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Autoionization-detected infrared spectroscopy of intramolecular
hydrogen bonds in aromatic cations. II. Unconventional intramolecular
hydrogen bonds

Eiji Fujimaki, Asuka Fujii,a) Takayuki Ebata, and Naohiko Mikamia),b)

Department of Chemistry, Graduate School of Science, Tohoku University, Sendai 980-8578, Japan

~Received 16 August 1999; accepted 5 October 1999!

A newly developed infrared spectroscopic technique, called autoionization-detected infrared
~ADIR! spectroscopy, was applied for a study on hydroxyl–alkyl interactions in cresol and
ethylphenol cations. In this technique, vibrational transitions in the ion core of high Rydberg states,
which has almost the same vibrational structure as the corresponding bare molecular ion, are
measured by detecting the vibrational autoionization signal. The OH stretching vibrations in the
rotational isomers of theortho-, meta-, andpara-cresol cations and those of the ethylphenol cations
were observed. Remarkable low-frequency shifts of the OH vibration were found only for thecis
rotational isomers of theortho-cresol andortho-ethylphenol cations, whereas no such shift was
found for all the other rotational and structural isomer cations. On the other hand, no remarkable
shift of the OH stretch frequency was found for all the isomers in the neutral ground state. These
results indicate that an intramolecular hydrogen bond is formed between the hydroxyl and alkyl
groups in the cationic ground state ofortho-cresol andortho-ethylphenol. The remarkable
low-frequency shift of the OH vibration also indicates that the alkyl group acts as a proton acceptor
in the hydrogen bond. This is a new type of intramolecular hydrogen bond, and the origin of such
unconventional hydrogen bond in the cations is discussed. ©2000 American Institute of Physics.
@S0021-9606~00!00301-9#
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I. INTRODUCTION

Hydrogen bonds involving alkyl groups have long be
controversial subjects in chemistry.1,2 Alkyl groups are usu-
ally considered to exhibit no proton-donating or -accept
ability and not to participate in ordinary hydrogen bond
Recently, however, several examples for extremely w
CH---X hydrogen bonds have been reported in spectrosc
and theoretical studies,1–12 in which the alkyl group is re-
garded as a proton-donating site of the hydrogen bond,
cause of a larger electronegativity of carbon than that
hydrogen. On the other hand, much fewer examples
known for the C---HX type hydrogen bonds.13–22 In a study
on CH4–H2O complex,ab initio calculations predicted tha
the intermolecular binding energy (DE) of C---HO is 0.78
kcal/mol, and is slightly more stable than the CH---O bo
(DE50.49 kcal/mol).21 Actually, the former structure ha
been supported by a microwave spectroscopic study.13 Simi-
lar C---HX ~X5F, Cl, and CN! hydrogen bonds have bee
proposed for CH4–HX15–18 and C2H6–HCN complexes.19,22

Most of the studies on such hydroxyl–alkyl interactio
so far concern those in their neutral ground state. Rec
spectroscopic studies of hydrogen-bonded cluster cat
have showed that the hydrogen bond strength drastically
creases upon ionization.23 This fact suggests that the hydro
gen bond concerning alkyl groups in the cationic state wo
also be very different from that in the neutral state. In t

a!Authors to whom correspondence should be addressed.
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respect, alkyl-substituted phenol cations are expected to
an appropriate system for a spectroscopic study on suc
weak hydroxyl–alkyl interaction. For alkyl-substituted ph
nols, there are many rotational and structural isomers co
sponding to the different conformations and substitution
sitions of the hydroxyl group relative to the alkyl grou
Such a difference in the conformation or the position leads
various strengths of the alkyl–hydroxyl interactions. Sin
the OH stretching vibration is known to be a quite sensit
probe of the hydrogen bond strength, a comparison of
OH stretch frequencies among the structural and rotatio
isomers both in the neutral and in its cation is expected
provide us with a direct information on the contribution
the alkyl group to hydrogen bond. The alkyl–hydroxyl inte
actions would be so weak that the spectroscopic invest
tion in condensed phases would not be adequate and
observation under an isolated condition eliminating any
vironment effects is required. Such a measurement can
performed by spectroscopic study in supersonic molec
beams.

Recent development of multiphoton and multicolor las
spectroscopic techniques enables us to apply infrared~IR!
spectroscopy even to jet-cooled molecules.24–32 For neutral
jet-cooled species, the population labeling technique is o
used to obtain IR absorption spectra of the sample with
extremely low concentration. This technique is call
infrared–ultraviolet~IR-UV! double resonance spectroscop
and studies on the inter- and intramolecular hydrogen b
structures have been carried out by observing the OH stre
ing vibrations.
© 2000 American Institute of Physics
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On the other hand, there had been no IR spectrosc
technique applicable to isolated cations of large polyato
molecules in supersonic jets until we proposed a new te
nique in Part I of this series of papers.33 The technique we
proposed is based on the following concept: very high R
berg states converging to the first ionization threshold
prepared by using two-color double resonance excitat
Their principle quantum numbers~n! are about 80–100, an
the structure of their ion core can be regarded as almos
same as that of the corresponding bare molecular ion. Vi
tional excitation of the ion core due to IR absorption induc
vibrational autoionization, leading to the molecular ion. B
monitoring the ion current due to the molecular ions, an
spectrum is obtained as a function of the IR frequency. T
technique is called autoionization-detected infrared~ADIR!
spectroscopy.33–36 The concept of ADIR spectroscopy is e
sentially the same as that of photoinduced Rydberg ion
tion ~PIRI! spectroscopy,37–39 which has been used to ob
serve electronic transitions of molecular cations. Ve
recently, Gerhardset al. proposed an IR spectroscopic tec
nique similar to the above concept.40

In a previous paper, we applied ADIR spectrosco
technique to the typical intramolecular hydrogen-bond
molecular cations, the fluorophenol and methoxyphe
cations.33 We observed the OH stretching vibrations of the
cations, and we found that the low-frequency shifts of
OH frequency due to the intramolecular hydrogen bond
come almost double upon the ionization, reflecting a dra
enhancement of the hydrogen bond strength in the cati
state.

