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Infrared cavity ringdown spectroscopy of methanol clusters: Single donor
hydrogen bonding
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Infrared cavity ringdown laser absorption spectroscopy has been used to study the O—H stretching
vibrations of jet-cooled methanol clusters in direct absorption. Rovibrational bands faOtDH,
(CH;OH);, and (CHOH), have been measured. Both bonded and free O—H stretches were
measured for the dimer, indicating that its structure is linear. Five bands were assigned to the
methanol trimer, indicating the presence of a second cyclic isomer in the molecular beam. A detailed
study of the free O—H stretching region shows that methanol clusters larger than dimer must exist
in cyclic ring configurations. In order to facilitate spectral assignment, harmonic frequencies and
infrared intensities were calculated for the methanol monomer, dimer, and trimer with second order
Mdller—Plesset perturbation theory. Using the theoretical infrared intensities and measured
vibrational band absorptions, absolute cluster concentrations were calculated. Results agree with
previous experimental and theoretical work. 1®99 American Institute of Physics.
[S0021-960609)01809-7

I. INTRODUCTION spectra for the dimer, but the trimer required a variational

R t . tal and th tical studies h calculation explicitly including Darling—Dennison resonance
_~ecent experimental an coretical studies have Prog s 1o reproduce the observed spectrum. The potential en-
vided much insight into the structures and hydrogen bon

. rgy surface of the methanol trimer has been investigated
rearrangement dynamics of small water clustefsSmall 9y g

reviously by Moet al® Using both SCF-CI and density

water clusters have been shown to adopt quasiplanar hom unctional methods, they also conclude that the trimer global

dromic ring structures and to undergo complex tunnelingminimum is @ homodromic structure with two methyl groups

motions involving delocalization over numerous degenerate . .
- g de . 1S dege on one side of th®©—-0-0plane and the third methyl on the
minima. Computer simulations have shown similar ring to-

pologies to be important structural elements in the hydroger{fther S'de.' Their calculations also suggest that the.bowl con-
bond network of liquid water. Clusters of methanol, the ormer, with all of the methyl groups on the same side of the

smallest organic compound which exhibits hydrogen bondp_é)_ogplkanﬁ/’ IS Ia animumh on fhg [IJote:aniaI surfl?/lce Situ-
ing, provide the opportunity to study the changes in structurét€d 0. cal/mole above the global minimum. Viore re-
and hydrogen bonding effected by the replacement of a hygently, density functional calculations performed by Hage-

drogen with a methyl group, ostensibly forcing the systemmeiSteret al. on methanol clusters up to the pentamer using
into exclusively single donor configurations. the B3LYP functional similarly predict the lowest energy

Several groups have carried @l initio calculations on configurations to be linear for the dimer and cyclic for the

methanol clusters. Recently, Buek al. performedab inito  {fimer through p_entamé?r.Furthermore, Hagemeistet al.
calculations on small methanol clusters using an intermolnvestigated chain and branched hydrogen bonded structures

lecular potential based essentially on SCF monomer wavkor these clusters. Their results showed that chain structures
functions’ Their results show that the lowest energy con-a'€ destabilized due the combined effects of the loss of a
figuration of the methanol dimer is linear, while the mosthydrogen bond and the decrease in cooperative strength of
stable structures for clusters from the trimer to the decamei€ remaining hydrogen bonds. Branched structures result in
are monocyclic rings. In addition, Bugt al. calculated the @ strengthening of the branch point methanol H-bond dona-
frequency shift of the donor O—H stretch modes relative tdion to its neighbor while simultaneously weakening its two
those of the monomer for clusters up to decaf¥ibra-  acceptor H bonds.

tional spectra of the €0 and O—H stretch modes were ~ Experimentally, Huisken and co-worké?save studied
calculated in the harmonic and anharmonic approximationthe dissociation of methanol clusters with IR-molecular
using both second order perturbation theory as well as §eam depletion spectroscopy. Upon excitation of the O-H

variational approach. Their results reproduce experimentaitretch at 2.7um, they were able to measure dissociation
spectra of the dimer and the trimer. The dimer spectrum

. . l _
dpresent address: Harvard University, Department of Chemistry and ChemEanISted of absorptlon features at 3574 and 3684 cas
cal Biology, Cambridge, MA 02138, signed to the proton donor and acceptor O—H stretch bands,

