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IR plus vacuum ultraviolet spectroscopy of neutral and ionic organic acid
monomers and clusters: Propanoic acid
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�Received 14 August 2006; accepted 5 October 2006; published online 10 November 2006�

The vibrational spectrum of molecular propanoic acid, cooled in a supersonic expansion, in the
region of 2500 to 7500 cm−1 is obtained employing infrared plus vacuum ultraviolet nonresonant
ionization detected spectroscopy. The fundamental and first overtone of the CH and OH stretch
modes of cold propanoic acid molecules can be identified in the spectrum. Propanoic acid neutral
and ionic clusters are also studied employing nonresonant ion dip and photodissociation
spectroscopic techniques, respectively. For the neutral dimer, a sequence of features observed at ca.
2500–2700 cm−1 can be assigned as combination bands of low frequency modes with the COH
bending overtone; these features characterize the cyclic dimer ring structure. IR spectra of the larger
neutral clusters n=3, 4, 5 indicate that they also have cyclic structures in which the OH groups are
engaged in the cluster hydrogen bonding network. The CH groups are not involved in this hydrogen
bonding structure. Free OH features are observed for the protonated ion clusters �C2H5COOH�nH+,
n=1, . . . ,5, indicating that at least one OH group of these cluster ions is not involved in the cluster
hydrogen bonding network. A comparison of the results for four hydrogen bonding neutral and ionic
clusters �CH3OH, C2H5OH, CH3COOH, and C2H5COOH� is presented and discussed. © 2006
American Institute of Physics. �DOI: 10.1063/1.2378628�

I. INTRODUCTION

Carboxylic acids �RCOOH� and their clusters are of
considerable interest for at least two reasons: �1� they form
hydrogen bonded clusters with extended networks of hydro-
gen bonds generating both cyclic �neutral� and noncyclic
�ionic� cluster structures1–11 and �2� they represent model
systems for many biologically interesting structures such as
amino acids, peptides, and their polymers. In crystals and
liquids, carboxylic acids are interlinked to form either a cy-
clic dimer or an infinite chain; the manner of linkage de-
pends on the substituent R. Protonated carboxylic acid clus-
ters have been studied recently by electron impact ionization
and unimolecular dissociation reactions have been
observed.1,12–15 Ab initio calculations have also been per-
formed: small clusters �n�5� of the form �RCOOH�nH+

fragment by loss of a neutral monomer but larger clusters
evaporate a neutral dimer.

One of the better methods of generating qualitative
structural information on clusters in general, but hydrogen
bonded clusters in particular, is through vibrational spectros-
copy. Infrared �IR� spectroscopy �mid-IR, 2500–7500 cm−1�
of clusters can generate information on cyclic versus ex-
tended hydrogen bonded networks, which hydrogen atoms
�e.g., CH or OH� are involved in the bonding, and how a
proton might be shared in an ionic cluster. Mid-IR spectra of
alcohols have been measured by IR plus VUV �118 nm,
10.5 eV� nonresonant ionization detected �NRID-IR� spec-
troscopy in our laboratory.16,17 VUV plus IR nonresonant ion

dip �NRIDip-IR� and infrared photodissociation �IRPD�
spectroscopy are also quite useful for the study of neutral and
cationic clusters, respectively.18–22

Both formic and acetic acids have been studied23–28 pre-
viously but much less attention has been given to propanoic
acid. The larger acid species are important because their be-
havior is more governed by the acid molecule substituent
group, R. In this report we present the IR spectrum of pro-
panoic monomer cooled in a supersonic expansion in the
spectral region of 2500–7500 cm−1 detected by NRID-IR
spectroscopy employ IR light and VUV light. Propanoic acid
neutral and protonated cationic clusters are studied employ-
ing NRIDip-IR and IRPD spectroscopies, respectively. Clus-
ter structure and hydrogen bonding patterns are discussed on
the basis of these experimental data.

