comparison with harmonic
wavenumbers for the lowest structures of each isomer class.
The harmonic wavenumbers have been calculated at MP2 level
using the 6-311++G(2d,p) basis set and individually monomer
corrected according to eq 1. The two strong bands correlate well
with the two most red-shifted harmonic predictions, if a uniform
shift by 35 cm-1 is allowed for. Such a shift is in good
agreement with harmonic calculations carried out for several
conformations of the ethanol dimer.2 There, the shift amounted
to ≈33 cm-1 at the same level of theory and was attributed
mostly to torsional zero-point motion, which reduces the
anharmonicity in the dimer. This validates the assignment put
forward in ref 2 for ethanol dimer. Anharmonic corrections
based on conventional second-order perturbation theory were
also carried out at MP2/6-31++G(2d,p) level. They are sizable,
but differ by at most 3 cm-1 among the four investigated MeOH/
EtOH dimers and thus do not affect our conclusions.

Beyond the uniform 35 cm-1 shift of the calculated wave-
numbers, the agreement between theory and experiment is
astonishing and to some degree fortuitous. The most red-shifted
band is consistently assigned to a MeOH donor isomer, which
represents a secondary minimum, possibly involving a gauche
ethanol conformation. The strongest mixed dimer band is
consistently assigned to the global minimum structure, again
featuring a MeOH donor. Energy and wavenumber predictions
suggest that it involves a trans ethanol conformation, although
by a very small margin. Thus, the trans conformational
preference of ethanol monomer appears to be preserved in
MeOH/EtOH dimers, whereas it is changed to gauche in ethanol
dimer.2 An experimental MeOH stretch splitting between the
gauche and trans ethanol conformations of 6 cm-1 is to be
compared to the calculated value of 8 cm-1. This is well within
expected error bars, which would also allow for an interchange
of the two bands. In the matrix isolation study,1 at least two
MeOH stretching bands of mixed dimers were also observed,
but no evidence for a gauche ethanol conformation was found.
All together, the detailed conformational assignment of these
two bands must remain tentative. Our results confirm that Ar
relaxation studies are able to differentiate between nearly
isoenergetic conformations, still beyond the absolute accuracy
of state of the art quantum chemical predictions.

The assignment of the weakest and most blue-shifted MeOH/
EtOH band at 3567 cm-1 must also remain uncertain. It may
well be due to an inverted conformation with MeOH as the
hydrogen bond acceptor, but assignment to a secondary MeOH‚
‚‚EtOH minimum from Table 4 cannot be ruled out completely
despite shallow interconversion barriers. Thus, it remains open
whether the MeOH/EtOH system is fully relaxed to the most
stable donor/acceptor sequence in supersonic He expansions or
whether both hydrogen bond isomers are present. In any case,
the slight (0.5 kJ/mol) trans conformational preference of ethanol
monomer is nearly neutralized in its complexes with methanol
donor. This also seems to be the case for phenol/ethanol
dimers,38 where experiment showed the trans ethanol conforma-
tion to be slightly more stable than the gauche conformation.

MeOH/t-BuOH. As the MeOH/EtOH-pair is borderline in
terms of the quenching of the less stable donor/acceptor isomer,
it is appropriate to extend the investigation to MeOH/t-BuOH.
Here, the donor preference for methanol should be more
pronounced. In addition, torsional isomerism is absent intert-
butyl alcohol, which renders the spectral interpretation more
straightforward.

Table 1 shows dissociation energies (De, D0) (in kJ/mol) for
MeOH/t-BuOH dimers calculated at the B3LYP and MP2 levels
of theory with the basis sets 6-31+G(d) and 6-311++G(d,p).
As expected, the dissociation energies depend strongly on the
level of theory at these low levels. It is instructive to dwell on
the relative donor and acceptor strengths in this case (Table 7).