DElectronic mail: tschumpr@atossa.ccqc.uga.edu respectively. Buck and Ettischer have more recently mea-
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FIG. 1. Typical IR-CRLAS spectra of
gas phase methanol clustefa). A se-
ries of scans taken at various methanol
concentrations. Total source pressure
is held constant for each scan, while
the methanol concentration is con-
trolled by use of a needle valve.
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sured vibrational predissociation spectra in the O—H stretclamining the effects of selective vibrational excitations of the
region of (CHOH), for n as large as nin& Their measured O-H stretching modes on vibrational band intensities, they
spectra show redshifts as large as 500 rbut also exhibit were able to deduce the sizes and structures of the carrier
an alteration between structured and unstructured spectra folusters. A detailed study of the 3370-3500 ¢nregion
odd and even clusters, respectively. Their calculations with ahows one broad transition due to a cyclic trimer species at
new potential model were able to reproduce the general fe®450 cmi' L. Irradiation of this band leads to a ring opening
tures of the spectra but were unable to reproduce the oland the appearance of several open chain trimer species. An-
served red shifts. Lovaat al. have measured the microwave nealing of the matrix reveals that a second cyclic trimer iso-
spectrum of the methanol dimer using a pulsed-beam Fabrymer also exists. From the differences in the=O stretching
Perot Fourier transform microwave spectroméfef. Their  spectrum of the two conformers, Coussetral. deduce that
recent results reveal that tifj) K,=0 level is splitinto 15 these two isomer differ by position of the=80 bonds with
states due to tunneling motions, while tkg=1 level is respect to the plane defined by the three oxygen atoms.
split into 16 tunneling states. They also measured the barrier Infrared cavity ringdown laser absorption spectroscopy
to internal rotation for the donor and acceptor methyl groupgIR-CRLAS),® pioneered by Schereat al, has been shown
to be 180 and 120 cnt, respectively. The hydrogen bond to be a very useful technique for the study of structures and
distance was measured to be 1(@% A and the tilt of the  hydrogen bond rearrangement dynamics in hydrogen bonded
acceptor methanol from th@—H—Oaxis was determined to systems-’~2° Recently, Paukt al. used IR-CRLAS to study
be 77°. the O-D stretching region of gaseousMclusters for the
Methanol clusters have also been studied extensively udirst time!® Using this technique, rovibrational bands for
ing matrix isolation infrared spectroscopy. For instanceclusters as large as the,® hexamer have been measured,
Coussaret al. studied infrared laser induced isomerization of including rotationally resolved fD dimer spectra®*°In this
methanol polymers trapped in a nitrogen matfix’> By ex-  article, we report the results of an IR-CRLAS study of hy-
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FIG. 2. Scans at high methanol con-

centrations reveal a broad feature due
to large methanol clusters. The ring-
down data shown here is the differ-
ence of the two highest concentration
needle valve scans in Fig. M\V20
and NV30. The dashed line is the
spectrum of amorphous solid methanol
at 50 K from Ref. 15. The general fea-
tures of the solid methanol spectrum
are very well reproduced. From this
agreement, it is clear that our pulsed
supersonic source produces clusters
large enough to exhibit bulk like prop-
erties.

1000 —

800 - /

Cavity Losses (PPM)

600 —

400 —

200 —

I I I T I
3300 3200 3100 3000 2900
Frequency (cm'l)

drogen bonded methanol complexes. Similar results for etheontained within the detector housing amplified the resulting
anol and butanol clusters will be the subject of future paperssignal. This signal was then digitized, averag@@ shots/
Distinct rovibrational bands for methanol clusters as large asvavelength, and sent to a computer for least-squares fitting
the tetramer have been measured, in addition to a broaw a first-order exponential decay. The cavity optical transit
methanol “ice” feature similar to that found in our water time divided by the measured decay time yields the per-pass
studies. Analysis of the data indicates that the dimer exists itotal cavity loss, which is recorded as a function of wave-
a linear configuration, while all larger clusters must exist adength. The methanol clusters are produced by bubbling he-
monocyclic ring structures. Detailed study of the methanolium carrier gas through methanol and expanding the result-
trimer bands are in agreement with previous measurementmt mixture into a vacuum chamber thréug 4 in. pulsed

of Huiskert® and Buck!! but also suggest the possibility of supersonic slit source, which generally produces clusters
more than one cyclic trimer isomer being present in the mowith rotational temperatures near 5 K. A background pres-
lecular beam. For comparison, we also report the results ure of ~200 mTorr was maintained during the 40 Hz op-
theoretical calculations on small methanol clusters at theration of the supersonic beam source by a 2500 cfm Roots
MP2 level of theory. The availability of the ab initio infrared pump. In order to obtain measurable ringdown times, we
intensities has also allowed us to deduce the absolute cofeund it necessary to limit the number of large clusters
centrations of methanol clusters present in the moleculaformed in the expansion. This was done by seeding a higher