II. EXPERIMENTAL PROCEDURES

A. Generation and detection of propanoic acid
molecules, clusters, and cations

The experimental apparatus used to record VUV time of
flight �TOF� mass spectra and IR spectra of propanoic acid
and its clusters has been described in detail previously.29–31

Briefly, propanoic acid vapor is seeded into a Ne/He gas
mixture �70% /30%, total pressure of 3 atm� and the gaseous
mixture is expanded into a high vacuum chamber by a heated
�50 °C� pulsed supersonic valve �Packer General Valve se-
ries 9�. Thus a molecular beam containing both propanoic
acid monomers and clusters is generated. The molecular
beam is collimated by a conical skimmer with a 1.5 mm hole
at its apex, located about 3 cm downstream from the pulsed
nozzle orifice. The skimmed molecular beam is crossed per-a�Electronic mail: erb@lamar.colostate.edu
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pendicularly by the VUV �118 nm� laser beam in the ioniza-
tion region of a time of flight mass spectrometer �TOFMS�.
A counterpropagating IR laser beam is focused upstream
from the VUV/molecular beam intersection point by a 40 cm
focal length lens to access neutral ground state species and at
the intersection of the VUV and the molecular beam to ac-
cess ionic species. Generation of the VUV 118 nm light and
IR laser light is similar to that described earlier.30,31 The
118 nm radiation is the ninth harmonic of the fundamental
output of a Nd+3/yttrium aluminum garnet �YAG� laser at
1.064 �m. 355 nm radiation �third harmonic� is focused into
a cell with Xe/Ar ratio of 1:10 at ca. 200 Torr total pressure.
A MgF2 lens focuses the 118 nm light in the ionization re-
gion of the TOFMS and disperses the remaining 355 nm
light. Tunable IR light output in the range of the mid-IR and
near IR has a pulse energy of 3–5 mJ/pulse and a bandwidth
of �2 cm−1.

B. IR+VUV IR spectroscopy detection of propanoic
acid molecules, clusters, and cations

The VUV single photon �118.2 nm, 10.487 eV� is on the
threshold of the ionization energy �IE� of propanoic acid.32

While the IR laser is scanned to excite expansion cooled
propanoic acid molecules to vibrationally excited levels, the
total energy in the molecule, h�IR+h�VUV, is higher than the
IE, and hence vibrationally excited molecules can be ionized
by absorption of a 10.487 eV VUV photon. With this ap-
proach, OH and CH stretch and overtone modes of propanoic
acid molecules are recorded as an increase of the monomer
ion mass channel signal.

IR spectroscopy of neutral and ionic clusters of pro-
panoic acid is developed based on vibrational predissociation
spectroscopy of weakly bound clusters.33–36 Previous
studies16,17 show that neutral acid, alcohol, and other van der
Waals clusters formed in a supersonic expansion can be ion-
ized by a VUV �118 nm� single photon and that the ionized
neutral cluster undergoes a rapid ��1 ns� proton transfer re-
action and fragmentation of the following nature:

�ROH�n →
118 nm

h�

�ROH�n
+ + e− → �ROH�n−1H+ + e− + RO.

�1�

The IE of propanoic acid �10.5 eV �Ref. 29�� is close to that
of alcohols, and thus similar results can be anticipated for
propanoic clusters. Previous studies31,37 show that the proto-
nated cluster ions, generated through proton transfer reac-
tions following VUV single photon ionization, essentially
correlate to the neutral clusters as indicated above. The time
scale for this fragmentation reaction, driven by the heat of
the proton transfer reaction, is approximately in the picosec-
ond range. Fragmentation between ca. 1 ns and 2 �s would
occur in the ion extraction region of the TOFMS and would
cause an asymmetric linewidth for the mass features that is
not observed. Calculations of the thermodynamics for water
and alcohol clusters37 further support this result.

