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Molecular beam depletion spectroscopy (MBDS) has been employed to study the dissociation of ethanol
monomers [GHsOH], dimers [(GHsOH),], and trimers [(GHsOH)s]. In the spectral region between 870

and 1100 cm?, which was accessed with a gl@aser, four vibrational modes were investigated: the symmetric

and asymmetric CCO stretches and the in-plane and out-of-plane rocking modes. Contributions from larger
ethanol polymers have been eliminated by dispersing thids@H), clusters with a secondary He beam and
measuring the laser-induced depletion off-axis in the scattered cluster beam. To stugidDel@onomer,

ethanol molecules were deposited on largg @usters employing the pickup technique. Ethanol dimers and
trimers attached to argon clusters have been studied as well. In a computational approach, the structures of
ethanol dimers and trimers have been determined by total energy minimization. These theoretical results are
of great value for the interpretation of the experimental data as far as the expected splitting of vibrational
bands is concerned. The present investigations allow us to give a consistent interpretation of the available
data ranging from the gas phase to the liquid as well as to the bulk matrix.

Introduction as well as in the liquid and solid states yielded valuable
information on the self-association of ethanol.

The detailed studies of Perchard and Jdskave stimulated
theoreticians to calculate the infrared vibrational spectra of

Small- and medium-sized clusters are recognized as ideal
model systems for the study of solvation phenomena on a

microscopic level. In this regard hydrogen-bonded systems are . . :
of particular relevance in both chemistry and biology. Besides &thanol and its deuterated isotoponet$. These theoretical

water, the primary alcohols constitute important representatives Studies revealed that the coupling between the vibrational modes
in this class of molecules. To understand the role of the solvent Was indeed very strong, particularly in the region between 1000
molecules in a solution, the interaction between the solvent 2Nd 1100 cm* (ref 8), and that the splitting resulting from the
molecules must be understood as well. Therefore, hydrogen-&Xistence of the two conformers was between 4 and 45'cm
bonded clusters are an active area of current research. As fail this spectral rang€. In both theoretical studies, the force

as the alcohols are concerned, most experimental work has beefj€!dS were scaled to achieve better agreement with the experi-
concentrated on methanol (@BH), the simplest alcohol, ~Ment of Perchard and Josien. Unfortunately, the autibdid

exciting the C-O stretch and the G-H stretch8” not take the gas phase spectrum as reference; but instead, they
fitted their theoretical spectrum to the solution spectrum which
has the problem that the absorption lines are considerably
seem responsible for the scarce information available for this Proadened and shifted due to the interaction with the solvent

system. (1) Ethanol molecules appear as two different conform- molecules. In addition, the solution spectrum may be dominated
ers which are distinguished by the orientation of the hydroxyl by ethanol polymers.
group relative to the methylene group. The two species are Barnes and Halla# studied the spectroscopy of ethanol
designatedrans andgaucheethanol. The abundance ratio of suspended in argon matrixes at 20 K. Due to the low
the two conformers at room temperature in the gas phase is 6:4temperature, the line widths were significantly reduced, giving
in favor of thegaucheconformatior (2) The ethanol molecule  fise to a rich structure in the spectral region between 1000 and
is composed of nine atoms and therefore has 21 vibrational 1100 cnt®. Some splittings were traced back to the existence
modes. As a result, it gives rise to a very complex vibrational ©f the two conformers. In addition, Barnes and Hallam proposed
spectrum which gets even more complicated if ethanol polymers different assignments. Thus, the lines near 1030"cmere
are involved. now attributed to;CHs) [r5(CHs) at Perchard and Josien] while

A detailed study on the IR spectroscopy of ethanol and its the lines between 1050 and 1080 Chwere assigned to¥

deuterated variants in the gas phase and in diluted solution aCHs) [va(CCO) at Perchard and Josien]. Finally, ti(CHs)
well as in the liquid and solid states has been carried out by band of Perchard and Josien was now attributeda(GCO).
Perchard and JosiénIn the spectral region between 800 and Furthermore, Barnes and Hallam found some weaker features

1200 cnt? four vibrational modes could be identified: the between 1025 and 1060 ctwhich, as a result of their
symmetric and asymmetric CCO stretchegCCO) andv- concentration dependence, were assigned to ethanol dimers and
(CCO), and the in-plane and out-of-plane £idcking modes, larger polymers.

n(CHs) and 5(CHs). Their assignment was complicated due The only IR dissociation experiments of gas-phase ethanol
to the strong coupling between the various modes. For example,(and ethanctwater) clusters were carried out by Stace and co-

it was found that the Ckirocking modes were coupled with  workers!? They investigated the spectral region between 1042
the OH bending modé(COH)? The measurements in solution and 1058 cm! and observed, with increasing mass of the
detected ion, a small red-shift of the absorption maximum at
® Abstract published ifdvance ACS Abstract§eptember 1, 1997. 1055 cnmtl. Since many cluster sizes contributed to the

Up to now only very few studies have been devoted to the
IR spectroscopy of ethanol §85s0H) complexes. Two reasons
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dissociation signal, it was not possible to derive specific TABLE 1: Molecular Beam Parameters

information on the absorption behavior of the small ethanol primary beam secondary beam
complgxe;. . . . . . . species 0.8% $4sOH in Ne He

In _th|s situation we found it worthwhile to |nvest|gate inmore  hath temp/k 263.8
detail the spectroscopy of small ethanol polymers in our crossed source temp/K 299 299
molecular beam apparatus which makes use of the kinematicstagnation press./bar 1 25
size selection technique introduced earlier by Buck and M&yer. nozzle diameter/mm 0.1 0.03

; ; i ; ; ; ; skimmer diameter/mm 0.4 0.4
This technique is based on the different kinematic behavior of most probable velocity/m$ 781 1763

different cluster sizes in a scattering process with rare gas atoms.