beam. pressure He/CEHDH mixture into a lower pressure pure He
flow through a needle valve, allowing precise control over
Il. EXPERIMENT the methanol concentration in the expansion, while maintain-

ing a high overall source backing pressure of 35 psia. The
The Berkeley IR-CRLAS spectrometer used to obtaindata were wavelength calibrated from atmospheric water
the present results has been described in recemhonomer transitions measured simultaneously with the
publications®~*Briefly, tunable infrared radiation was gen- methanol data, which provided an accuracy of 0.1 &m
erated by Raman shifting a Nd:YA@ontinuum NY 82
pumped pulsed dye las€bambda Physik FL3002e The IIl. THEORETICAL METHODS
Raman shifter consisted of a 3.5 m high-pressure multipass”

cell (Herriot configuration containing 150 psi of K After Ab initio computations were carried out on the methanol
17 passes, the 20-25 mJ/pulse of fundamental radiatiomonomer, dimer, and trimer. Equilibrium geometries, har-
(617-650 nm generated 0.2—0.5 mJ/pulse of infral@d7—  monic vibrational frequencies, and infrar€¢dR) intensities

3.4 um) in the third Stokes band. This tunable infrared ra-were determined for these three species using second order
diation was then injected into the ringdown cavity, consistingMdller—Plesset perturbation theoty1P2).?* For all compu-

of a pair of highly reflective dielectric mirrorfR~0.9999.  tations, the %-like orbitals on all C and O atoms were con-
The light exiting the cavity through the second mirror wasstrained to be doubly occupied. Similarly, the corresponding
focused with a 10 cm lens onto a 0.5 mm diameterls*-like virtual orbitals were deleted from the correlation
LN,-cooled InSb detectorA 1 MHz bandwidth amplifier procedure. As a measure of the validity of the frozen core

Downloaded 18 May 2006 to 128.32.220.140. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



J. Chem. Phys., Vol. 110, No. 9, 1 March 1999

a) Bonded OH Stretch

Free OH Stretch

Provencal et al. 4261

) — — Timed Scan
800 —

----------------------- Mistimed Scan

600 —

losses (ppm)

FIG. 3. IR-CRLAS spectra of the free
O-H stretch region of methanol clus-
ters. (@) Scan 1 is obtained with the
molecular beam and ringdown pulse in
phase with each other while scan 2 is
obtained with the two out of phase.
The in-phase scan probes both mo-
lecular beam and background chamber
gas, while the out of phase scan probes
only the background chamber gas
b) (presumably monomgr (b) The dif-
ference between scan 1 and scan 2.
This background subtraction method
reveals a small absorption feature due
to the free O—H stretch of the metha-
nol dimer. Lack of free O—H bands
due to larger clusters implies that all
300 clusters larger than the dime must ex-
ist in cyclic configurations.
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approximation, computations in which all electrons and vir-4,(C)=0.75 anda4(0)=0.85. To form the DZR + basis,
tual orbitals were included were carried out on the trimerone even temperwtype diffuse function was added to each
with the smaller of the two basis sets employed. The propy gtom a(H) =0.04415, and a set of even tempeeednd
erties of interest were quite insensitive to such changes in thﬁ-type diffuse functions were added to each C and O atom,
correlation procedure. Al&b initio computations were car- a5(C)=0.04302, arp(C)=0.03629, as(0)=0.08227, and

ried out using thesAuSSIAN 942 system of programs. Ele- p(O)=0.065082.5 The designation for the DZP+ basis

ments of the density matrices were converged to six deC|maSet is thus C,0 (1Bp1d/5s3p1d), H(5s1p/3s1p).
places while the root mean square of these elements was . L . L
For each basis set, equilibrium geometries, harmonic vi-

converged to eight decimal places. This resulted in total enE) ional f . d infrarétR) i - d
ergies that were converged to at least 107 hartree. rational frequencies, and infrarélR) intensities were de-