The energy difference between the two mixed dimers is fairly
robust. The mixed dimer with methanol as the donor is about

TABLE 6: Experimental ν̃(exp) and Monomer Corrected
Harmonic Wavenumbers ν̃(th) of the OH Stretch Vibrations
of MeOH/EtOH Dimers (in cm-1)a

donor+ acceptor ν̃(th) ν̃(exp) experimental assignment

EtOHt + MeOH 3526 3567? secondary minimum
EtOHg + MeOH 3522 3567? secondary minimum
MeOH + EtOHt 3520 3556 MeOH donor, global minimum
MeOH + EtOHg 3513 3548 MeOH donor, secondary minimum

a The harmonic wavenumbers have been calculated at MP2 level
using the 6-311++G(2d,p) basis set.

TABLE 7: Relative Donor (DMeOH-tBuOH) and Acceptor
Strengths (AMeOH-tBuOH) of MeOH in MeOH/ t-BuOH (in
kJ/mol) Calculated at Harmonic MP2 and B3LYP Level for
Basis Sets A and Ba

method basis setDMeOH-tBuOH AMeOH-tBuOH ∆E0,D AMeOH-tBuOH
spec

B3LYP A 2.7 -0.9 3.6 -20
B 2.8 -0.6 3.4 -22

MP2 A -3.1 -5.8 2.7 -36

a Also given is the difference in zero point energy levels (∆E0,D)
and the calculated spectroscopic acceptor strength (AMeOH-tBuOH

spec ) (in
cm-1) based on harmonic OH stretching wavenumbers.
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2-4 kJ/mol more stable than the dimer withtert-butyl alcohol
as the donor. This is more than in the previously discussed
examples of MeOH/MeOD and MeOH/EtOH. The relative
donor and acceptor strengths, whose difference yields the desired
isomerization energy, are strongly dependent on the method.
At B3LYP level, methanol is the better donor (positive sign of
DMeOH-tBuOH) and tert-butyl alcohol is the better acceptor
(negative sign ofAMeOH-tBuOH), as one might have expected.
At MP2 level, tert-butyl alcohol is by far the better acceptor
but also becomes the better donor. This difference may be due
to basis set superposition error (BSSE), which is larger at the
MP2 level for such a small basis set or due to dispersion
interactions, which are poorly described at B3LYP level. It is
inherent in the corresponding homodimers. Thus,t-BuOH dimer

is more stable than MeOH dimer at MP2/6-31+G(d) level,
whereas the opposite is true at the corresponding B3LYP level.
This issue has already been discussed before.34 Larger basis set
calculations will have to show which factor dominates. Pre-
liminary results for related systems indicate that the inadequate
description of dispersion interactions at B3LYP level is domi-
nant. We anticipate that this deficiency of the B3LYP approach
will become more and more obvious when larger systems are
addressed. However, the present analysis already illustrates that
energetical measures of donor and acceptor strengths are
intrinsically nonlocal and susceptible to interactions beyond the
hydrogen bond itself. Toward a small molecule, a large molecule
will always tend to be a good donorand acceptor due to its
dispersion interactions with the smaller molecule.

In contrast to the intrinsically nonlocal energetics, hydrogen-
bond induced donor red shifts may be expected to reflect more
of the local hydrogen bond acceptor strength. This is supported
by the calculated values in Table 7, which are consistently
negative for methanol relative totert-butyl alcohol. Thus, one
expects a mixed MeOH donor dimer which is red-shifted with
respect to methanol dimer and a less stable mixedt-BuOH donor
dimer whose hydrogen-bonded OH stretch is blue-shifted with
respect tot-BuOH dimer.

In a more general context, the above analysis indicates
fundamental limits for any correlation between dimerization
energy and hydrogen bond induced red shift. The fact that such
correlations work surprisingly well25 may be related to the fact
that most of the measurements are carried out in solution. There,
nonspecific dispersion interactions may be balanced by the
solvent, such that red shift and binding energy parallel each
other. In the gas phase, where nondirectional cohesion forces
add to directional hydrogen bonds, such correlations may be
more limited.