In this paper, we report OH stretching vibrations of t
cresol ~methylphenol! and ethylphenol cations. Despite o
the expectation that the alkyl group is ‘‘inert’’ against th
hydroxyl group, remarkable low-frequency shifts of the O
frequency have been found only in ‘‘ortho-cis’’ isomer cat-
ions in which the hydroxyl group faces to the alkyl group35

This is clear evidence for the presence of unconventio
intramolecular hydrogen bonds between the hydroxyl a
alkyl groups, in which the alkyl group acts as a proton a
ceptor.

II. EXPERIMENT

IR-UV double resonance spectroscopy was used to
serve the OH stretching vibrations of jet-cooled cresols
ethylphenols in the neutral (S0) ground state, and ADIR
spectroscopy to their cationic (D0) ground state. Both tech
niques are described elsewhere in detail,27,33,34,41and only a
brief description is given here.

A. IR-UV double resonance spectroscopy for the
neutral ground state

A pulsed UV laser with the wavelength fixed at the o
gin band of theS1–S0 transition of the molecules is used
ionize them with the resonance enhanced multiphoton
ization ~REMPI!. The intensity of the REMPI signal repre
sents a measure of the population of the vibrational gro
state. Prior to the UV laser, an IR laser pulse is introduc
and its wavelength is scanned. When the IR wavelengt
resonant on a vibrational transition of the molecule, the
Downloaded 20 Nov 2008 to 130.34.135.83. Redistribution subject to AIP
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absorption induces a reduction of the population of
ground state, and is detected as a decrease of the RE
signal intensity.

B. ADIR spectroscopy for bare molecular cations in
the electronic ground state

Jet-cooled sample molecules are excited to very h
Rydberg states (n580– 100) converging to the vibrationles
level (v50) of the electronic ground state of their cation b
using two-color double resonance excitation via theS1–S0

transition. The IR laser light excites the ion core of the R
dberg states to the vibrationally excited level (v51). Be-
cause of the vibrational energy in the ion core, the Rydb
states with the vibrationally excited ion core lie above t
first ionization threshold. Energy exchange between the
core and the Rydberg electron results in the spontane
ejection of the electron, i.e., vibrational autoionization. Aft
an appropriate delay time from the IR laser pulse, a pul
electric field is applied to the interaction region, and the io
produced by autoionization are extracted into a time-of-flig
mass spectrometer.42 The IR spectrum is obtained by mon
toring the produced ion intensity as a function of the IR la
frequency. Observed vibrational frequencies are regarde
being practically identical to those of the corresponding b
ion because of the extremely weak interaction between
ion core and the high Rydberg electron.

Details of the conditions of the lasers and vacuum equ
ment are described in Part I of this paper.33 All samples were
purchased from the Tokyo Kasei Co. and Aldrich, and w
used without further purification. All samples exceptpara-
ethylphenol were kept at room temperature. In the case
para-ethylphenol, the sample was heated up to 350 K.

III. RESULTS AND DISCUSSION

A. Cresol

1. Structural and rotational isomers

Among three structural isomers of cresol, i.e.,ortho ~o!-,
meta ~m!-, and para ~p!-isomers, there exist two rotationa
isomers,cis andtrans for o- andm-isomers, as shown in Fig
1. For them- andp-isomers, alkyl–hydroxyl interactions ar
not expected because of a spatial separation between the
substituents. For theo-isomer, on the other hand, alkyl
hydroxyl interactions would be anticipated. It has been
tablished for aromatic compounds that the vibrational spe
of rotamers of a particular structural isomer are quite sim
to each other, but that their origins of the electronic transit
are significantly different from each other.43 In this respect,
the utilization of electronic transitions enables us to dist
guish these rotational isomers; this is a great advantag
the IR-UV double resonance and of the ADIR spectrosco
techniques.

Figure 2 shows the REMPI spectrum of theS1–S0 tran-
sition of jet-cooledo-cresol in the origin region. An intens
band appears at 36 421 cm21, and a progression consisting o
four bands is seen around 36 200 cm21. These two different
type bands are assigned to the origin bands of thecis and
trans isomers ofo-cresol. The progression of the four ban
is attributed to the internal rotation of the methyl group. Ao
 license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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et al. analyzed this progression, and showed that the po
tial minimum of the methyl conformation changes by 6
upon theS1–S0 transition.44 On the other hand, the origin
band of the other isomer shows a single intense pea
36 421 cm21 and no progression due to the methyl rotation
found, indicating that the methyl conformation does n
change upon theS1–S0 excitation. Aotaet al. examined the
cluster formation ability and assigned the single band
36 421 cm21 to thecis isomer and the progression of the fo
bands to thetrans isomer.44 In the present study, we als
carried out similar experiments to confirm their assignme

With the addition of water vapor to the gaseous mixtu
for the jet expansion, a complicated vibronic structure ori
nated at 35 878 cm21 appears in the electronic spectrum
o-cresol, as is shown in Fig. 3~a!~ii !. This new structure is

FIG. 1. Schematic representation of possible structural and rotational
mers of cresol.