Two double¢ basis sets with polarization functions, de- terminet_:i u;ing the available anal)gtic MP2 gradients and sec-
noted DZP and DZP +, were employed—the latter being ond derivatives in theAussiaN 942 program package. The
augmented with diffuse functions. The DZP basis was conMonomer was optimized in thés; symmetry while no sym-
structed from the Huzinaga—Dunnfiig” set of contracted Metry constraints were placed upon the dimer and trimer.
double¢ Gaussian functions with the addition of one set of Although several optimized geometrical parameters of the
p-type polarization functions for each H atom with orbital dimer and trimer appear identical to the precision reported,
exponenta,(H)=0.75 and one set of five-type polariza- they were not constrained to be so. Residual Cartesian forces
tion functions for each C and O atom with orbital exponentsof the reported equilibrium structures were less than 1.0
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FIG. 4. C, equilibrium structure of CEDH. O,, C;, Hy, and H lie in the
plane of symmetry. Fican be generated fromzHby reflection through the
plane of symmetry.

% 10”8 hartree/Bohr. It is important to reiterate that the com-
puted vibrational frequencies are harmonic in nature and the ‘B
corresponding IR intensities were determined within the \V

double harmonic approximation. Due to the floppy nature of

the (CHOH), and (CHOH)5, care must be exercised when @1

comparisons are made between these theoretical values an
those obtained from experiment.

o)

N’
IV. RESULTS

A. Experiment

FIG. 6. Equilibrium structure of (CEDH)s.

Typical IR-CRLAS spectra of jet cooled methanol are
shown in Fig. 1a). The spectra were obtained using a con-3467.1, and three weaker bands at 3503.7, 3494.6, and
stant source backing pressure and thus nearly constant beafi32-1. The 3278.5 band can be assigned to the tetramer,
expansion temperature, while the methanol concentratioWhile the broad feature that appears at highest methanol con-
was varied with a needle valve. Several distinct cluster bandgentrations is due to larger clusters. This feature is very simi-
can be seen as well as an underlying broad absorption featul@y t those found in our previous studies on water clusters,
which appears at larger methanol concentrations. The carrWh'Ch _ShOWS a large absorption _feature due to amorphous
ers of these bands can be identified by measuring the relativée”’ Figure 2 shows the comparison of our methanol data
change of band absorption as a function of increasing methith the spectrum of amorphous solid methanol at 5¢°K.
nol concentration, assuming the temperature of the moleculake methanol data shown in Fig. 2 represent the difference
beam to be constant. Figuréb]l shows the same spectra in between the two scans with the highest methanol concentra-
Fig. 1(a) normalized to the methanol trimer bands, whereintions. The general features of the spectrum of solid methanol
the strong peak at 3574.4 cthdecreases in intensity with are well reproduced. This implies that at higher methanol
increasing methanol concentration, while the bands to the regoncentrations, large clusters are produced which exhibit the
increase with increasing methanol concentration. This imProperties of disordered solid methanol.
plies that the 3574.4 cit band is due to a smaller cluster Additional structural information can also be extracted
(i.e., the dimey, while the bands shifted to the red are from from our data by closely examining the free O—H stretching
larger clustersi.e., tetramer and largerFollowing this pro-  'egion at 3681 cm. In addition to the free O—H stretch of
cedure, we can assign the 3574.4 band to the methan#ie methanol monomer, we would also expect to see the free
dimer. Five bands can be assigned to the trimer, includin—H stretches of any cluster molecules having a free O—H.

two stronger bands of nearly equal intensity at 3473.2,T0 determine if such features are present, it is necessary to
differentiate cluster peaks from monomer transitions mea-

sured both in the molecular beam and also those absorbing in
the chamber background gas. This is accomplished by per-
forming a series of scans at various methanol concentrations.
For a given methanol concentration, two scans are obtained.
In the first scan, the molecular beam and the ringdown pulse
are timed to be in phase with each other, thus probing both

the molecular beam and background gas. In the second, the
two are timed out of phase with respect to each other, thus
probing only the background gas. Subtraction of these two

scans removes background gas absorptions, leaving only
transitions measured in the molecular beam. Figure 3 illus-

FIG. 5. Equilibrium structure of (CkDH),. trates an example of this background subtraction technique.
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TABLE I. Equilibrium properties of the CEOH monomer, dimer, and tri-  TABLE Il. Harmonic vibrational frequencies and infrard&) intensities of
mer at the MP2 level of theory with the DAP+ basis set. The energies CH;OH monomer, dimer, and trimer at the MP2 level of theory with the
(EscrandEyp,) are given in hartrees, bond lengthis{) in A, bond angles  DZP++ basis set. Frequencids cm %) are ordered in decreasing fre-
(6xy2), in degrees, and torsional anglesy2 in degrees. The atom num- quency. Infrared intensitieén km/mol) are listed in parentheses.

bers correspond to those found in Figs. 4, 5, and 6.