The interconversion between donor-acceptor isomers is
facilitated by the predicted large energy difference of about 3
kJ/mol between the two isomers. Results at B3LYP/A level are
summarized in Table 5. The barrier has a zero point energy
corrected height of only 3.1 kJ/mol for the metastable isomer
and involves a nonplanar HOOH torsional angle. In extension
of the circumstantial evidence for metastable isomers in the
higher barrier case of MeOH/EtOH, only one mixed MeOH/t-
BuOH isomer is expected in the jet expansion.

The ragout-jet FTIR spectra of MeOH andt-BuOH (see also
ref 34) in He in the spectral range of the OH stretch vibration
are shown in Figure 6(a and b). The spectrum of the mixed
expansion (c) contains a new band at 3529 cm-1, which is
located between the band of the MeOH dimer at 3575 cm-1

and the band of thet-BuOH dimer at 3497 cm-1. It is therefore
assigned to a mixed dimer. This is confirmed by the difference
spectrum (e). In spectrum (c), the concentration of MeOH is
about 10 times higher than the concentration oft-BuOH. This
results in mixed trimers which overlap with thet-BuOH dimer
band. Reduction of the MeOH concentration by a factor of 10
leads to spectrum (d). Only thet-BuOH dimer band and the

Figure 6. OH stretching spectra of MeOH/t-BuOH jet expansions in
He. The band position of the mixed dimer is marked with a dotted
line. The concentrations of the pure alcohols arecMeOH = 0.06% (a)
andct-BuOH = 0.02% (b). In mixture (c), the MeOH concentration (cMeOH

= 0.24%) is an order of magnitude higher than the concentration of
t-BuOH (ct-BuOH = 0.02%). In mixture (d), the concentrations are similar
(cMeOH = ct-BuOH = 0.03%). The difference spectra (e and f) are obtained
as (e)) (c) - 0.14 × (b) - (a) and (f)) (d) - 0.18 × (b). The
concentrations in spectrum (g) arecMe18OH = 0.07% andct-BuOH =
0.02%.

TABLE 8: MeOH/ t-BuOH Monomer (M), Dimer (D) and Trimer (T) OH Stretching Wavenumbers (in cm -1) from
Experimental (exp) and Various Levels of Monomer Corrected Harmonic Predictions

ν̃(exp) ν̃(B3LYP/A) ν̃(B3LYP/B) ν̃(MP2/A) t-BuOH MeOH donor+ acceptor

3686 3686 3686 3686 M
3643 3643 3643 3643 M
3575 3543 3533 3568 D
3529 3520 3510 3536 MeOH+ t-BuOH

- 3516 3503 3541 t-BuOH + MeOH
3497 3499 3483 3508 D
3471 - - - T
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band of the mixed dimer persist, leading to a clean difference
spectrum (f). The profile of the mixed dimer band is narrow
and shows no sign of band overlap under both expansion
conditions.

Experimental and monomer corrected harmonic wavenumbers
of the OH stretch vibration are listed in Table 8. B3LYP fails
to describe the MeOH dimer shift whereas the MP2/A small
basis set prediction is reasonable, as discussed before.34 The
predictions fort-BuOH dimer are closer to experiment. The two
mixed dimers are predicted at wavenumbers between those of
the pure dimers, separated by only 4-7 cm-1. Their sequence
varies with the level of theory. Thus, a unique assignment of
the single experimental band at 3529 cm-1 to one or even both
of the mixed dimers is not possible based on the red shift alone.
The energetics suggests that the band is either due to the dimer
with MeOH as the donor orsless likelysdue to a fortuitous
overlap of two mixed dimer absorptions.