Choosing the proper deflection angle and mass setting of themass spectrometer, and open electron multiplier. Spectra of

mass spectrometer, it is possible to perform size-selectiveundispersed cluster beams were measured with a 0.2 mm
spectroscopy unaffected from fragmentation artifa_cts of larger diameter pinhole in front of the detector entrance. All relevant
polymers. In the past, this molecular beam machine has beenbeam parameters are collected in Table 1

successfully employed to study various hydrogen-bonded sys- Ethanol com

- . plexes attached to large argon clustersH{C
tems '? the 3Can(|1_| 1me1 SSpe’\(l:traI regfuizs. H'\éOSt ?itsable OH)q-Arn] have been generated by employing the pickup
eﬁ'(agnp esfalrg( &% )qugo),( ';bi”?(re ith ): ( .)‘ (rf )2’ technique introduced by Gough ef'&l.The corresponding setup
(H20)n (ref 16), and ( Hy(ref 17) withn varying from is described in more detail in our publications devoted to

to 4 in most cases. As far as the gas-phase species argq.ynan19 and ammonid molecules and complexes adsorbed
concernet_j, the present study will focus exclusively on the on argon host clusters. Briefly, argon clusters\)Awith an
ethanol d'”.‘er and trimer. o . . estimated mean size @NC= 70 were produced by expanding
To obtain complementary spectroscopic information, in argon gas at a pressuremf= 7 bar through a 5@m diameter
particular on the ethanol monomer, we have also studied thethin-walled nozzle. Before entering the differential chamber

spectroscopy of ethanol molecules and small polymers attaCheoawrough the skimmer, the argon cluster beam was crossed by a
to large argon clusters. These systems have been prepareflgym of ethanol molecules emanating from an effusive molec-

employing the pickup technique introduced by Goggh €al. |lar beam source operated at stagnation pressures between 10
Slml!aglexpenments on methantl, methyl fluoride?® am- and 50 mbar. Upon the collisions, monomeric ethanol mol-
monia?*! and watet® adsorbed on argon clusters have proved g jes were attached to the argon clusters and carried by them
that such studies provide valuable information elucidating the (5 the getector. At larger ethanol pressures multiple adsorption
transition from gas-phase to bulk matrix spectra. Furthermore, occurred, and by interacting through their large dipole moment,

it has been shown that this technique provides a unique i, athanol molecules aggregated and formed small polymers
possibility to study the respective monomeric species at .ratherwithin or on the surface of the host clusters. Due to the strong
low temperature T ~ 35 K)* in a molecular beam depletion 2y mentation of the composite clusters in the ionizer, the small
experiment. ) . ethanol complexes could be detected on the typical fragmenta-
In a computational approach, we have determined the {jon channels known from gas-phase mass spectrometry of free
structures of ethanol dimers and trimers by minimizing their athanol polymers.
total energies and taking into account the existence ofrane- As laser source, a line-tunable pulsed O@ser (Lambda
geometry and tw@auchegeometries. For the ethanol dimer  ppysik, model EMG 201) was used. The laser beam was
only open-chain structures with nonequivalent constituents f5coysed by a cylindrical ZnSe lens producing a 25 mm wide
(proton donor and acceptor) were found, whereas for the trimer, ang 4 mm high rectangular beam profile at the position where

the minimum-energy configurations were always cyclic. These it jntersected the cluster beam, which was 2 mm high. The
structure calculations are used to deduce valuable information|zser was line-tuned through the® and @R branches, thus

on the splittings of vibrational bands. covering the spectral region between 1020 and 109+ avith
) _ a small gap at 1063 cm. Using thel3CQO;, isotope, it was
Experimental Section possible to access the spectral range between 870 and 910 cm

The experiments have been carried out in a crossed molecula@nd {0 study the symmetric CCO stretch. The absorption spectra
beam machine which has been described elsevRebBetailed of ethanol dimers and trimers were recorded by measuring the
experimental information relevant to the present work may be Iaser-induced depletion as a fun.ction of frequency for different
found in the publications devoted to the study of size-selected deflection angles and mass settings of the quadrupole, whereas
gas-phase methanol compleXesmd methanol complexes at- the spectra of ethanol mo_IecuI_es and p_olymers adsorbe_d on
tached to argon clustet8. The (GHsOH), cluster beam was ~ &/90N clusters were determined in the undispersed beam without

generated by bubbling neon at a total pressure of 1 bar throughSiZ€ Selection.
a reservoir of spectroscopic grade ethanol (Merck, Darmstadt)
kept at a temperature 6f9.4°C. These conditions have been
determined by optimizing the signal of the scattered ethanol Mass Spectrometry. Although conventional mass spectra
dimers with the detector positioned to a deflection angl®of  of (C;HsOH), cluster beams are of limited value because of
= 10° (see below). The resulting mixture of 0.8% ethanol in the expected strong fragmentation upon ionization, they provide
Ne was expanded through a 0.1 mm diameter thin-walled nozzlean estimate of the lower limit of the maximum cluster size
kept at room temperature. The beam was collimated by a 0.4 present in the beam and give information on possible fragmen-
mm diameter skimmer and transferred to a differential chamber tation channels. Therefore, we have measured mass spectra in
where it was crossed by the radiation of a pulsed, GBer. the direct undispersed cluster beam. The mass spectrum,
After a second collimator of 2 mm diameter, the ethanol cluster recorded with background subtraction under the conditions
beam was dispersed by scattering it from a secondary heliumemployed later for the dissociation experiments (see Table 1),
beam. Finally, the selected cluster species were detected off-is shown in Figure 1. Except for the carrier gas peak® at

axis by a rotatable mass spectrometer detector equipped with10 [2°Ne?], 11 [?2Ne?'], 20 [?°Ne'], and 22 amu$Ne'] and
electron impact ionizer (= 15 mA, E = 100 eV), quadrupole  a group of peaks around = 31 amu [CHO"], which are due

Results
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Figure 1. Mass spectrum of the ethanol cluster beam produced by Figure 2. Mass spectrum of argon clusters doped with ethanol
expanding 0.8% ethanol in neon at a stagnation pressure 1 bar. molecules. The argon gas was expanded at a pressure of 7 bar while

the ethanol source was operated with 26 mbar. Note that almost all
to fragments of ethanol molecules and clusters, some strongermass peaks correspond to fragments of the ionizet@H)q-Ary
lines were observed ah = 45 [CH;CH,O1], 47 [(CH:CHy- clusters.
OH)H'], 93 [(CH3CH,OH),H'], and 139 amu [(CBCH,- 150
OH):H™].
Due to an intracluster ioamolecule reaction