Mode Monomer Dimer Trimer
Parameter Monomer Dimer Trimer
®; 3889 (32) 3879 (449 3645 (799
Escr -115.07435  -230.15525  —345.24091 o, 3227 (30) 3735 (4949 3633 (849
Ewpz -115.41057  —230.83247  —346.26400 w3 3160 (62) 3240 (200 3564 27)
Intramolecular Parameters o 3076 (69 3206 (47 3218 (52
ws 1530 (4 3188 (41 3218 (22)
FoH, 0.969 0.976 0.984 wg 1515 (2 3138 72 3215 (33
reo, 1.429 1.423 1.429 o7 1500 (9 3094 (57 3169 (51)
Fem, 1.092 1.094 1.093 wg 1370 (19 3060 (86 3165 (54
Feph, 1.009 1.100 1.098 W 1181 (0 1530 (55 3163 (50)
e, 1.099 1.100 1.099 w10 1090 11y 1529 (2 3080 (30)
Oc,o.H, 107.7 107.2 108.4 0y 1064 (116 1519 3 3077 (147
C,04H, 106.4 107.2 107.2 ®12 306  (13) 1513 (1 3075 (702
Oc,041, 111.9 112.0 111.2 015 1501 @ 1535 e
Ociom, 180.0 1121 1117 w14 1498 (15 1533 3)
TH,0,C{H, —61.4 178.5 177.8 w15 1444 (26) 1532 (4)
THI0,CHy 614 —62.6 —635 w16 1372 (24 1520 0
TH0/CH, 59.7 58.5 w17 1186 (1) 1520 ®
FoH, 0.970 0.983 w1g 1181 (1 1519 @
Fe05 1437 1.430 w10 1126 (9 1506 @
FeH, 1.092 1.093 w20 1093 (95 1497 (13
Fem, 1.097 1.098 0y 1085 (8 1496 4
T 1.097 1.098 w2 1064 (149 1482 (12
Oc,04 108.2 108.4 w23 729 (108 1444 97
0,CaHg 106.2 107.2 w24 362 (113 1432 )
0,7 111.2 111.5 w5 200 (1 1188 o3
Bo,cn, 1115 111.1 Wag 116 1) 1188 )
THEO,CHg 178.4 “lrra w0z 106 (@ 1187 (1)
THO,CH, —62.9 —58.1 w2 54 (13 1169 (1)
THO,CoMg 59.9 63.9 w20 47 (5) 1140 (39
FogH, 0.983 w30 29 ) 1128 (23
Feyo 1.429 w31 1096 (16)
Feayg 1.093 w3 1083 (208
My, 1.098 w33 1081 (147
M CiHyp 1.099 w34 872 (30
C,04Hq 108.6 w35 742 (259
C403H10 107.2 w3 662 (189
CeOu1 112 037 220 @
C405M12 1117 W3g 216 (3
THeO3CsH10 177.6 ®39 197 (7)
THEOsCaH1 —63.6 @40 170 (3
THgO3CgH12 58.5 W41 115 1)
Intermolecular Parameters w42 111 )
Mo, 1.872 1.839 Zﬁ 182 (g
M0, 1.845 o 83 (12
g0, 1.868 wjz 5 ®
ro0, 2.842 2.750 o 38 @
0
0,0 .
foo, 172.1 152.4
fo,11.0, 151.2
00,41,0, 150.0
0.0
Sj‘,jj‘:i 110.3 Scan 1 in Fig. 83) was obtained with the valve and CRLAS
TOH,0,C, —97.4 probe operating in phase, while Scan 2 was obtained with the
:°1H1°z°z _ﬁg'g two out of phase. The difference between these two scans,
N ' 174.9 shown in Fig. 8b), reveals a small absorption feature blue
TH:olozoj —-175.2 shifted from the monomer transition by 2.3 chRepetition
THg0:0,0, —179.8 of this procedure at several methanol concentrations shows
7101005 ﬁ%i’ that this weak feature normalizes to the dimer, in agreement
7000 ' ith theoretical calculation3No evidence for the free O—H
Te00.0, ~118.4 with theoretical calculationsNo evidence for the free

Downloaded 18 May 2006 to 128.32.220.140. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp

groups of any larger clusters was apparent.



4264 J. Chem. Phys., Vol. 110, No. 9, 1 March 1999 Provencal et al.

TABLE lll. Comparison of this work with previous experimental and theoretical results. Frequencies are given
in wavenumbers and intensities (km/mol).