If the tunable IR light pulse is introduced into the mo-
lecular beam ca. 50 ns prior to the VUV pulse, IR absorption

will induce photodissociation of the neutral propanoic acid
clusters leading to a reduction of �C2H5COOH�n concentra-
tion in the beam and a reduction of the �C2H5COOH�n−1H+

ion channel signal. Thus by scanning the IR wavelength
while monitoring the �C2H5COOH�n−1H+ ion signal inten-
sity, a mass selective NRIDip-IR spectrum for the neutral
cluster �C2H5COOH�n is obtained as an IR ion signal “dip”
spectrum. Similarly, if tunable IR light is introduced with a
delay time with respect to the VUV laser pulse of ca. 30 ns,
mass selected IRPD spectra of cluster ions are obtained as an
ion dip spectrum for the �C2H5COOH�nH+ mass channel.

III. RESULTS AND DISCUSSION

A. VUV „118 nm… single photon ionization of propanoic
acid clusters

Figure 1 presents the time of flight mass spectrum of the
propanoic acid hydrogen bonded clusters through 118 nm
single photon ionization. The main cluster series observed is
�C2H5COOH�nH+. Note that the VUV photon energy is just
at the threshold of the propanoic molecule IE and the weak
molecular parent cation can be observed as a minor signal on
the side of the neutral dimer �C2H5COOH�H+ signal. Clus-
ters �C2H5COOH�n have lower IEs than the monomer, and
can easily be ionized at 10.5 eV single photon energy. Pro-
tonated clusters �C2H5COOH�nH+ are generated from the
neutral cluster n+1 through proton transfer and fragmenta-
tion ��C2H5COOH�n+1+h��118 nm�→ �C2H5COOH�nH+

+C2H5COO+e−� following ionization.
The mass spectrum of Fig. 1 shows another intense fea-

ture identified as �C2H5COOH�COOH+. The intensity ratio
of this feature to the other features arising from the neutral
dimer �C2H5COOH�H+ is 2:3. Similar results are observed
for acetic acid and ethanol clusters. These features arise gen-
erally from a �-CC bond fission reaction in the ionized neu-
tral dimer. Two pathways can be identified for the ion mol-
ecule reaction of the dimer under VUV single photon
ionization. One pathway generates �C2H5COOH� COOH+

cations and C2H5 radicals. This pathway has the lower heat
of reaction as determined by density functional theory calcu-
lations �see Table I�. The second pathway for this fragmen-
tation reaction is the generation of the protonated cluster ion
and the C2H5COO radical. Both reaction energies are pre-
sented in Table I based on a B3LYP/aug-cc-pVDZ density

FIG. 1. TOF mass spectrum of propanoic acid clusters generated by VUV
�118 nm� single photon ionization.
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functional theory �DFT� calculation for the dimer ion reac-
tion. For larger clusters than the dimer only the proton trans-
fer channel appears to be open. This implies that the proton
affinities �PAs� of clusters �C2H5COOH�n, n�1, are larger
than that of the monomer, and that this pathway is much
more favorable and has a lower reaction barrier for larger
clusters. The calculation gives the reaction thermodynamics
qualitatively but not the reaction surfaces or barriers, and
thus does not necessarily predict the relative mass spectral
peak intensities.

B. IR+VUV „118 nm… NRID-IR spectroscopy
of propanoic acid molecules

As mentioned above, VUV 118 nm single photon is on
the threshold of the IE of the propanoic acid monomer with
mid-IR photons �0.35–0.7 eV� added to the molecule; the
total energy in the molecule is in excess of the IE and can
hence increase the ionization efficiency for the molecule.
The mass spectrum shown in Fig. 2�a� displays this result:
the ion current for propanoic acid cations �Pr+,
C2H5COOH+� is significantly increased in the mass spec-
trum if resonant IR light is introduced into the experiment.