(CH,CH,0OH), " — (CH,CH,OH),_,H" + CH,CH,0" (1) | y m=31

which proceeds rapidly within the ionized (@EH,OH), cluster,

ethanol clusters are predominantly detected as protonated (

1) clusters® Reaction (1) is also observed for other hydrogen-

bonded complexes and in particular for methanol clustéms.

case of methanol complexes, it was found that the protonated -

(n — 1) clusters further fragment by evaporating one or more I 1

monomer unit$ The smaller peaks ah = 77 and 123 amu I f m=93

can be attributed to ionized ethanol dimers and trimers having 0 = v

lost a methyl group (i.e., to (CG4€H,OH)CH,OH' and (CH- L

CH,OH),CH,OH, respectively). As we will show later, the 0 10 thzo | 80 / 4% 50 60

contribution of larger clusters to these fragment masses is very eihanol pressure / moar )

small. From the mass spectrum shown in Figure 1, it is rather Figure 3. COl_mt rates mgasured on selected masses as a fu_nctlon of

obvious that the mass settings= 45 [CHCH,0"], 47 [(CHs- the pressure in the effusive ethanol source. The arrows indicate the
" - conditions employed for measuring dissociation spectra of ethanol

CH,OH)H™], and 93 amu [(CHCHOH).H'] seem most  \5nomers (M), dimers (D), and trimers (T) attached to large argon

favorable to detect gas-phase ethanol molecules, dimers, an@|ysters.

trimers, respectively. But care must be taken since all signals

may be affected by fragmenting larger ethanol clusters if they plexed with one argon atom. For example, the peaks at

are present in the beam. 71 and 85 amu are due to A&H;Ot and ArC,HsO™,

A mass spectrum measured for argon clusters doped withrespectively. It is interesting to note that the peaknat 86
ethanol molecules using the pickup technique is shown in Figure amu corresponds to the unprotonated complex of ethanol and
2. For this experiment the stagnation pressure in the argonargon (ArC,HsOH™). As has been shown earlier for GHand
cluster source was, = 7 bar while the pressure in the effusive  CH;OH,?® the argon host cluster may provide a suitable
ethanol source was chosen toflse= 26 mbar. Naturally, the environment to quench the protonation reaction (1). As for gas-
most prominent peaks in the mass spectrum &t 20, 40, and phase ethanol clusters, the;fGOH)CH;O™ ion is observed at
80 amu are due to fragments of the argon host clusters. Inm = 77 amu. The protonated ethanol dimer f{lgOH),H"]
contrast, the groups of peaks around= 15 (CHs"), 31 appearing am = 93 amu most probably originates from the
(CH3;0O™), and 45 amu (€HsO™) are assigned to fragments of ethanol trimer.
ethanol guest molecules carried by the host clusters to the The mass spectrum shown in Figure 2 enables us to select
detector. Note that the fragmentation patterns are very similar the most favorable masses for detecting ethanol complexes
to those encountered for gas-phase ethanol molecules (see Figurattached to argon host clusters. These are for the monemer
1). The peak atn = 47 amu [(GHsOH)H] indicates that two = 31 amu, for the dimem = 47 amu, and for the trimen =
ethanol molecules have been absorbed by the argon host cluster®3 amu. In the following we have measured the signals on
They have interacted through their dipole moment, thus forming these masses as a function of the ethanol source pressure. The
a dimer which, according to reaction (1), can be detected at respective dependencies are shown in Figure 3. The behavior
massm = 47 amu. of the two curves measuredmat= 31 andm = 45 amu is very

Some of the groups just discussed reappear with reducedsimilar. At small pressure values they rise rather linearly, as is
intensity at a position shifted by 40 amu to higher masses. expected for a monomer signal, and at values larger than 30
Therefore, they must be assigned to ethanol fragments com-mbar the two curves decrease again. This decrease is due to

tensity / kHz

50 m=47 4
1 T m = 45

n
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R EARRR RS S S Massm = 45 amu [GHsO™] constitutes the most important
o monomer fragmentation channel. Correspondingly, the signal
me@ | C2HsOH - He on massm = 45 amu can be observed up to (and slightly

l beyond) the maximum monomer scattering an@), =
23.2. Just beIow@Eﬁl{X = 11.7 the m = 45 curve exhibits a
pronounced shoulder which is generated by ethanol dimers
fragmenting to GHsO™. Note that, aroun® = 10°, the dimer
contribution to the signal om= 45 amu is practically the same
as the monomer contribution. If the detector is further moved
to smaller angles another shoulder is observed just below

©®) = 7.8. This shoulder is now due to ethanol trimers
fragmenting into GHsO™ ions as well. We would like to
mention that the angular distribution measuredror 43 amu
[C2H30™], which is not shown in the figure, features the same
dimer shoulder as then = 45 curve, indicating that the dimer
fragmentation to this mass is also very pronounced. In contrast,
the dimer contribution to the signal on the monomer parent mass,
m=93 m = 46 amu, was found to be very weak.