Experimental Theoretical
This
work  Huisked  This work Bucket al® Moetal®  Hagemiesteet al
DZP++ e f g
(CH;OH), 3683.8 3684.1 3879 (44 3641 3843 3759
3574.4 3574.4 3735 (499 3519 3091 3613
(CH;OH);  3503.7  3503.4 3625
3494.6 3623
3473.2  3471.8 3645 (799 3494 3612 3535
3467.1 3633 (849 3487 3600 3521
3432.1 3433.6 3565 (26) 3456 3546 3465
(CH;OH),  3278.5 3378 3392
“Reference 10. ®Harmonic approximation.
PReference 7. fAsymmetric isomer.
‘Reference 8. 9Bowl isomer, assignment tentative.
YReference 9.
B. Theory are reported in Table Il for the monomer, dimer, and trimer.

For brevity, only the results obtained with the IargestThe frequencies are listed in order of decreasing magnitude.

basis setDZP+ +) are reported. Data from the smaller DZP
basis are available upon request. The equilibrium structureg. DISCUSSION
of the methanol monomer, dimer, and trimer obtained with
the DZP++ basis set are shown in Figs. 4, 5, and 6 respec;
tively. Note the numbering of the H atoms in each methano
moiety. For each monomeric subunit, if, s bonded to O,

then H,, ; is bonded to C and makes a torsional angle with
H,, about the O-C bondr(L,r]OCHnH) of approximately 180°.

H,.» and H, ; are also bonded to C. The analogous tor-

Table 1l summarizes the present results and compares
hem with previous experiments and theoretical predictions.
verall, our work agrees well with both. For the methanol
dimer, the molecular beam depletion experiments of Huisken
and Stemmlé revealed two bands, corresponding to com-
pletely local modes of methanol acceptor free O—H stretch
' i and a donor bonded O—H stretch. Our experimental results
sional angles are neat60°. The torsion about the C-O 4154 reveal two similar features assignable to the methanol
bond is always counterclockwise faf, och ., (—609) and  gimer, in agreement with Huisken. Our calculations on the

clockwise for 7y och ., (60°). Table | contains the opti- methanol dimersee Table I at the MP2 level of theory
mized geometrical parameters for the monomer, dimer, angdredict two bands in the O—H stretch region, at 3887 and
trimer. Since these results provide an excellent starting poir8746 cm 1, with an approximate bonded:free intensity ratio
for higher level theoretical investigations of (gbH), and  of 1:10. Scaling these harmonic values by the usual 0.95,
(CH;0OH);, some redundancies are included in the reportedjives frequencies of 3692 and 3559 ¢mThis good agree-
geometrical parameters in order to facilitate reproduction ofnent indicates that the methanol dimer is present in a linear
a Cartesian oZ-matrix, something that has been lacking in hydrogen-bonded configuration. It is interesting to note that
the literature until now. the free O—H stretch of the dimer is actually blue shifted
In the minimum energy dimer structufeee Fig. 5the  relative to the monomer. This is undoubtedly due to the de-
three atoms forming the hydrogen bond an@g, H;, and crease in O—H bond length that occurs upon electron dona-
0O,) will be used to define an arbitrary plane for referencetion to the hydrogen bond. It is also noteworthy that the only
(approximately the plane of the papand H; are all quasi- cluster band measured in the free O—H stretch region was
planar. The atom & lies very nearly in this @--H;---O,  that of the dimer. The lack of free O—H bands of larger
plane. On the other hand,sHesides “above” this plane clusters establishes that all clusters larger than the dimer
while C; lies significantly “below” it. must exist as cyclic ring structures, with all O—H'’s explicitly
The three O atoms of the methanol trimeee Fig. 6 involved in hydrogen bonding.
form a convenient plane of reference, approximately the Huiskenet al.also performed an experimental investiga-
plane of the paper. While the hydroxyl H atoms are nearly intion of the O—H stretching region of the methanol trini&r.
the plane of the O atoms, the methyl carbons are bent sig-igure 7 compares the results of Huiskehal. with those
nificantly out of the plane. The DZP+ (DZP) equilibrium  presented here. He found three trimer O—H stretch bands, a
structure places the two of the carbon atoms “belo{€;  strong peak at 3471.8 and two weaker features at 3503.4 and
and G) and one “above” (G) the O --Oy--O; plane. Al 3433.6 cm®. The higher resolution of our experimeft.2
three hydroxyl H atoms, on the other hand, lie essentially ircm™* vs 2 cni'?) allows us to determine that the strong fea-
this plane. ture at 3471.8 is actually consists of two peaks of almost
The harmonic vibrational frequencies and IR intensitiesequal intensity, separated by 6.1 cmOur calculations at
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FIG. 7. Comparison of CRLAS scans in the bonded O—H stretch region of the methanol trimer with the results of eluakéref. 10. It is clearly seen