Figure 2�b� presents the IR+VUV NRID-IR spectroscopy of
the propanoic acid monomer. Features located at ca. 3581
and 6991 cm−1 can be assigned as OH stretch fundamental
��OH� and first overtone �2�OH�, respectively.38 Reference 38
presents the complete spectral range of 2500–7000 cm−1 for
propanoic acid. Four resolved features are observed located
at ca. 3000 cm−1 �2890, 2932, 2952, 2988 cm−1�; these are
identified as CH fundamental stretches ��CH�. The weak fea-
tures at ca. 5800 cm−1 are due to the �CH first overtone
�2�CH�.

C. VUV+IR NRIDip-IR spectroscopy of the propanoic
acid neutral clusters

Mass selective photodissociation spectroscopy has been
applied to the study of the propanoic acid dimer generated in
the supersonic expansion. Figure 3�a� presents IR spectra
�NRIDip-IR� of the neutral dimer by monitoring the mass
channels �C2H5COOH�H+ and �C2H5COOH�COOH+. The
two neutral dimer spectra displayed in Fig. 3 and monitored
in the different mass channels are nearly identical except for
the sign. The spectrum obtained by monitoring mass channel
PrH+ is shown as an “enhancement” while that obtained
monitoring mass channel PrCOOH+ is shown as a dip. The
two sharp features in Fig. 3�a� detected in the PrH+ mass
channel �2988 and 2952 cm−1� can be assigned as the CH
stretches of the dimer, since they are nearly identical to CH
transitions of the monomer. The sign of these signals sug-

FIG. 2. Mid-IR �2700–7100 cm−1� vibrational spectrum of propanoic acid
monomer detected by NRID-IR spectroscopy using propanoic acid vapor
seeded in 3 atm of a He/Ne mixture and expanded into the vacuum �b�. The
omitted range in the IR spectrum contains weak combination and overtone
features. �a� contains the mass spectrum of C2H5COOH+ and C2H5COOH2

+

with the presence �red line� and absence �black line� of IR light.

FIG. 3. Vibrational spectra of the neutral monomer and dimer of propanoic
acid employing NRIDip-IR spectroscopy and monitoring the mass channels
CH3COOH+, CH3COOH2

+, and CH3COOH–COOH+ in the regions of �a�
2400–4200 cm−1 and �b� 2500–3100 cm−1. Band a, 2 �COH; b, 2 �COH

+�; c, 2 �COH+�; d, 2 �COH+2�; e, 2 �COH+�OO; f, �OH; bonded OH
stretch; h, �CH, free CH stretch; � COH:COH bending; �, in-plane ring
deformation; �, out-of-plane ring deformation; �OO, OO stretch. Assign-
ments are based on a comparison with the similar region for acetic acid. See
Ref. 30 for comparison.

TABLE I. Heat of reaction for the ionization and ion molecule reactions of
the proipanoic acid dimer obtained from a DFT calculation at the B3LYP/
aug-pVDZ level. �The default self-consistent field �SCF� method is con-
verged to either 10−4 fot both the energy and density or 10−5 on the energy
whichever happens first. The “fine” integration grid is the default for this
calculation.�

Reaction 	H �eV�

�C2H5COOH�2→ �C2H5COOH�2
++e− 9.35

�C2H5COOH�2→ �C2H5COOH�COOH++C2H5+e− 9.41
�C2H5COOH�2→ �C2H5COOH�H++C2C5COO+e− 10.42
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gests that with IR energy absorbed ca. 3000 cm−1, the PrH+

cluster ion can fragment to another mass channel and that
with the same energy the PrCOOH+ cluster ion fragments to
the PrH+ mass channel. Note that these particular CH stretch
features are quite intense in the Pr+ and PrH+ mass channels.
These results suggest that the CH structures of Pr are not
perturbed very much in the dimer and thus the CH moieties
are not involved in the �hydrogen� bonding structure of the
cluster. In the range of 2500–2800 cm−1, some characteristic
features are assigned as combination bands of the low fre-
quency �intracluster� modes of the cyclic dimer ring with the
COH bending overtone �see Fig. 3�b��. Similar results are
obtained for the acetic acid dimer.29 Possible detailed assign-
ments are given in Fig. 3�b�: �COH represents the COH bend,
� represents the in-plane dimer ring deformation, � repre-

sents the out-of-plane ring deformation, and �OO represents
the OO stretch motion. The bonded OH stretch can be ob-
served at ca. 2850 cm−1.