FIG. 2. Resonance enhanced multiphoton ionization~REMPI! spectrum of
the S1–S0 transition of jet-cooledo-cresol in the origin region. Two band
groups correspond to thecis andtransrotational isomers ofo-cresol~see the
text!.
Downloaded 20 Nov 2008 to 130.34.135.83. Redistribution subject to AIP
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attributed to theS1–S0 electronic transition of theo-cresol–
water cluster. When the UV laser wavelength is fixed at
35 932 cm21 band in the new vibronic structure~indicated by
the arrow in the figure! and the IR laser wavelength i
scanned, the IR-UV double resonance spectrum is obta
as shown in Fig. 3~b!. The IR spectrum showed the typica
pattern of the OH stretching vibrations in the 1:1 hydroge
bonded cluster of substituted phenol with water.41 The band
at 3523 cm21 is assigned to the phenolic OH of theo-cresol
site which acts as a proton donor, and the band at 3747 c21

to the antisymmetric OH stretch of the water site as an
ceptor.

The isomer separation of the cluster bands in the e
tronic spectrum can be performed by the IR-hole burn
technique.45 In this technique, the IR laser with waveleng
fixed at the phenolic OH stretch band~3523 cm21! is intro-
duced prior to the UV pulse, and the UV laser wavelength
scanned in the region of the cluster band by monitoring
fluorescence signal due to the electronic transition. All
vibronic bands attributed to the isomer probed by the
laser disappear in the spectrum, while no change in inten
occurs for those of other isomers having different OH f
quencies. Figure 3~a!~i! shows the results of the IR-hol
burning spectroscopy. All the sharp vibronic bands in t

o-

FIG. 3. ~a! Fluorescence excitation spectra of theS1–S0 transition of the
jet-cooledo-cresol–~H2O)1 cluster~i! with the IR laser being fired before
the UV laser and fixed at the OH stretching vibration in the neutral grou
state~3523 cm21!, ~ii ! without the IR laser~see the text!. Two band groups
above 36 200 cm21 are due to the rotational isomers of theo-cresol mono-
mer. ~b! IR-UV spectrum of the OH stretching vibrations o
o-cresol–~H2O)1 cluster in the neutral ground state. The UV laser wav
length is fixed at the band indicated by the arrow in the spectrum~a!~ii !
~35 932 cm21!. The ab initio minimum energy structure of the cluster i
shown in the inset. The calculated IR spectrum based on theab initio struc-
ture is also displayed with the observed spectrum.
 license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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140 J. Chem. Phys., Vol. 112, No. 1, 1 January 2000 Fujimaki et al.
region disappear with the IR laser hole burning, and it
concluded that only one isomer is present for t
o-cresol–~H2O)1 cluster in the jet expansion.

Similar measurements were performed for theo-cresol–
methanol and –dioxane clusters, as shown in Figs. 4 an
respectively. In both cases, complicated vibronic structu
due to the cluster appear around 35 900 cm21, and the IR-UV
spectra indicate the hydrogen-bonded cluster structures
which o-cresol acts as a proton donor and methanol~or di-
oxane! is a proton acceptor. The IR-hole burning spec
show that only one isomer is present for each 1:1 cluster@in
the case ofo-cresol–dioxane, the broad background in t
electronic spectrum shown in Fig. 5~a! is considered to be
due to large-sized clusters, which are responsible for
broad absorption seen in the blue side of the sharp OH b
in the IR spectrum shown in Fig. 5~b!#.

Wheno-cresol acts as a proton donor in the 1:1 clust
the cluster formation of thecis isomer is probably prevente
by the steric hindrance of the methyl group while thetrans
isomer is free from the hindrance. In fact,ab initio calcula-
tions by the GAUSSIAN94 program package46 with the
Hartree–Fock~HF!/6-31G! level predict that even with wa
ter, only thetrans isomer forms a stable 1:1 cluster, and t
cis isomer has no potential minimum for clusters. The cal
lated IR spectrum for the cluster of thetrans isomer with
water reproduces well the observed IR spectrum, as show

FIG. 4. ~a! Fluorescence excitation spectra of theS1–S0 transition of jet-
cooledo-cresol–~methanol)1 cluster~i! with the IR laser,~ii ! without the IR
laser. The IR frequency is fixed at 3509 cm21. ~b! IR spectrum of the OH
stretching vibrations ofo-cresol–~methanol)1 cluster in the neutral ground
state. The UV laser is fixed at the band indicated by the arrow in the s
trum ~a!~ii ! ~35 961 cm21!.
Downloaded 20 Nov 2008 to 130.34.135.83. Redistribution subject to AIP
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Fig. 3~b!. Therefore, it is reasonably concluded that all t
observed clusters ofo-cresol are attributed to those of th
trans isomer. In all the electronic spectra of the cluste
intense and complicated low-frequency~10–50 cm21! pro-
gressions appear; such a spectral feature is in contrast
the spectra of 1:1 clusters of phenol with solvent,41 in which
intense origin bands appear but intermolecular vibratio
show short and weak progressions. The complicated spe
observed in theo-cresol clusters are interpreted as a result
the coupling between the internal rotation of the meth
group and the intermolecular vibrations. Therefore, it is
dicated that the methyl conformation in the clusters chan
upon the electronic excitation. Since the influence of
cluster formation on the internal rotation of the methyl gro
would not be significant, the cluster spectra strongly sugg
that the displacement of the methyl conformation occurs a
in the baretrans isomer. Therefore, the progression consi
ing of the four bands in the monomer spectrum is attribu
to the trans isomer, and the single band at 36 421 cm21 is
assigned to thecis isomer. This conclusion is consistent wit
that in the early study by Aotaet al.44