To exclude the latter possibility, trace (g) of Figure 6 shows
the ragout-jet spectrum of a mixture oft-BuOH and Me18OH.
As in trace (d), only the band of thet-BuOH dimer and the
single band of a mixed dimer (D′) at 3517 cm-1 can be seen. It
is 12 cm-1 red-shifted as compared to the position of the mixed
dimer band (D) in spectrum (e). The latter band has disappeared
completely. This shows unambiguously that the observed mixed
dimer has methanol in the donor role and that the excited dimer
with t-BuOH as the donor is not formed in the expansion. The
barrier of about 3 kJ/mol appears to be surmountable under He
slit jet expansion conditions.

Conclusions

When two alcohols form a mixed hydrogen bonded dimer,
one of the two donor/acceptor isomers will be energetically
preferred, but the other one may still be stabilized in a supersonic
jet expansion, if the energy difference is sufficiently small and
the interconversion barrier sufficiently high. We show how the
energy difference between the two isomers can be decomposed
into relative donor strength and acceptor strength contributions,
which are not necessarily complementary to each other. We use
the IR hydrogen bond donor OH stretching shift as a spectro-
scopic measure of acceptor strength, which appears to be more
local in nature than the corresponding energetical quantity.

From MeOH/MeOD over MeOH/EtOHg/t to MeOH/t-BuOH,
the energy difference between the two donor/acceptor isomers
increases about 5-fold, whereas the barrier from the metastable

to the stable isomer decreases by about one-third at B3LYP
level. Figure 7 shows the evolution of these quantities. While
the absolute barrier heights may change with increasing level
of theory, the trend should be robust. Along the series, we
observe an increasingly complete isomerization of the metastable
donor/acceptor combination to the stable one in supersonic He
expansions. Although a more complex dimer isomerization
mechanism with active participation of a third alcohol molecule
cannot be ruled out, the results are consistent with a “unimo-
lecular” mechanism in a bath of random collisions.

The quantum chemical results for MeOH/EtOH dimers are
able to describe the energetics and spectroscopy of the ethanol
torsional isomerism. They validate our earlier conclusions about
the preferred homoconfigurational structure of ethanol dimer.2

Collisionally induced relaxation experiments and isotope
substitution prove to be useful tools in jet FTIR spectroscopy.
Three key experiments for MeOH clusters, MeOH/EtOH dimers
and MeOH/t-BuOH dimers carried out with all together less
than 1 g of Me18OH underline that ragout-jet FTIR spectroscopys
despite its use of molar gas pulsessis a highly sensitive and
powerful technique to probe the dynamics of hydrogen bonded
clusters.
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Z., Eds.; Advances in Molecular Vibrations and Collision Dynamics, Vol.
III; JAI Press: London, 1998; pp 205-248.

(18) Bemish, R. J.; Wu, M.; Miller, R. E. Probing the dynamics of
weakly bound complexes using high-resolution laser spectroscopy.Faraday
Discuss.1994, 97, 57-68.

(19) Farrell, J. T., Jr.; Suhm, M. A.; Nesbitt, D. J. Breaking symmetry
with hydrogen bonds: vibrational predissociation and isomerization dynam-
ics in HF-DF and DF-HF isotopomers.J. Chem. Phys.1996, 104, 9313-
9331.

(20) Oudejans, L.; Miller, R. E. Dissociation dynamics of oriented DF-
HF and HF-DF complexes: Evidence for direct and indirect dissociation.
J. Phys. Chem. A1997, 101, 7582-7592.

(21) Klopper, W.; Quack, M.; Suhm, M. A. HF dimer: empirically
refined analytical potential energy and dipole hypersurfaces from ab initio
calculations.J. Chem. Phys.1998, 108, 10096-10115.

(22) Bohac, E. J.; Marshall, M. D.; Miller, R. E. Initial state effects in
the vibrational predissociation of hydrogen fluoride dimer.J. Chem. Phys.
1992, 96, 6681-6695.

(23) Pine, A. S.; Lafferty, W. J.; Howard, B. J. Vibrational predisso-
ciation, tunneling, and rotational saturation in the HF and DF dimers.J.
Chem. Phys.1984, 81 (7), 2939-2950.