Figure 4 presents the NRIDip-IR spectrum of neutral
propanoic acid clusters �C2H5COOH�n, n=1–5, obtained by
monitoring the �C2H5COOH�n−1H+ mass channel, for n
2:
monomer spectra are detected in the C2H5COOH+ and dimer
spectra are monitored in the �C2H5COOH�COOH+ mass
channels, respectively. Similar to the spectra of alcohol
clusters,16,17 the absence of free OH features in the IR spectra
of the clusters reveals that all the OH groups are involved in
cluster bonding. The one resolved intense dip feature at
3312 cm−1 for the trimer is assigned the cluster bonded OH
motion. OH bonded modes in larger clusters are more red-
shifted and converge to ca. 3000 cm−1 for n=5. These latter
features eventually overlap with the CH modes in this re-
gion. The CH modes apparently do not shift for these clus-
ters.

D. VUV+IR spectroscopy of propanoic acid cluster
cations

Mass selective IRPD spectra of PrCOOH+ and the se-
quence of protonated propanoic acid clusters PrH+, n
=1, . . . ,5, for the CH and OH fundamental stretch region are
presented in Fig. 5. These spectra are obtained monitoring
the parent ion mass channels indicated above. The IRPD
spectra for the mass channels PrH+ and PrCOOH+ are very
similar and this can occur by two mechanisms: the ion
PrCOOH+ fragments into the PrH+ mass channel due to IR
absorption and/or the two separate species have similar spec-
tra. Note that without IR radiation present �see Figs. 1 and
2�a�� the PrH+ signal is still quite intense. Scheme 1 gives a

FIG. 4. The CH and OH stretch fundamental vibrations of neutral propanoic
acid clusters, �C2H5COOH�n, for n=1 �top� to 5 �bottom�, recorded by
NRIDip-IR spectroscopy through monitoring C2H5COOH+,
�C2H5COOH�COOH+, and �C2H5COOH�n−1H+ signals generated by VUV
laser ionization.

FIG. 5. The CH and OH stretch fundamental vibrations of propanoic cluster
cations �C2H5COOH�COOH+ and �C2H5COOH�nH+ �n=1 �top� to 5 �bot-
tom��, recorded by IRPD spectroscopy. Parent cation signals generated by
VUV laser ionization are monitored in the indicated mass channels.

SCHEME 1.

FIG. 6. Schematic drawing of the propanoic acid protonated dimer ion.
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graphical representation of these ideas. In the first instance
the spectra of PrCOOH+ overwhelms �note the sign change�
the PrH+ spectrum and in the second instance, the PrCOOH+

spectrum is still dominant �again, sign� but both species con-
tribute to the overall band shape. The conclusion is, of
course, the latter. The features at 3514 cm−1 can be assigned
as the free OH stretch and the broad peaks at ca. 3263 cm−1

arise from the bonded OH stretch.
The spectrum of the protonated dimer Pr2H+ �n=2 in

Fig. 5� has a free OH stretch contribution as a dip feature
near 3575 cm−1 that has been distorted �or nearly over-
whelmed� by a positive peak at ca. 3580 cm−1. This latter
spectral contribution comes from the dissociation of larger
cluster ions �e.g., n=3,4 ,5, see Fig. 5�. This observation
suggests that the protonated dimer has a relatively stable and
symmetric structure: the two molecules in the protonated
dimer share the proton equally �see Fig. 6�. For large proto-
nated clusters PrnH+, n=3, . . . ,5, the relatively sharp features
at ca. 3574�n=3�, 3586�n=4�, and 3586�n=5� cm−1 can be
assigned as free OH stretch vibrations of their respective
cluster cations.