that the peak measured by Huiskemnal. at 3470 cm? is split into to peaks of nearly equal intensity. The peak at 3503'dmalso split into two peaks, a
stronger peak at 3503.7 and a weaker feature at 3494.6. Gthe presence of more than three peaks assignable to the trimer implies that two methanol trimer
conformers coexist in the molecular beam. The peaks at 3473.2, 3467.1, and 3232 daonbe assigned to the asymmetric cyclic trimer, while the peaks

at 3503.7 and 3494.6 crh are tentatively assigned to the bowl conformer, calculated to lie 0.8 kcal/mol above the asymmetric form.

the MP2 level of theorysee Table Il with a DZP++ basis  matrix work of Coussalf also shows the presence of two
set predict three bands in the O—H stretch region for theyclic trimer isomers. While the O—H stretches of these two
lowest energy structure of the methanol trimer at 3645, 3633structures are comparable, the=© frequencies of the two
and 3565 cm! with relative intensity ratios of .94:1.0:.03, isomers show a much larger splitting for the most stable
respectively. Scaled frequencies of 3462, 3451, and 3386tructure. This suggests that the conformers differ in the po-
cm ! match reasonably well with the experimental results.sitions of the €O bonds relative to th©®—0—Oplane. A
Because of the overlap of the two strongest peaks at 347@cent study by Mat al. shows that the bowl conformer of
and 3467, it is difficult to obtain an accurate relative intensitythe methanol trimer with all methyl groups on the same side
of these three peaks, although clearly the band at 3432 isf the O—O—Oplane is 0.8 kcal/mol above the global mini-
more intense than predicted. Calculations at various othanum. They also predict that the spectrum of the bowl con-
levels of theory® also predict that the cyclic methanol tri- former in the O—H stretching region should consist of three
mer spectrum should consist of three peaks, two of equgbeaks at 3625, 3623, and 3574 ¢thi These peaks are
intensity separated by approximately 5-10 ¢mand an-  shifted slightly to the blue relative to the cyclic structure. It
other weaker band shifted to the red by 25-50 &mAs a s likely that the two peaks measured at 3503.7, and 3494.6
result of this agreement between our work and theoreticadre due to bowl conformer. There is also a very weak feature
predictions, we assign the bands measured at 3473.2, 34674, 3454.5 cmn® which cannot be conclusively assigned as a
and 3432.1 to the cyclic methanol trimer. These vibrationakrimer peak, but could certainly correspond to the third tri-
modes correspond to linear combinations of the three O—Hner bowl peak. Clearly, a detailed IR-CRLAS study of the
stretches of the methanol monomers. The two bands of=O stretching region of methanol clusters is necessary
nearly equal intensity can be thought of as antisymmetrionce extension into this region of the spectrum is accom-
combinations, while the weaker mode can be considered aplished. It is also a possibility that the carrier of these tran-
almost totally symmtric combination. Assignment of the sitions is not actually the trimer, but some other cluster. This
3503 and the 3496 cnt bands, which also normalize to a seems unlikely due the agreement of our data with the work
trimer structure, is more speculative. The presence of moref Huiskenet al, who employs kinematic size selection in
than three peaks assignable to the trimer implies that morhis technique. Huisken also measures a trimer feature at 3503
than one conformer could be present in the molecular beanem ™2, in agreement with our data. Due to the lower resolu-
The lack of any free O—H stretching modes assignable to théon of their experiment, they probably could not detect the
trimer implies that, if these peaks are due to another trimeweak feature at 3494 cm. While the difference in energy
conformer, then it also must be a cyclic ring structure. Thebetween the two conformers is rather large when considering
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the temperature of our molecular beam, it is possible the We can see from our studies of the free O—H stretch
energy difference between these two conformers is much lesegion(see Fig. 2 that methanol does not exist in its mono-
than predicted by the DFT calculations of Ma any case, it meric form in the molecular beam. The only monomer tran-
is clear that the energetics of methanol trimer conformersitions measured were due to methanol in the background
needs further theoretical and experimental investigation. gas. While direct comparison with previous measurement on
It is also clear from this work that at high methanol water cluster¥ is not possible due to differences in source
concentrations, clusters larger than the trimer dominate theonditions, one feature appears to be prominent. The concen-
molecular beam. The strongest feature in the spectrum dration of the methanol dimer is approximately twice that of
high concentrationésee Fig. 1 can be assigned to a bonded the trimer, whereas the trend for water clusters shows the
O-H stretching vibration of the methanol tetramer. Remark4{rimer to be the dominant species. This most likely is due to
ably, Weltner and Pitzer first speculated that the methandlifferences in the kinetics of formation of methanol clusters.
tetramer may be stable in the gas phase based on their hdamfortunately, the exact conditions used to acquire the water
capacity measurements of gaseous meth&n®@hey inter- data could not be duplicated. The low vapor pressure of
preted a large nonlinear trend in the heat capacity as a funénethanol made it necessary to control its concentration with
tion of pressure to indicated the presence of methanol tetran® needle valve. Thus, the methanol data were obtained at
ers in the gas. It is interesting to note that there is noconstant backing pressure with various concentrations, while
methanol pentamer feature analogous to the water pentaméhe water data was obtained as a function of increasing back-
This could imply that the methanol tetramer is most impor-ing pressure without the use of a needle valve. Large absorp-
tant structural element in bulk methanol. The tetramer idions (>3000 ppm seen without the needle valve made ob-
most likely favored over the pentamer due to the steric refaining methanol spectra as a function of source backing
pulsion effected by having two methyl groups on the samédressure unfeasible.
side of the ring. Also appearing at high methanol concentra-
tions is a broad O—H stretching feature which is due to clus-
ters larger than the tetramer. This feature reproduces thél. SUMMARY
spectrum of solid amorphous methaids shown In Fig. 2. In this article, the results of our IR-CRLAS study of
Luck et al. measured the spectrum of solid methanol at a