The above assignments of the rotational isomer base
the cluster formation ability are also confirmed byab initio
calculations. Suzuki and Iwata calculated the potential
ergy surface of the methyl rotation in theS0 , S1 , and D0

both for thecis and trans isomers ofo-cresol.47 They found
that the calculated potential minimum of thetrans isomer
changes by 60° betweenS0 and S1 , while that of thecis

c-

FIG. 5. ~a! Fluorescence excitation spectra of theS1–S0 transition of the
jet-cooledo-cresol–~dioxane)1 cluster~a!~i! with the IR laser,~ii ! without
the IR laser. The IR frequency is fixed at 3388 cm21. ~b! IR spectrum of the
OH stretching vibrations ofo-cresol–~dioxane)1 cluster in the neutral
ground state. The UV laser is fixed at the band indicated by the arrow in
spectrum~a!~ii ! ~35 942 cm21!.
 license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



by
hy

e

at
of
e
y
-

c

an
er
it
n

yl
n

ea

hyl
n
y

nd

OH
the
b-
nd
of

o-
are

nal
ble

he

the
ce

h

bu-
H
to

98

the
tech-
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isomer shows the minimum at the same conformation inS0

andS1 . The validity of these potential surfaces is verified
the fact that their calculations reproduce very well the met
rotational band structure which is observed in theS1–S0 and
D0–S1 electronic spectra.44,48

Figures 6~a! and 6~b! show the REMPI spectra of th
S1–S0 transitions of the jet-cooledm- andp-cresol, respec-
tively. The fluorescence excitation spectrum ofm-cresol was
reported by Mizunoet al.,49,50 and the two intense peaks
35 989 and 36 098 cm21 were assigned to the origin bands
the cis and trans isomers, respectively. The splitting of th
origin bands is due to the internal rotation of the meth
group. In the case ofp-cresol, no rotational isomer is ex
pected, and the intense peak at 35 329 cm21 in Fig. 6~b! is
the origin band. The observed REMPI spectrum reprodu
well that reported by Tembreullet al.51

2. The OH stretching vibration in the neutral ground
state

Figure 7 shows the IR-UV double resonance spectra
the OH stretching region ofo-, m-, and p-cresol. In these
spectra, the UV laser frequency was fixed at the origin b
of the S1–S0 transition of each isomer, and the IR las
frequency was scanned while the REMPI signal intens
was monitored. OH frequencies of all the rotational a
structural isomers are quite similar to each other~within 3
cm21!, and are very close to that of phenol~3657 cm21!. The
similar OH frequencies for thecis and thetrans rotational
isomers ofo-cresol clearly represent that the alkyl–hydrox
interaction through space is negligible in the neutral grou
state. This result is quite consistent with the extremely w

FIG. 6. REMPI spectra of theS1–S0 transition of jet-cooled~a! m- and~b!
p-cresol in the origin region.~a! The two intense peaks at 35 989 and 36 0
cm21 are assigned to the origin bands of thecis and trans isomers, respec-
tively. ~b! The intense peak at 35 329 cm21 is the origin band.
Downloaded 20 Nov 2008 to 130.34.135.83. Redistribution subject to AIP
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hydrogen-accepting and -donating abilities of the met
group, which is well-known for most cases. I
o-fluorophenol ando-methoxyphenol, the low-frequenc
shifts relative to other isomers were found for theircis iso-
mers. This is clearly due to intramolecular hydrogen bo
formation, and the shifts are 25 and 49 cm21,
respectively.33,52

The very weak structural isomer dependence of the
frequency in cresol indicates that the perturbation to
force field of the hydroxyl group caused by the methyl su
stitution is also very small. In the case of fluorophenol a
methoxyphenol, the OH stretch frequency shifts from that
phenol by 2–7 cm21 even in them- andp-isomers.33

3. The OH stretching vibration in the cationic ground
state

ADIR spectra of the OH stretching vibrations in the r
tational and structural isomers of the cresol cations
shown in Fig. 8. In these spectra, except for theortho-trans
isomer, the high Rydberg states converging to the vibratio
ground state of the cation are pumped by two-color dou
resonance excitation via the zero-point level inS1 , and the
IR absorption of the ion core is observed by monitoring t
autoionization signal intensity. In the case of theortho-trans
isomer, the Franck–Condon factor for the 0–0 band of
D0–S1 transition is so small that the double resonan
pumping via the 3a1 level of S1 is used to prepare the hig
Rydberg states in the vibrational ground state.