L (X0|1) o The angular distribution denoted by = 47 has been
measured with the mass spectrometer tuned 1{CH)H™,
5 10 15 20 25 30 . . ) .
nale ©/° the typical dimer fragmentation channel. As expected, it shows
ang a pronounced dimer shoulder ne@ﬁ;x In addition, another
Figure 4. /_-\ngular distributions of gas phase ethanol clusters scattered slightly less pronounced shoulder is clearly visible below
from a helium secondary beam. The arrows abovenifie 45 curve ©f) . This contribution is attributed to ethanol trimers which,

denote the maximum scattering angl®¥), for the various cluster P : .
sizesn as expected from the Newton diagram. The arrows labeled with after being ionized, undergo the ismolecule reaction 1 and

. . . . i i +
n = 2 andn = 3 indicate the detector settings used for measuring the €vVaporate a monomer unit to yield A&OH)H™. When the
dimer and trimer dissociation spectra, respectively. mass spectrometer is tunednic= 93 amu, a significant increase

. . ) . .
an enhanced formation of ethanol complexes as is evidenced" signal occurs neaBp,, Just below this angle exclusively

by the curves measured et = 47 and 93 amu which reflect trimers are observed at = 93 gmg. ] o
the formation of dimers and trimers, respectively. Aswe know _ The measured angular distributions confirm that the ioniza-
from our experiments on methanol complexes attached to argontlon-lnduced fragmentation of the various ethanol clusters into
clusterst® fragmentation of the ionized ethanol complexes is Smaller species is very pronounced. They further demonstrate
somewhat reduced because of the moderating argon environthat it is possible to achieve complete size selection. For
ment, but it may still be a serious problem. Therefore, it is €xample, if the detector is moved to the deflection angle denoted
recommended to choose, for each cluster size, the conditionsPy N = 2 and the mass spectrometer tunedrte= 47 amu,
as moderate as possible. To work at sufficiently high signal exclusively ethanol dimers will be detected. Similarlypat=
levels, we have selected the ethanol pressures marked by arrow83 amu and the position labeled with= 3, ethanol trimers
to study the spectroscopy of monomers (M), dimers (D), and may be studied, essentially unaffected by larger clusters.
trimers (T) attached to argon host clusters. A final remark should be devoted to the angular distribution
Size Selection. To select the gas-phase ethanol clusters measured at mass = 77 amu, which corresponds to the ion
according to their size, we employ the kinematic size selection obtained from the ionized ethanol dimer {&GOH),™] after
of a scattering experiment. This technique was introduced by abstraction of the methyl group. Comparing this curve with
Buck and Meye¥ and makes use of the fact that lighter clusters the m = 47 data, it is clearly seen that the fragmentation of
are scattered into a larger angular range than the heavier speciefarger ethanol clusters into this channel is considerably reduced.
which are confined to smaller angles. The maximum scattering Therefore, this channel would be much more favorable for
angles for each cluster size are derived from the so-called studying ethanol dimers if size selection were not available. The
Newton diagran¥? For the conditions employed in the present same conclusion has been drawn by Mori and Kitagafvem
experiment (see Table 1), the following maximum deflection their mass spectrometric study of ethanol clusters as a function
angles are calculated assuming purely elastic scattering:of source conditions.
Ol = 23.2, O0), = 11.7, 60, = 7.8, andO), = 5.9°.
We have measure_d angular dlstrl_butlons of ethanol monomerspissgciation Experiments
and clusters for various mass settings of the quadrupole mass
spectrometer. The curves measured at the most prominent Free Gas-Phase Ethanol ComplexesAs we have just
massean = 45 [CH;CH,0"], 47 [(CHsCH,OH)H'], and 93 discussed, it is possible to study the ethanol dimer, unaffected
amu [(CHCH,OH),H*] are plotted in Figure 4. In addition, from larger clusters, when the detector is positionedte=
we have included the angular distribution measured with the 10° (positionn = 2 in Figure 4) while the mass spectrometer is
mass spectrometer tuned to= 77 amu [(CHCH,OH)CH,- tuned tom= 47 amu. We have searched for dimer dissociation
OH']. Note that they-axis numbering applies only to tme= near 1054 cm! where Stace and co-workétsobserved an
47 curve and that the other curves are shifted as indicated inabsorption band with the mass spectrometer tuned ibl4C
the figure to provide a better comparison. The arrows desig- OH),H*. We found maximum dissociation at the™6) CQ
nated with@f;‘;x indicate the maximum scattering angles for laser line (1058.9 cm) and measured at first a fluence
the respective (§450H), cluster sizes witm = 1—4 while the dependence of the depletion signal. The measured dissociated
short arrows labeled with = 2 andn = 3 mark the positions  fraction increased linearly up to a value of 0.55 at a laser fluence
chosen for the size-selective experiments (see below). of 150 mJ/cm and slowly went into saturation beyond this

10°

10*

T
s il

10°

signal / counts-s™

2 m=45
10 (x 10)
m=
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10"
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80 — T T frequencies larger than 1090 ciso that we cannot decide
r Gy Gip Gua Gop Gy ] whether there are additional absorption bands beyond 1098 cm
80 -0 P P or not.
40 L : i The dashed lines indicate the positions where the absorption
2 L ! ban_d_s for gas-pha_lse ethanol mol_eculgs were obsérvikir _
-~ 20} . positions and assignments are given in Table 3. The compli-
o 3 cated structure of the dimer spectrum obviously reflects the fact
=5 0 that the various bands split into two (or perhaps more)
'g [ components due to the existence of the two nonequivalent
2 60l | monomer units (proton acceptor and donor) in the hydrogen-
S L | bonded ethanol dimer. Thus, for example, one is tempted to
40 - assign the two bands at 1031.4 and 1045.4dmthe excitation
3 1 of the methyl rocking vibration in the proton acceptor and donor
20 | - molecule of the ethanol dimer. A similar splitting has been
r AN 24 1 found for the CO stretching vibration of the methanol dirher.
0 I Moving the detector to® = 7° and tuning the mass
1020 1040 1060 1080 1100 spectrometer ton = 93 amu, we are in a position to measure
wave number / cm-! a pure trimer spectrum. The result is shown in the lower panel
Figure 5. Dissociation spectra of gas-phase ethanol dimers @) of Figure 5. Due to the rather low trimer count rate of 2.7 kHz,

and trimers f = 3) measured with size selection. The dashed sticks the integration time was again chosen to be 60 min. In contrast
labeled with Ga Gip, Gza Gan, and G denote the Q-branch positions  to the ethanol dimer, the trimer spectrum looks somewhat

observed in the gas phase by Perchard and J8sien. simpler. This can be easily understood if one assumes that the
TABLE 2: Parameters of the Lorentzian Line Shape ethanol trimer has a pychc structure as is also found for the