: L as-phase methanol clusters have been presented. Vibra-
variety of temperatures. As the solid is heated, the broagonal bands for clusters as large as the methanol tetramer
O-H stretching band of solid methanol shifts to the red 9

‘have been assigned. Vibrational bands at 3574.4 and 3683.8

From a smlple_exFraE),olatlon, we can estimate the tenm?r"’lc'm’l have been assigned to the bound and free O—H stretch
ture of the “solid-like” clusters in our beam to be approxi-

matelv 10 K. The structure of crvstalline solid methanol ha vibrations of the linear methanol dimer, in agreement with
y O R Ihe y . ' "% heoretical calculations reported herein at the MP2 level of
also been investigated by Tauer and LipscdtBrom their

theory. Vibrational bands at 3473.2, 3467.1, and 3432.1

x-ray studies, they show that the structure of crystalllnecm_l can be assigned to the bound O—H stretches of the

m.ethancl)l c;qnssts .Of a “T"t cell of four methanol mOIeculesasymmetric cyclic methanol trimer. Two additional bands at
with an infinite chain of zigzag hydrogen bonds. Lustkal.

| died th f liquid hanol ; f'3503.7 and 3494.6 cnf can be also due to a cyclic trimer
also studied the spectrum of liquid methanol at a variety Oonformer, although it is not yet possible to determine the

temperatures. The liquid spectra consists of a broad featur%iructure of carrier of these bands. The absence of a free

l,ess. O-H stretch|.ng band centered ne.ar.335olc|ﬁlearly, O-—H stretch assignable to the trimer indicates that this con-
“qu',d methanol displays the characteristics of a large c00Pg,mer must be cyclic, however. Theoretical predictions sug-
erative h_ydrogen—bond network. . ) gest that this could be the bowl conformer, but more theo-

Previous work has shown that it is possml%to extraCletical and experimental work is necessary to confirm this
absolute cluster concentrations from CRLAS dat&rom  jegignment. At high concentrations of methanol, large clus-

the calculated theoretical intensities and measured integratgd, s exhibiting bulk-like properties are seen. Our results also
vibrational band absorptions, we are able to calculate thepq, that all clusters larger than the dimer must exist in

absolute concentrations of dimers and trimers in the molecuéycnC configurations, with all O—H groups involved in the
lar beam. The lack of accurate theoretical intensities for th‘hydrogen bond network.

tetramer obviate calculation of its concentration. Assuming

that Beer's law applies, we calculate the concentration of

dimers and trimers to be 310" and 5.5< 10> mole/cnt,

respectively, with modest total methanol concentration. ThEACKNOWLEDGMENTS
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