The observed OH frequencies of the cations are ta
lated in Table I with those of the neutral cresol. The O
stretching frequencies of all the isomer cations were found
be substantially low-frequency-shifted over 100 cm21 upon

FIG. 7. Infrared spectra of the OH stretching vibrations of cresol in
neutral ground state measured by using the IR-UV double resonance
nique. ~a! cis and ~b! trans rotational isomers ofo-cresol, respectively.~c!
cis and ~d! trans isomers ofm-cresol, respectively.~e! p-cresol.
 license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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142 J. Chem. Phys., Vol. 112, No. 1, 1 January 2000 Fujimaki et al.
the ionization. A similar shift was also observed for the ph
nol and other substituted phenol cations.33–35,40 This phe-
nomenon is qualitatively explained by an enhancement of
double bond character of the C–O bond in the cation.53,54

Such an increase of the C–O bond order leads to a decr
of the electron density of the OH bond, resulting in the lo
frequency shift of the OH frequency.

A significant feature of the observed ADIR spectra
the cresol cations is that only theortho-cis isomer exhibits
the much lower frequency shift for the OH stretch, while
the other rotational and structural isomers show the v
similar OH frequencies. This result is rather unexpect
demonstrating that there is an interaction between the
droxyl and methyl groups in theortho-cis isomer cation. If
the interaction occurs through the aromatic ring, the OH f
quency shift is expected to be similar to that in thetrans
isomer of theo-cresol cation. However, the OH frequenc
difference between thecis andtrans isomers is 25 cm21, and
the latter exhibits OH frequency very similar to that of t
other structural isomers. Therefore, the characteristic OH
quency shift only for theortho-cisisomer indicates the inter

FIG. 8. ADIR spectra of the OH stretching vibrations of the cresol cation
the electronic ground state.~a! cis and ~b! trans rotational isomers of the
o-cresol cations, respectively.~c! cis and ~d! trans isomers of them-cresol
cations, respectively.~e! p-isomer of the cresol cations.
Downloaded 20 Nov 2008 to 130.34.135.83. Redistribution subject to AIP
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action between the methyl and hydroxyl groups throu
space. Since the OH frequency shift due to interactio
through space is characteristic of hydrogen bonding,
would call this interaction ‘‘intramolecular hydrogen bond.
The low-frequency shift of the OH frequency in thecis iso-
mer means that the hydroxyl group is a proton donor and
methyl group acts as a proton acceptor in this intramolec
hydrogen bond. Such an intramolecular hydrogen bond
never been found, and this is the first observation of a n
type of intramolecular hydrogen bond.

In contrast to the C---H–O type intramolecular hydrog
bond in theortho-cisisomer of the cresol cation, no evidenc
is observed for the C–H---O type intramolecular hydrog
bond which is expected in thetrans isomer. In the case o
intermolecular hydrogen-bonded cluster cations, it has b
reported that the proton-accepting OH group shows a lo
frequency shift of a few tens of cm21.55–57 In this respect, a
low-frequency shift of the OH stretch is also expected for
trans isomer if it forms a C–H---O type intramolecular hy
drogen bond. Thetrans isomer, however, has almost th
same OH frequency as them- and p-isomers, indicating no
contribution of the C–H---O type intramolecular hydroge
bond. The methyl rotational band analysis44 and ab initio
calculations47 show that the C–H---O angle is 60° in th
trans isomer of theo-cresol cation. This fact also suppor
the negligible effect of the C–H---O type intramolecular h
drogen bond.

The OH frequencies of them- andp-isomer cations are
similar to that of the phenol cation~3534 cm21!,33,34 though
a small blueshift from phenol is seen. This shift is clea
due to the electronic effect of the methyl substitution throu
the aromatic ring. Moreover, no frequency difference b
tween thecis and trans isomers of them-cresol cation is
found, and this fact indicates that the intramolecular hyd
gen bond between the methyl and hydroxyl groups is ne
gible in them-isomer, as was observed inS0 . It is clear that
the steric restriction prohibits the intramolecular hydrog
bond formation in them-isomer. The similar behavior ofm-
andp-isomers was also found in the fluorophenol and me
oxyphenol cations.33

B. Ethylphenol

1. Structural and rotational isomers

Among three structural isomers of ethylphenol, the
also exist several rotational isomers originating from t
relative conformation between the hydroxyl and eth
groups. In the case of theo-isomer, four energy minima cor
responding to rotational isomers~I–IV ! shown in Fig. 9 were
found with ab initio calculations~GAUSSIAN 94: HF/6-31G!,

n

TABLE I. OH stretching vibrational frequencies of cresol in cm21.

ortho meta para phenolb

cis trans DnOH
a cis trans

S0 3655 3655 0 3655 3657 3658 3657
D0 3519 3544 25 3544 3545 3551 3534

aDnOH5nOH~ortho-trans!2nOH~ortho-cis!.
bFrom Refs. 33 and 34.
 license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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and their relative total energies~zero-point energy correc
tions are included! are tabulated in Table II. Both isomer~I!
and ~II ! have thecis conformation of the hydroxyl group
relative to the ethyl group, and the ethyl group is perpendi
lar to the aromatic ring plane in isomer~II !, while the ethyl
group is in the aromatic ring plane in isomer~I!. The ab
initio calculations predict that the total energy of isomer~II !
is more stable by 0.0474 eV than that of isomer~I!. The
trans conformation of the hydroxyl group also has two is
mers ~III and IV! according to the ethyl conformation, an
isomer~IV ! is more stable by 0.0479 eV than that of isom
~III !. Though two other isomers~V! and~VI ! shown in Fig. 9
may be considered foro-ethylphenol, no potential minima
corresponding to these isomers were obtained in our ca
lations. In these structures, the steric repulsion between
hydroxyl and ethyl groups is so large that the correspond
local minima may not exist or may be too shallow to
found.