Functions Fitted to the Gas-Phase Ethanol Dimer and methanol trimer. In this case the ethanol molecules adopt rather
Trimer Spectra of Figure 5 equivalent positions, thus reducing the large splittings observed

for the dimer. The left part of the trimer spectrum (below 1060

species  band position/cth fwhm/cnr?  dissociated fraction N .
cm1) can very well be represented by two Lorentzians. Beyond

n=2 igﬁéi g'g 8'2? the gap in the laser tuning range, the dissociation is almost zero.
1061.0 125 0.42 Therefore, another absorption band in this narrow range seems
1073.7 55 0.21 very unlikely. At higher frequencies, the dissociation shows a
1082.3 55 0.31 stepwise rise which can be reproduced by three Lorentzians,
1088.7 5.6 0.39 quite similar to the dimer case.

n=3 %8;;'3 ;33, 8'2% A complete assignment of the various features observed for
10745 6.0 0.09 the ethanol dimer and trimer seems very difficult. Therefore,
1080.2 6.0 0.15 we have decided to study the spectroscopy of small ethanol
1086.0 6.0 0.25 complexes attached to argon clusters. These measurements will

supply additional information: (1) it will be possible to locate

value. Due to this behavior, we decided to choose the constantthe ethanol monomer absorptions, and (2) we will be able to
fluence of 120 mJ/cATor all dissociation experiments presented compare the spectra with the results obtained in cryogenic argon
here. matrixes, thus leading over from the free gas phase to the bulk

The upper panel of Figure 5 shows the absorptidissocia- matrix.
tion spectrum that we have measured for size-selected ethanol Ethanol Complexes Attached to Large Argon Clusters.
dimers. The integration time for each measuring point was 60 If one employs the IR vibrational predissociation technique to
min. Dissociation was observed in the entire region, giving investigate the absorption behavior of loosely bound complexes,
rise to a rather complex spectrum. It reveals at least six it is not possible to study the monomer since it does not
absorption bands whose exact positions have been determinedlissociate upon irradiation with IR photons. However, if this
by fitting Lorentzian line shape functions to the experimental monomer is embedded in or attached to a rare gas cluster and
data. The parameters are collected in Table 2. In the left partif it is vibrationally excited, the excitation energy is dissipated
of the spectrum, the agreement between experiment and fit isover the entire cluster, and as a result, several rare gas atoms
rather good. The same is true for the high-frequency part. are evaporated, giving rise to a depletion signal. It has been
However, in the central part of the spectrum, near 1050%cm discussed earliéfthat this depletion signal mainly results from
where seven data points have roughly the same height, thethe reduction of the ionization cross section. Hence, with this
simulation deviates from the measurement. Unfortunately, due technique it will be possible to study the ethanol monomer and
to the gap between 1060.6 and 1067.5&nit is not possible to obtain useful information for the interpretation of the ethanol
to determine the exact maximum position and width of the dimer and trimer spectra presented before.
absorption band located near 1061 émMoreover, the limited Employing the ethanol pressures and mass spectrometer
tuning range of the C@aser does not allow us to employ laser settings marked by arrows in Figure 3, we have studied the

TABLE 3: Ethanol Monomer Absorptions Observed between 1000 and 1100 crd in the Gas-Phase and Argon Matrix

present band gas phase (ref 9) argon matrix (ref 11)
designation line position/cm assignt line position/crt assignt
Va Gia 1027.6 f (CHa) M1a 1016.5 i (CHs) 2nd site
G 1037.6 Mb 1025.0 i (CHy)
Vg Gaa 1057.9 v(CCO) Mea 1076.6 r (CHs) gauche
Gab 1066.2 M 1083.2 r (CHg) trans

v, Gs 1089.2 i (CHs) Ms 1091.7 15(CCO)
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v vy ] To avoid confusion and facilitate the further discussion, we will
100 o B Yo designate the three bands in the order of increasing frequency
B L ! T Va, Vg, andv,, as indicated in Table 3.

8or The v, mode of the ethanol molecule attached to am Ar

60 cluster, which appears at 1027.3 thcoincides almost exactly

40 | with the gas-phase Q-branchi{at 1027.6 cm! while it is

o0 [ slightly blue-shifted from the band position in the matrix (1025
L cm™Y). However, itis also possible (and even more likely) that

‘ T - the peak of the present study corresponds to theg@s-phase

T T T line and that the peak corresponding te,& located outside

| the tuning range of the CQaser. In this case the observed

red-shift would be 10.3 cn.

. The splitting of thevy mode, which is observed in the gas

. phase to be 8.3 cm (1066.2-1057.9 cntY), is also present

7 for ethanol attached to argon clusters (1059.2051.9= 7.6

] cmY). As for thev, vibration, the peaks are red-shifted from

the respective gas-phase lines. In the argon matrix, however,

this doublet (Ma and M) appears at a position considerably

blue-shifted from the gas-phase values. Barnes and Htlllam

- attribute the splitting to the existence of the two conformers,

gauche andtransethanol. At the high-frequency end of the

spectrum, a third band is observed which we designated.as

] Its position is very close to both the gas-phase and matrix

positions. Unfortunately, the limited tuning range of the CO

laser prevents us from gaining any information about the higher

frequency range. The smaller absorption band found at 1074.7
wave number / cm1 cm~! has no counterpart, neither in the gas-phase spectrum of

Figure 6. Depletion spectra measured for ethanol molecutes (), Perchard and Josigmor in the matrix study of Barnes and

dimers @ = 2), and trimerstf = 3) adsorbed on large argon clusters. Hallam?!