IV. COMPARISONS OF HYDROGEN BONDED
NEUTRAL AND IONIC CLUSTERS

Spectroscopic information about gas phase hydrogen
bonded clusters is of considerable interest for the study of
intermolecular interactions, development of intramolecular
structure, chemical reactions, and photochemistry. We have
reported sequences of observations on alcohols and carboxy-
lic acids by VUV single photon ionization and VUV+IR
spectroscopy. We summarize and compare and contrast these
results in the ensuing discussion. VUV single photon ioniza-
tion represents a “soft” ionization source for small organic
molecules and clusters with minimal fragmentation29–31 be-
cause the single photon energy is less than a few eV within
the vertical ionization energy �VIE� threshold for the species
of interest. Studies demonstrate37,39,40 that protonated clus-
ters
�Rn−1H+, R=R�OH, R�COOH� originate from the neutral Rn

clusters. Another common phenomenon for this cluster series
is characterized for the dimer ion reaction pathway involving
�-CC bond fission. This suggests that the VUV excitation for
the dimer is below or near the proton transfer barrier for the

ion R2
+: VUV excitation, R PA, and the VIE/adiabatic IE

difference select for this alternate ion molecule reaction fol-
lowing ionization.37

Table II contains a comparative listing of the OH, CH,
and overtone features of the four systems CH3OH, C2H5OH,
CH3COOH, and C2H5COOH. The results show a redshift
for the OH mode energies as a function of side chain length
for both the carboxylic acids and the alcohols. This redshift
implies that an increase in hydrocarbon chain length for the
alcohols and carboxylic acids generates a significant de-
crease in OH bond strength.

Carboxylic acid molecules in the neutral dimer form a
symmetric, cyclic structure via double hydrogen bonds with
characteristic features of ca. 2500–2900 cm−1. On the other
hand, alcohol dimers display both free and bonded OH
modes and thus those dimers have one bonded and one free
OH group with a chainlike structure. Summaries of those
data are presented in Table III for alcohols and Table IV for
carboxylic acids.

These four monomers reveal similar behavior for larger
neutral clusters �n�2� as well. Both alcohol and carboxylic
acid neutral clusters larger than the dimer display bonded
OH mode spectra only. These features redshift with cluster
size and converge to ca. 3300 cm−1 for the alcohols and to
3000 cm−1 for the acids. The CH stretch modes of those
clusters, however, do not shift with cluster size. The evidence
suggests that a closed cyclic structure exists for all these
larger clusters �n�2� and that only the OH group is involved
in the hydrogen bonded cluster network. These structures are
different from those found in the comparable liquids and
crystals.1,12 The increasing redshift with increasing cluster
size and with side chain length indicates a strengthening of
the hydrogen bonding for these clusters. Note that the band-
width of these features is also increasing with n and side
chain length and this can suggest the presence of more iso-
mers for the larger species.

Structures of the protonated alcohol and carboxylic acid

TABLE II. Vibrational energies of the OH and CH stretches of the alcohols and organic acids �cm−1�. �See Refs.
16, 17, and 29.�

OH stretch CH stretch

CombinationFundamental Overtone Fundamental Overtone

CH3OH 3684 7196 2952 5820 3922, CH fundamental and OH
torsion

C2H5OH 3667, 3682 7174, 7179 2900, 3000 5795 3886; 6140; 6321; 6571;
unassigned

CH3COOH 3585 6999 3015 6000 4134, OH stretch and OH torsion;
5378, OH stretch and CO stretch.