Shown in Fig. 10 are REMPI spectra of the origin regi

FIG. 9. Schematic representation of possible rotational isomers
o-ethylphenol.

TABLE II. Calculated energies of structural and rotational isomers
ethylphenol. The calculation level is HF/6-31G.

Rotational
isomer

Relative energy
/eV

ortho- isomer~I! 0.0996
isomer~II ! 0.0522
isomer~III ! 0.0479
isomer~IV ! 0.0000 ~lowest!

meta- isomer~II ! 0.0533
isomer~V! 0.0000 ~lowest!
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of theS1–S0 transition of jet-cooled~a! o-, ~b! m-, and~c! p-
ethylphenol, respectively. In the case of theo-isomer, several
bands having comparable intensities are seen in this reg
and they are origin bands of rotational isomers
o-ethylphenol and their vibronic bands. The lowest fr
quency band at 36 192 cm21 is readily assigned to the origin
band of a rotational isomer. To find origin bands of oth
rotational isomers, we measured two-color ionization thre
olds via these bands. As seen in Fig. 11, two-color ionizat
via the 36 285 cm21 band shows a much lower threshold
the total energy than that via the 36 192 cm21 band; there-
fore, the band at 36 285 cm21 is assigned to the origin ban
of another rotational isomer. Hereafter, we refer to the sp
tral carriers associating with the bands at 36 192 and 36
cm21 as isomersA and B, respectively, and their structure
are discussed in Sec. III B 3. Other bands in this region sh
the same ionization threshold as isomerA or B and they are
assigned to the vibronic bands which originate from eith
the 36 192 or the 36 285 cm21 band, as shown in Fig. 10~a!.
Though four rotational isomers are predicted in theab initio
calculations ofo-ethylphenol, only two of them were ob
served in the jet-cooled condition.

For the meta structural isomer, six rotational isomer
corresponding to different conformation of the ethyl and h
droxyl groups are expected, as shown in Fig. 12. Howev

of

f

FIG. 10. REMPI spectra of theS1–S0 transitions of jet-cooled~a! o-, ~b! m-,
and~c! p-ethylphenol in the origin region, respectively. In spectrum~a!, two
bandsA and B correspond to the origins of different rotational isomers
o-ethylphenol.~b! Two bandsa andb correspond to the origins of differen
rotational isomers.~c! The most intense peak at 35 510 cm21 is the origin
band.
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ab initio calculations at the HF/6-31G level predict only tw
potential minima corresponding to isomers~II ! and ~V!, in
both of which the ethyl group is perpendicular to the plane
the phenyl ring. Both isomers are expected to have a v
similar total energy as tabulated in Table II. In the REM
spectrum ofm-ethylphenol shown in Fig. 10~b!, two bands at
36 062 and 36 156 cm21 are assigned to the origin bands
these two rotational isomers. A long progression of lo
frequency vibrations originates from each band, and v
rich vibronic structures are observed in the higher vibratio
energy region. Hereafter, we call the spectral carriers ass
ating with the bands at 36 062 and 36 156 cm21 isomersa
and b, respectively. They correspond to the rotational is

FIG. 11. Two-color, two-photon ionization spectra ofo-ethylphenol around
the first ionization threshold. The first excitation laser is fixed at the~a! A
and ~b! B bands of theS1–S0 transitions shown in Fig. 10~a!, respectively.
The second laser wavelength is scanned around the first ionization thres

FIG. 12. Schematic representation of possible rotational isomers
m-ethylphenol.
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mers ~II ! and ~V! predicted by theab initio calculations,
though it is difficult to determine which structure corr
sponds to which band in the electronic spectrum.

For p-ethylphenol, the most intense band at 35 503 cm21

is assigned to the origin band, as shown in Fig. 10~c!. It has
been reported that only one isomer ofp-ethylphenol exists in
the jet expansion.36,58,59The rotational analysis of the elec
tronic transition determined the molecular structure in wh
the ethyl group is perpendicular to the aromatic ring plane59

We also performedab initio calculations at the HF/6-31G
level, and confirmed that this nonplanar structure is the g
bal potential minimum.36

2. The OH stretching vibration in the neutral ground
state

Figure 13 shows IR-UV double resonance spectra in
OH stretching vibrational region of the isomers ofo-, m-,
andp-ethylphenol. No clear rotational isomer dependence
the OH stretch frequency is found, whereas slight sh
~within 5 cm21! are seen between the structural isome
Moreover, these OH stretch frequencies are very close to
of free phenol~3657 cm21!, indicating that the ethyl substi
tution causes a negligible perturbation on the force field
the OH stretching mode, as was also found for the met
substitution. It should be noted that the splitting of bands
due to the infrared light absorption of the atmospheric wa
in the optical path. As in the case of cresol, no sign of
intramolecular hydrogen bond between the hydroxyl a
ethyl group is found even for theo-isomer, and the ethy
group is quite inert to the hydroxyl group.

ld.

of

FIG. 13. Infrared spectra of the OH stretching vibrations of ethylpheno
the neutral ground state.~a! A and~b! B rotational isomers ofo-ethylphenol,
respectively.~c! a and ~d! b rotational isomers ofm-ethylphenol, respec-
tively. ~e! p-ethylphenol. The splitting of the bands is due to the IR abso
tion by atmospheric water in the optical path.
 license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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3. The OH stretching vibration in the cationic ground
state