The dashed sticks denote again the Q-branch positions observed in the The middle panel of Figure 6 shows the absorption spectrum

as phaséwhile the solid sticks mark the positions of monomer, dimer, . -
gnd ppolymer absorptions recorded byp Barnes and Hallam a of ethanol dimersr(= 2) attached to argon clusters. It features

dissociation / %

I L L A | —_—

1020 1040 1060 1080 1100

cryogenic argon matrix. two pronounced peaks in the region of thevibration: a single
broad band near 1060 cthand a complicated structure at the
TABLE 4: Parameters of the Lorentzian Line Shape high-frequency end of the spectrum. Comparing with the gas-
IEiuTJCrt(l,ogs Fitted to the Cluster-Adsorbed Ethanol Spectra of phase dimer spectrum displayed in Figure 5, it is stated that
9 _ - _ _ _ the two spectra are very similar. The solid lines at 1027.5 and
species  band position/cth  fwhm/cmr!  dissociated fraction 1039.3 cn! denote the dimer positions observed in the argon
n=1 1027.5 2.0 0.81 matrix1!? Unfortunately, in the matrix study, the lower fre-
1052.0 2.0 0.18 quency dimer line overlaps with the jMmonomer line. As
iggg-g z-g 8-51 for the v, monomer line, we have the result that the dimer
: : . frequencies observed in the argon matrix are further shifted to
1089.5 3.8 0.40
nh=2 1029.7 36 067 the red than those measured for{gOH), adsorbed on argon
1043.9 4.6 0.57 clusters.
1060.0 11.0 0.23 The bottom spectrum displayed in Figure 6 has been measured
1075.2 4.9 0.33 for (C,HsOH); attached to argon clusters. It features two strong
1082.3 4.8 0.23 .
1088.0 4.9 0.14 bands at 1048.4 and 1056.7 thand some broad absorption
n=3 1048.4 7.3 0.48 around 1080 cm'. As was already found for the dimer, the
1056.7 7.4 0.81 spectra of free and cluster-adsorbed trimers are again very
1075.2 7.0 0.32 similar. The solid lines mark the two positions where absorption
1081.9 7.0 0.25

bands of ethanol polymers of unspecified size have been
observed in the argon matrik.

spectroscopy of ethanol monomers, dimers, and trimers attached The gas-phase study of Perchard and J8damates the next

to argon clusters. The results, which were obtained with an strong absorption band below 1000 thmear 880 cml. It is
integration time of 15 min per measuring point, are displayed assigned to the symmetric CCO streteffCCO). This spectral

in Figure 6. The ethanol monomer spectrum= 1) reveals range can be accessed with the Q&er if it is operated with

five absorption maxima which have been fitted by Lorentzian the!3CO,isotope. In the final stage of our study, while carrying
line shape functions. The respective parameters are collectedout the experiments on ethanol attached to argon clusters, we
in Table 4. The dashed lines (denoted,&:1p, G Gob, and had the opportunity to employ such laser gas and to investigate
G3) mark again the positions of the absorption bands observedthe symmetric CCO stretch as well. The results are displayed
for gas-phase ethanol molecufe€On the other hand, the solid  in Figure 7 while the fit parameters are summarized in Table 5.
lines (labeled with Ma Mip, M2s My, and M) indicate the The uppermost spectrum, which has been measured for the
positions where the respective absorptions were located in theethanol monomer adsorbed on argon clusters, reveals a stronger
argon matri¥! (see Table 3). It has already been mentioned in band at 890.4 cmt and a much weaker absorption at 878.4
the Introduction that the assignments to vibrational modes in cm™1. In their gas-phase study, Perchard and J8sibserved

the matrix studi? differ from those made for the gas phdse. three Q-branches whose positions are marked in Figure 7 by

1089.5 7.0 0.29
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60 T r TABLE 6: Potential Energies of Optimized Ethanol Dimer
and Trimer Geometries in kJ/mol?
40 + ethanol dimer ethanol trimer
tr—gl —32.84 3tr —83.70
20 tr—g2 —32.84 2tr-gl —81.45
tr—tr —32.60 2tr-g2 —81.34
gl-gl —28.34 t—2g1 —79.05
0 .. : 92-92 —28.34 tr-2g2 ~79.06
T T gl—-g2 —28.15 391 —76.64
392 —76.65
gl-2g2 —75.94
291—g2 —75.93

agl and g2 denote the twgaucheconfigurations while tr stands
for the trans-conformer.

dissociation / %

trans-trans: -32.6 kJ/mol

60 - o @o-C°
L : . )
40 . e—2 o
sl ] ¢ © g©
O n 1 »u - 1 L * 1 L
870 880 890 900 910 trans-gauche: -32.8 kJ/mol
wave number / cm-? €. Qﬁ
Figure 7. Depletion spectra of argon clusters doped with ethanol |
molecules in the spectral region of the symmetric COO stretch. Dashed v
and solid sticks mark again the positions of gas phase and matrix bands, (: & = [T C'—t' ©
respectively. p
TABLE 5: Parameters of the Lorentzian Line Shape J 9‘
Functions Fitted to the Spectra of the Symmetric CCO ©
Stretch Shown in Figure 7
- — - - - gauche-gauche: -28.3 kJ/mol
species  band position/cth fwhm/cnT!  dissociated fraction
n=1 878.4 1.2 0.06 e C
890.4 2.3 0.41 ' ﬂ--., N ﬂc ©
n=2 880.1 2.2 0.14 | { - G #1
887.1 1.6 0.84 : [ #]
892.9 1.2 0.65 (=) P
n=3 880.8 1.9 0.65 © © [
885.3 1.9 0.21 . - ial f . t ethanol di
893.0 46 0.28 Figure 8. Minimum potential energy configurations of ethanol dimers

determined for three different conformer combinations.

the dashed lines. From these three gas-phase lines the highe
frequency Q-branch at 891.5 cwas the most prominent one.
The matrix study of Barnes and Halldhrevealed an intense

doublet, indicated in Figure 7 by the solid lines, and two weak 0. the ethanol dimer we found an open chainlike minimum-

satellite peaks on either sidg (near 875 and 895pm . energy configuration with the OH group of one ethanol molecule
The middle spectrum of Figure 7 shows the result obtained (proton donor) being engaged in a hydrogen bond with a lone

for the ethanol dimer adsorbed on argon clusters. It reveals ap,ir orhita of the other ethanol molecule (proton acceptor). The
splitting of the band which seems to correspond to the strongest