C2H5COOH 3581 6991 2940 5800

TABLE III. Vibrational energies of the free and bonded OH stretches of the
alcohol dimers �cm−1�. �See Refs. 16, 17, and 30.�

Modes Bonded OH Free OH

�CH3OH�2 3576 3679
�C2H5OH�2 3573 3678

184309-5 Acid molecules and clusters: Propanoic acid J. Chem. Phys. 125, 184309 �2006�



clusters, on the contrary, appear to be much different than
those of the comparable neutral clusters as reflected in the
general IR spectra. The free OH mode of the RH+ clusters,
identified in their IR spectra, indicates that at least one of the
OH moieties is not involved in the hydrogen bonding net-
work of small �n=2, . . . ,5� cluster ions. The blueshift of the
free and bonded OH stretches with increasing cluster size
suggests a weakening of the hydrogen bonding interactions
for larger clusters. The free OH mode transition disappears at
n
6 for protonated acetic acid clusters and a closed cyclic
structure for those larger cluster ions is identified. Recall that
the free OH band for methanol cluster ions can be observed
at n=7. Although some reports have suggested a bicyclic
structure for the protonated methanol cluster ion
�CH3OH�7H+, our results show that at least one OH group
for this cluster ion is not bound in hydrogen bonding. CH
groups do not vary with cluster size n for any of the proto-
nated cluster ions and one can conclude that the CH groups
are not involved in the cluster hydrogen bonding network of
the protonated cluster. This can also be concluded for neutral
clusters.

IR spectra of the protonated dimer show that the free OH
dip bands are distorted by a sharp positive feature coincident
with larger cluster ion absorption. The larger protonated clus-
ter ions �RnH+, n�2� will lose n−2 monomers �R� induced
by �multiphoton� IR absorption. This fragmentation and
spectral overlap implies that the protonated dimer is an es-
pecially stable structure �R–H+–R, R=R�OH, R�COOH�, in
which the excess proton is equally shared between two
monomers �see Fig. 6�. This “Zindel-type” ion core structure
has been suggested as a fundamental building block in many
hydrogen bonding networks, especially that of water.41–43

V. CONCLUSIONS

Mass spectra of propanoic acid hydrogen bonded clus-
ters created in a supersonic expansion are recorded by
TOFMS employing ionization by 118 nm radiation. Besides
the one primary, protonated cluster ion sequence
�C2H5COOH�nH+ observed, one intense peak corresponding
to �C2H5COOH�COOH+ is evident in the spectrum. This
latter feature arises from cleavage of the �-CC bond in the
propanoic acid dimer ion, �C2H5COOH�2

+. Absence of frag-
ment cluster ions of the form �C2H5COOH�n−1COOH+ from
larger clusters �C2H5COOH�n �n�2� suggests that proton
affinities of clusters �C2H5COOH�n �n
2� are larger than
that of the monomer.

Analysis of IR spectra of these neutral clusters in both
the CH and OH vibrational regions suggests that the dimer
has a cyclic ring structure. IR spectra of larger neutral clus-
ters �3�n�5� indicate that these clusters also have a cyclic
ring structure with all OH groups involved in the hydrogen

bonding cluster network. The CH moieties of these neutral
clusters are apparently not involved in this hydrogen bonding
interaction. The free OH features observed in the IR spectra
of protonated cluster ions �C2H5COOH�nH+ �n=1, . . . ,5� in-
dicate that at least one OH group is not bonded in these
cluster ions. The CH groups of these ions are also free from
the hydrogen bonded network.

Comparison of the mass selected IR spectra of four typi-
cal hydrogen bonded clusters �methanol, ethanol, acetic acid,
and propanoic acid� demonstrates that neutral clusters have
closed cyclic structures that are bonded mostly by OH¯O
hydrogen bonds. On the other hand, IR spectra of small pro-
tonated cluster ions �n�6� demonstrate that at least one OH
group in the ionic cluster is not involved in the hydrogen
bonding network.
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