ADIR spectra of the OH stretching vibrations of theo-
andp-ethylphenol cations are shown in Fig. 14 and the O
frequencies are tabulated in Table III. As for them-isomer
cations, we could not observe the ADIR spectrum beca
the poor Franck–Condon factors from theS1 state make a
sufficient generation of high Rydberg states difficult. T
OH stretching frequencies of theo- and p-isomers cations
were substantially reduced over 100 cm21 upon the ioniza-
tion, as was seen in the cresol cations. Though the two r
tional isomers~A andB! of o-ethylphenol both exhibit very
similar OH frequencies in the neutral ground state, th
show a significant difference in the cationic ground sta
While the OH frequency of the isomerA cation~3545 cm21!
is similar to those of the phenol cation~3534 cm21!33,34 and
p-ethylphenol cation~3554 cm21!, the isomerB cation shows
much lower OH frequency~3514 cm21!. This is a quite simi-
lar phenomenon to that found in theo-cresol cation, and the
OH frequency difference between the isomerA andB cations
~31 cm21! is also similar to that observed for theo-cresol
cations. Therefore, it is reasonable to conclude that the d
tic redshift of the isomerB cation is caused by the intramo
lecular hydrogen bond formation with the neighboring eth
group, which acts as a proton acceptor.

FIG. 14. ADIR spectra of the OH stretching vibrations of the ethylphe
cations in the electronic ground state.~a! A and ~b! B rotational isomers of
the ethylphenol cations.~c! p-ethylphenol cation.
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To form the intramolecular hydrogen bond, the confo
mation of the isomerB cation should be such that the O
group faces to the ethyl group. Since the REMPI spectr
shows the strong 0–0 band of theS1–S0 transition and the
clear threshold appears in the two-color ionization, as sho
in Figs. 10 and 11, respectively, it is also suggested that
conformation of isomerB in the S0 state would be un-
changed upon the ionization. Therefore, the conformation
the isomerB cation can be found among theab initio struc-
tures for theS0 state shown in Fig. 9. Isomers~I! and ~II !
include thecis conformation of the hydroxyl group, in which
the hydroxyl group faces to the ethyl group, and isomer~II !
is 0.0474 eV more stable in the total energy than isomer~I!.
Though much higher-level calculations would be requir
for an unequivocal determination of the conformation, t
isomer ~II ! structure in Fig. 9 is the most probable for th
isomerB of o-ethylphenol, which has the intramolecular h
drogen bond in the cationic ground state. The preferenc
the perpendicular conformation of the ethyl group over
in-plane conformation agrees with the results obtained
ethylbenzene60,61 andp-ethylphenol.36,58,59

The isomerA of the o-ethylphenol cation, in which no
evidence for the intramolecular hydrogen bond was fou
might have thetransconformation of the hydroxyl group. As
was shown in Fig. 9 and Table II, two rotational isome
having thetrans conformation are predicted by theab initio
calculations. Isomer~IV ! is the minimum energy conforme
of the o-ethylphenol, and we tentatively assign isomerA to
isomer~IV !.

The OH stretch frequency of thep-isomer cation shows
a slight high-frequency shift from that of the phenol catio
In the case of thep-isomer, the ethyl–hydroxyl distance is s
long that this shift is clearly due to the electronic effect of t
ethyl substitution through the aromatic ring. Such hig
frequency shift was also found for thep-cresol cation, sug-
gesting the similar electronic character of the methyl a
ethyl groups.

C. Unconventional intramolecular hydrogen bond:
Hydroxyl–alkyl interactions

In both o-cresol ando-ethylphenol, theircis isomer cat-
ions show the remarkable low-frequency shifts of the O
stretching vibration relative to that of thetrans, while thecis
and trans neutral isomers show essentially the same f
quency. Because the electronic interactions between the
droxyl and alkyl groups through the aromatic ring should
identical in thecis and trans isomers, the characteristic low
frequency shifts seen only in thecis isomers are clearly at
tributed to the interactions through space between these

l

TABLE III. OH stretching vibrational frequencies of ethylphenol in cm21.

ortho meta para phenol

isomer isomer DnOH
a isomer isomer

A B a b
S0 3654 3653 1 3656 3656 3658 3657
D0 3545 3514 31 ¯ ¯ 3554 3534

aDnOH5nOH ~ortho, isomerA!2nOH ~ortho, isomerB!.
 license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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groups, i.e., intramolecular hydrogen bond. In this hydrog
bond, surprisingly, the alkyl group acts as a proton accep
This nature shows that it is a new type of intramolecu
hydrogen bond. The OH frequency shift due to the intram
lecular hydrogen bond of thecis isomer is 25 cm21 in the
o-cresol cation and 31 cm21 in the o-ethylphenol cation.
These shifts are as large as the shift due to the conventi
intramolecular hydrogen bond~F---H–O! in neutral
o-fluorophenol~25 cm21!,33,52 suggesting the similar hydro
gen bond strength.