> ; situation is practically the same as for the methanol dimer for
monomer band and a weak transition at 880.1nThe trimer — \nich 4 similar structure was fourk@3! Due to the existence
spectrum shown in the bottom panel of Figure 7 reveals a ¢\ gaucheconformers (g1 and g2) and oftrans-conformer
complicated structure. Here the lowest frequency band at 880.8(”) there are six possibilities to choose the two dimer
cm! has become the most prominent feature while the highest . .

f band crhi anifi v broad constituents. The minimum energies of these six dimers are
requency band at 893.0 crhis now significantly broader. listed in Table 6. Our calculations reveal that the dimers

containing therans-ethanol molecule (as proton donor) are more
stable by approximately 4 kJ/mol than those being built from
To facilitate the interpretation of the experimental data, we two gaucheconformers. The geometries of three selected dimer
have carried out calculations to determine the structures of smallconfigurations are depicted in Figure 8.
ethanol clusters, (fsOH), with n = 2, 3. The computer For the ethanol trimer we have determined a cyclic structure
program, which has been developed by Schifiidietermines with the three G-H bonds arranged in a triangle. The
the minimum-energy configurations starting from random geometries of the two lowest energy configurations are shown
geometries and employing the downhill simplex metfo@ur in Figure 9. Note that in this configuration each ethanol
present calculations are based on the experimentally derivedmolecule plays simultaneously the role of a proton accegptdr
C,HsOH monomer geometry given by Alagona and Faaind donor. Similar triangular structures have been obtained for the

Yn the intermolecular pair potential of Jorgend&nThis
potential has been developed for molecular dynamics calcula-
tions to simulate liquid ethanol.

Calculations
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Figure 9. Minimum energy structures of two possible ethanol trimers.
The trimer consisting of twdtransconformers and oneauche
conformer is shown in two different views.

wateP?-35 and methanol triméf for which high-level ab initio
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Figure 10. Overview spectrum of ethanol monomer adsorbed on argon
clusters, containing both spectral regions studied, in comparison with
the gas phase absorption spectrum adopted from Perchard and®Josien.

to the interaction with the solvent molecules. Furthermore, the
solution spectrum may be governed by ethanol polymers, a
conclusion which is supported by its close resemblance to the
liquid-phase spectruth. The same arguments apply to the
theoretical study of Dothe et # since they also compared their
results with the solution spectrum of Perchard and Jdsien.

As far as the abundance of the two ethanol confornteasg
and gauche is concerned, the theoretical studies favor the
conclusion of Perchard and Josie¢hat thegaucheconformer
predominates. This result, which is in contrast to the assertion
of Barnes and Hallarnt is also supported by statistical argu-
ments. While the energies of the two conformers are nearly

calculations have been carried out. As in the dimer case, thedegenerate, the statistical factor of 2 is in favor of gagiche

involvement oftransmolecules leads to more stable structures.
The program was not able to calculate the trimer being built
from three different conformers (g1, g2, and tr), but we expect
that the binding energy of this species is also near 79 kJ/mol.
Neglecting for a moment the existence of different conform-
ers, we may summarize the structure calculations as follows.

The ethanol dimer consists of two nonequivalent molecules that

can be characterized as proton acceptor and proton donor. |

positions with each molecule playing the role of a proton
acceptoranddonor. As a result, we expect for the dimer that
each vibrational monomer band splits into two components, one
being due to the excitation of the proton acceptor while the
other is attributed to the proton donor. In contrast, for the trimer,
we expect that this splitting is considerably reduced (due to the
equivalent positions) but still present so that it may not be
resolved. In analogy to the methanol trintéthe remaining
splitting is the result of the different orientations of the ethyl
groups (methyl groups in the case of methanol) relative to the
plane defined by the hydrogen-bonded OH groups. Consider-
ation of the different conformers will result in additional
splittings and/or broadening.

Discussion

Monomer. The spectral region between 1020 and 1090%cm
is difficult to analyze even for the ethanol monomer due to the
strong coupling between the vibrational modésShaw et af
calculated geometries and relative energies oftthes and
gaucheconformers at the MP4 level. They determined har-
monic frequencies but scaled the ab initio force field to improve
the agreement with the experiment of Perchard and J8sien.
Finally, they achieved excellent agreement with the experiment.
Unfortunately, they fitted their synthetic spectrum to the
spectrum measured for ethanol dissolved i &% not to the
gas-phase ethanol spectrum. The problem is that, in the solution

conformer because of the two possible orientations of the
hydroxyl group. Thetrans—gaucheseparations of the vibra-
tional bands calculated by Dothe ef&hre 4 cn! for v{(CCO),

23 cnt! for a doublet near 1030 cmh (v, in our notation), 6
cm~! for a doublet near 1060 cm (vg), and finally 45 cn1t

for the highest frequency vibration,. Unfortunately, we do

not know how much these separations are affected by the scaling

) . "brocedure. Despite this uncertainty, we may conclude that some
the ethanol trimer the three molecules adopt rather equivalent

of the splittings observed in the spectrum of the ethanol
monomer adsorbed on argon clusters might very well be
explained by the existence of the two conformers. Thus, we
assign the two lines in thes band, which are separated by 7.6
cm~1, to these two species. At the same time, we are tempted
to attribute the weaker band at 1074.7¢rto the excitation of
the v, vibration in trans-ethanol while thegaucheconformer
absorbs at 1089.3 crh

Following this interpretation, one would expect a similar
splitting for thewv, line. In fact, it could very well be that
another component of the, vibration is located below 1020
cm™1, just outside the tuning range of the €l@ser. Strong
support for this interpretation is provided by the observation of
two lines in the gas pha%€Gi, and Gy) and in the argon
matrix!! (M1, and Myp). As is demonstrated in Figure 6, this
would further imply that thes, band, observed for ethanol on
argon clusters, corresponds t@,@ the gas phase andiMin
the matrix. Thus, we have the result that the band (for
ethanol on argon clusters) is red-shifted by 10.3tfrom the
gas-phase line but slightly blue-shifted (by 2.3 jnfrom the
matrix position. This observation is in accordance with the
conception that the interaction with the chromophore is stronger
in a rigid macroscopic matrix than in a more loosely bound
argon cluster.