(24) Pimentel, G. C.; McClellan, A. L.The Hydrogen Bond; Freeman:
New York, 1960.

(25) Iogansen, A. V. Direct proportionality of the hydrogen bonding
energy and the intensification of the stretchingν(XH) vibration in infrared
spectra.Spectrochim. Acta A1999, 55, 1585-1612.

(26) Rozenberg, M.; Loewenschuss, A.; Marcus, Y. An empirical
correlation between stretching vibration redshift and hydrogen bond length.
Phys. Chem. Chem. Phys.2000, 2, 2699-2702.

(27) Graton, J.; Berthelot, M.; Besseau, F.; Laurence, C. An enthalpic
scale of hydrogen-bond basicity. 3. Ammonia, primary, secondary, and
tertiary amines.J. Org. Chem.2005, 70, 7892-7901.

(28) Badger, R. M.; Bauer, S. H. Spectroscopic study of the hydrogen
bond. II. The shift of the O-H vibrational frequency in the formation of
the hydrogen bond.J. Chem. Phys.1937, 5, 839-851.

(29) Liu, Y.; Weimann, M.; Suhm, M. A. Extension of panoramic cluster
jet spectroscopy into the far infrared: low-frequency modes of methanol
and water clusters.Phys. Chem. Chem. Phys.2004, 6, 3315-3319.

(30) Huisken, F.; Kaloudis, M.; Koch, M.; Werhahn, O. Experimental
study of the O-H ring vibrations of the methanol trimer.J. Chem. Phys.
1996, 105, 8965-8968.

(31) Buck, U.; Siebers, J.-G.; Wheatley, R. J. Structure and vibrational
spectra of methanol clusters from a new potential model.J. Chem. Phys.
1998, 108, 20-32.

(32) Provencal, R. A.; Paul, J. B.; Roth, K.; Chapo, C.; Casaes, R. N.;
Saykally, R. J.; Tschumper, G. S.; Schaefer, H. F., III. Infrared cavity
ringdown spectroscopy of methanol clusters: single donor hydrogen
bonding.J. Chem. Phys.1999, 110, 4258-4267.

(33) Hagemeister, F. C.; Gruenloh, C. J.; Zwier, T. S. Density functional
theory calculations of the structures, binding energies, and infrared spectra
of methanol clusters.J. Phys. Chem. A1998, 102, 82-94.

(34) Zimmermann, D.; Ha¨ber, Th.; Schaal, H.; Suhm, M. A. Hydrogen-
bonded rings, chains and lassos: the case oftert-butyl alcohol clusters.
Mol. Phys.2001, 99, 413-426.

(35) Desiraju, G. R.; Steiner, T.The Weak Hydrogen Bond in Structural
Chemistry and Biology; Oxford University Press: Oxford, 1999.

(36) Scharge, T.; Emmeluth, C.; Ha¨ber, Th.; Suhm, M. A. Competing
hydrogen bond topologies in 2-fluoroethanol dimer.J. Mol. Struct.2006;
doi: 10.1016/j.molstruc.2005.09.022.

(37) Rice, C. A.; Borho, N.; Suhm, M. A. Dimerization of pyrazole in
slit jet expansions.Z. Phys. Chem.2005, 219, 379-388.

(38) Spangenberg, D.; Imhof, P.; Roth, W.; Janzen, Ch.; Kleinermanns,
K. Phenol-(ethanol)1 isomers studied by double-resonance spectroscopy and
ab initio calculations.J. Phys. Chem. A1999, 103, 5918-5924.

(39) Boys, S. F.; Bernardi, F. The calculation of small molecular
interactions by the differences of separate total energies. Some procedures
with reduced errors.Mol. Phys.1970, 19, 553-566.

H Bond Donor/Acceptor Isomerism J. Phys. Chem. A, Vol. 110, No. 9, 20062915