The alkyl group has no lone pair electrons, and it
classified to be an electron-donating group to the arom
ring through the interaction, so-called hyper conjugati
Thus, the interaction makes the hydrogen sites of the me
group positively charged, and its positive nature is cons
ered to increase upon ionization. Because of these reaso
has been generally recognized that the alkyl group ha
acts as a proton acceptor. In fact, there have been very
reports on the C---H–O type hydrogen bond. The very we
C---H–O type intermolecular hydrogen bond has recen
been predicted inab initio calculations of the CH4–H2O
cluster.20,21 The bonding energy was estimated to be e
tremely small~0.78 kcal/mol!, and it is hardly distinguished
from a van der Waals bond. Theab initio calculations also
predicted no OH frequency shifts due to the C---H–O bo
formation,21 and it is consistent with the undetectable lo
frequency shift of neutralo-cresol ando-ethylphenol. In this
respect, it is strongly suggested that the C---H–O type
drogen bond can be observed only in the cationic state
which the hydrogen bond strength is significantly enhan
in general.

To elucidate the nature of the new type of intramolecu
hydrogen bond, we attempted density functional calculati
of the cis and trans isomers ofo-cresol both in the neutra
and cationic ground states. We used theGAUSSIAN 94 pro-
gram package with the B3LYP functionals and 6-31G(d,p)
basis set expansion.62 This calculation level has been su
cessfully used to predict structures and vibrations of sev
aromatic cluster cations.63 The OH stretching frequencie
and key structural parameters based on the optimized s
tures are shown in Fig. 15.

The methyl conformation relative to the hydroxyl grou
is predicted to be unchanged betweenS0 and D0 , and this
result is consistent with the previous studies on the me
rotation in cresol.44,47,48The calculations reproduce well th
large low-frequency shift of the OH frequency upon the io
ization for both isomers. The lengthening of the OH bo
and shortening of the CO bond are also seen upon the
ization, indicating an enhancement of the double-bond ch
acter of the CO bond, which leads to weakening the O
bond, as was suggested in Sec. III A 3.

A sign of the intramolecular hydrogen bond should a
pear as differences of the OH frequencies and structural
rameters between thecis andtrans isomers. The calculation
predict the lower OH stretching frequency and longer O
bond length for thecis isomer cation than thetrans isomer
cation. However, the calculated difference of the OH f
quency~5 cm21! is much smaller than the observed one~25
cm21!, and the difference in the bond length is also e
Downloaded 20 Nov 2008 to 130.34.135.83. Redistribution subject to AIP
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tremely small. Moreover, the same level calculations
neutralo-cresol result in the difference of the OH frequen
by 12 cm21 between thecis and trans isomers. The IR-UV
measurement demonstrated that both the isomers show
same OH frequency in the neutral ground state, and the
tramolecular hydrogen bond is negligible. Therefore, the d
ferences in the calculated frequencies and structures betw
the neutralcis and trans isomers represent the range of th
error in this calculation level. The differences between
cis and trans isomer cations are as small as those betw
the neutrals, and it is concluded that the B3LYP/6-31G(d,p)
level calculation is not high enough to treat so very delic
a hydrogen bond. Though the difference~by 25 cm21! in
frequency is large enough to detect in spectroscopic exp
ments, it is quite tough work to discuss such a small value
theoretical calculations. Quantum chemical calculations
much higher levels are required to elucidate the nature of
intramolecular hydrogen bond.

An interesting explanation of the atypical intramolecu
hydrogen bond may qualitatively be made in terms of
fact that the carbon atom can be a pentacoordinate sit
cations.64–66Quantum chemical 3-center 2-electron bond fo
mation is considered to be essential in such nonclassical
ions. The nature of pentacoordinated carbocations, suc
CH5

1 , has been theoretically and experimenta
investigated.64–66 The increase of the positive charge dist
bution of the alkyl group upon the ionization might induc
mixing of such nonclassical character which contributes
the intramolecular hydrogen bond. This also explains w
the unconventional hydrogen bond occurs only in the c

FIG. 15. The calculated structures of thecis andtrans isomers ofo-cresol in
the neutral and cationic ground states. The calculation level
B3LYP/6-31G(d,p). The calculated OH frequencies and key structural p
rameters are shown in the figure. The relative energies include the z
point energy corrections.
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ions. It is expected that observation of the CH stretch
vibrations of the methyl group would give us direct inform
tion on the contribution of the pentacoordinated carbon ch
acter. Though we tried to observe the CH stretching vib
tion of theo-cresol cations by ADIR spectroscopy, we cou
not detect any autoionization signal in the CH stretch regi
The B3LYP/6-31G(d,p) calculations predicted that the IR
absorption intensities of the methyl CH stretches are o
0.1%–5% of that of the OH stretch both in thecis andtrans
o-cresol cations. The methyl CH stretch bands might be
weak to be observed by using the present ADIR techniq
In conclusion, at the present stage it is quite difficult to g
an unequivocal explanation for the origin of the unconve
tional hydrogen bond.

Finally, we would like to emphasize the following poin
though enormous data on hydrogen bond have been acc
lated for over 50 years, the topic of hydrogen bond is sti
rapidly growing field. New concepts of hydrogen bond, su
as X–H----p67,68 and X–H----H–Y ~Ref. 69! type hydrogen
bonds, have been established in the last decade. Much o
present knowledge on hydrogen bonds is concerned
neutral molecules, while studies in cations are still sca
because of experimental and theoretical difficulties. Dev
opment of the ADIR spectroscopic technique enables u
find a new type of intramolecular hydrogen bond in the alk
lphenol cations for the first time, because both the rotatio
isomer separation and complete elimination of solvation
fects are required for the observation and characterizatio
this unconventional hydrogen bond between the hydro
and alkyl groups.
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