In Figure 10 we present a comparison between our monomer
spectrum (obtained for ethanol on argon clusters) with the gas-

phase data of Perchard and Josi@ihe dashed vertical lines

the absorption lines are considerably broadened and shifted dugndicate the positions of the gas-phase Q-branches taken from
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Table 1 of ref 9. Due to the one-to-one correspondence of most
features, the agreement can be considered as very good. While
in the region of the symmetric CCO stretch around 880tm
the present absorption lines are only slightly shifted to the red,
the corresponding (red) shifts for thg andwvg vibrations are
between 6 and 10.3 cth (as has been discussed before). The . . . . .
highest frequency bangl, is observed at the same position in ethanot trimer
both studies. Note that the lower intensity band at 1047.7:cm (adsorbed on Ary)
which has been tentatively assigned to thevibration of the
trans-conformer, may be hidden in the gas-phase spectrum under
the R-branch of they vibration.

In conclusion of the monomer discussion, we would like to
give an explanation for the unexpected blue-shift of the two
matrix lines denoted M, and My, in Figure 6. Besides the
monomer lines discussed earlier, the matrix spectrum of Barnes
and Hallam! shows some absorption bands that are attributed
to ethanol polymers. We would arrive at a highly consistent ; : ; - :
picture if we assume that the two lines;Mand My, are also 1000 1020 1040 1060 1080 1100 1120
polymeric lines and that, in contrast, the lines at 1051.9 and wave number / cm’

1 . . .
1058 cn?, which are attributed to polymers (see the trimer Figure 11. Comparison of the two trimer spectra (free gas phase and

spectrum of Figure 6), are the monomer Iines_ expected ar_oundadsorbed on argon clusters) with the absorption spectrum measured
1050 and 1058 crt. Another even more plausible explanation by Perchard and Josien for liquid ethafol.

would be that the matrix lines at 1051.9 and 1058 t@re to
be attributed to polymers and that they mask the expected
monomer lines.

liquid ethanol
(Perchard & Josien)

ethanol trimer
(gas phase)

constituents. As far as the symmetric CCO stretch is concerned,
again a clear separation into two peaks is observed. According
) ) ] ] to the discussion presented before, they are assigned to the
Dimer. Now we would like to discuss the ethanol dimer  gycitation of the symmetric CCO stretch in the proton acceptor
spectra shown in Figures 5 and 6. The most prominent featuresgnq donor, respectively.
of the spectrum obtained for g850H), on Ary are red-shifted Trimer. The trimer spectra shown in Figures 5 and 6 look
by 1-2 cmr* from the gas-phase data. Besides that and the mych simpler than the respective dimer spectra. This can be
fact that the S/N ratio of the cluster-adsorbed spectrum is much ationalized with the help of our computational study. Accord-
better, the overall appearance is very similar. From our structurejng to these calculations, the various possible ethanol trimers
calculations we know that the ethanol dimer has an open-chainpgye cyclic structures with each constituent molecule playing
structure consisting of two nonequivalent monomer units. As the role of a proton doncand acceptor. For such structures
a result, we expect each monomer line to split into two e expect a considerable diminuation of the splittings encoun-
components which correspond to the excitation of the proton tereq for the dimers. Such behavior has also been found for
donor and acceptor, respectively. The situation should be thegiher hydrogen-bonded systems such as water and metifafidl.
same as observed for the methanol dimer in both the©& The twov, dimer lines merge into one slightly broader band
and O-HS stretching regions. With this information it is quite appearing at 1048 cm. Thew; vibration gives rise to a rather
logical to assign the two strong peaks observed at 1031.4 andstrong band at 1057 cih In contrast, the complicated structure
1045.4 cm* in the gas phase [and at 1029.7 and 1043.9%cm  of the v, band seems to be preserved for the trimer. In the
for (CoHsOH). attached to Ay] to the excitation of thev, symmetric CCO stretching region at least three trimer lines are
vibration in the nonequivalent constituents of the ethanol dimer. gpserved (see Figure 7). The interpretation of this structure is
Without any further calculation it is difficult to decide which certainly complicated due to the existence of different conform-
one of the two bands belongs to the proton acceptor and whichgrg constituting the trimer.
to the proton donor. However, since we expect a larger shift Returning to the spectral region of the, v and v,
for the proton donor, we tentatively assign the higher frequency yiprations, we would like to emphasize the similarity of the
component to this species. gas-phase and adsorbed trimer spectra. These two spectra are
As is indicated in Figure 6, the matrix study of Barnes and directly compared in Figure 11. In addition, we have included
Hallam!! shows two dimer peaks at 1027.5 and 1039.3tm in this figure the liquid-phase ethanol spectrum measured by
which are thus consistently red-shifted from our peaks. Un- Perchard and Josién.Although the liquid-phase absorptions
fortunately, the lower frequency dimer line observed in the are considerably broader, the similarity with the trimer spectra
matrix interferes with the monomer line jMso that its actual is indisputable. From this close resemblance one may conclude
position is not so clear. It should be emphasized that such that, in the liquid, the ethanol molecules are arranged in cyclic
accidental coincidence of monomer and dimer lines does not structures consisting of three or perhaps more molecules. The
constitute a problem in the present study since a masslatter conclusion assumes that the absorption spectra of the larger
spectrometer is used to discriminate between the different ethanol clustersn(= 4, 5, ...) are not much different from the
contributions. trimer spectrum. Exactly this observation was made for
The interpretation of the other dimer features shown in Figure methanol clusters. Studying the-© stretch of small methanol
6 is not so evident. Assuming that the twpmonomer lines  clusters, Buck and co-workérfound that the spectra for =
(assigned to therans andgaucheconformers) further splitin 3, 4, and 5 were very similar and that a pronounced change
the dimer, and taking into account the possibility of different ©only occurred for the hexamer.
conformer combinations in the dimer, it would be conceivable )
that the two monomer lines merge into one broad dimer peak Conclusions
at 1060 cmit.  Similarly, the structures beyond 1070 chare The present experiments on small ethanol complexes provide
attributed towv, excitations in the various possible dimer the first gas-phase study on this interesting system with size
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