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a),b)

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 thertho-, meta, andpara-cresol cations and those of the ethylphenol cations
were observed. Remarkable low-frequency shifts of the OH vibration were found only foisthe
rotational isomers of thertho-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 oftho-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 discussed20@ American Institute of Physics.
[S0021-960600)00301-9

I. INTRODUCTION respect, alkyl-substituted phenol cations are expected to be
an appropriate system for a spectroscopic study on such a

Hydrogen bonds involving alkyl groups have long beenweak hydroxyl—alkyl interaction. For alkyl-substituted phe-
controversial subjects in chemisthy.Alkyl groups are usu- nols, there are many rotational and structural isomers corre-
ally considered to exhibit no proton-donating or -acceptingsponding to the different conformations and substitution po-
ability and not to participate in ordinary hydrogen bonds.sitions of the hydroxyl group relative to the alkyl group.
Recently, however, several examples for extremely wealsuch a difference in the conformation or the position leads to
CH---X hydrogen bonds have been reported in spectroscopizarious strengths of the alkyl-hydroxyl interactions. Since
and theoretical studi€s; in which the alkyl group is re- the OH stretching vibration is known to be a quite sensitive
garded as a proton-donating site of the hydrogen bond, b&yrobe of the hydrogen bond strength, a comparison of the
cause of a larger electronegativity of carbon than that ofOH stretch frequencies among the structural and rotational
hydrogen. On the other hand, much fewer examples argomers both in the neutral and in its cation is expected to
known for the C---HX type hydrogen bond%:??In a study  provide us with a direct information on the contribution of
on CH,—H,0O complex,ab initio calculations predicted that the alkyl group to hydrogen bond. The alkyl—-hydroxyl inter-
the intermolecular binding energ)AE) of C---HO is 0.78  actions would be so weak that the spectroscopic investiga-
kcal/mol, and is slightly more stable than the CH---O bondtion in condensed phases would not be adequate and the
(AE=0.49kcal/mol)#* Actually, the former structure has observation under an isolated condition eliminating any en-
been supported by a microwave spectroscopic sti@mi-  vironment effects is required. Such a measurement can be
lar C---HX (X=F, Cl, and CN hydrogen bonds have been performed by spectroscopic study in supersonic molecular
proposed for C-HX*8and GHg—HCN complexed®??  peams.

Most of the studies on such hydroxyl—alkyl interactions  Recent development of multiphoton and multicolor laser
so far concern those in their neutral ground state. Recerdpectroscopic techniques enables us to apply infréiey
spectroscopic studies of hydrogen-bonded cluster cationspectroscopy even to jet-cooled molectft&s? For neutral
have showed that the hydrogen bond strength drastically inet-cooled species, the population labeling technique is often
creases upon ionizatidA.This fact suggests that the hydro- used to obtain IR absorption spectra of the sample with an
gen bond concerning alkyl groups in the cationic state wouldextremely low concentration. This technique is called
also be very different from that in the neutral state. In thisinfrared—ultraviole(IR-UV) double resonance spectroscopy,
and studies on the inter- and intramolecular hydrogen bond
aAuthors to whom correspondence should be addressed. structures have been carried out by observing the OH stretch-
YElectronic mail: nmikami@qclhp.chem.tohoku.ac.jp ing vibrations.
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On the other hand, there had been no IR spectroscopigbsorption induces a reduction of the population of the
technique applicable to isolated cations of large polyatomiground state, and is detected as a decrease of the REMPI
molecules in supersonic jets until we proposed a new techsignal intensity.
nique in Part | of this series of paperfsThe technique we
proposed is based on the following concept: very high RydB. ADIR spectroscopy for bare molecular cations in
berg states converging to the first ionization threshold aréhe electronic ground state

prepared by using two-color double resonance excitation. Jet-cooled sample molecules are excited to very high

Their principle quar_1tgm numbers) are about 80-100, and Rydberg statesn=80—-100) converging to the vibrationless
the structure of their ion core can be regarded as almost thg, q| (, — 0) of the electronic ground state of their cation by
same as that of the corresponding bare molecular ion. V'brau'sing two-color double resonance excitation via 81e-S,
tional excitation of the ion core due to IR absorption induces,,hsition. The IR laser light excites the ion core of the Ry-
vibrational autoionization, leading to the molecular ion. Bydberg states to the vibrationally excited level=(1). Be-
monitoring the ion current due to the molecular ions, an IR ;56 of the vibrational energy in the ion core, the Rydberg
spectrum is obtained as a function of the IR frequency. Thigaies with the vibrationally excited ion core lie above the
technique is Cflsléed autoionization-detected mfra(Aﬂ)lR) first ionization threshold. Energy exchange between the ion
spectroscopy”~*° The concept of ADIR SPEctroscopy is s- ¢ie and the Rydberg electron results in the spontaneous
sentially the same as that of photoinduced Rydberg ionizagie stion of the electron, i.e., vibrational autoionization. After
tion (PIRI) spet_:troscop;?: which has been used 10 0b- 5, 5nhrgpriate delay time from the IR laser pulse, a pulsed
serve electronic transitions of molecular catlon§. Veryelectric field is applied to the interaction region, and the ions
r‘?ce”t'Y’ Gerhardst al. proposed an IR spectroscopic tech- produced by autoionization are extracted into a time-of-flight
nique similar to the above conce‘}ﬂt._ __mass spectrometéf.The IR spectrum is obtained by moni-

In a previous paper, we applied ADIR SpectrosCopiCiqring the produced ion intensity as a function of the IR laser
technique to the typical intramolecular hydrogen-bondedeq ency. Observed vibrational frequencies are regarded as
molecular cations, the fluorophenol and methoxyphenol,eing practically identical to those of the corresponding bare

. 33 . . .
cations.” We observed the OH stretching vibrations of thesejy, pecayse of the extremely weak interaction between the

cations, and we found that the low-frequency shifts of thelon core and the high Rydberg electron.
OH frequency due to the intramolecular hydrogen bond be- petailg of the conditions of the lasers and vacuum equip-

come almost double upon the ionization, reﬂe(_:ting a dr?‘Sti?nent are described in Part | of this paf2All samples were
enhancement of the hydrogen bond strength in the Cat'on'ﬁurchased from the Tokyo Kasei Co. and Aldrich, and were
state. used without further purification. All samples exceytra-

In this paper, we report OH stretching vibrations of the gyhy1nhenol were kept at room temperature. In the case of
cresol (methylphen@l and ethylphenoll ca'tlons. De;plte of para-ethylphenol, the sample was heated up to 350 K.
the expectation that the alkyl group is “inert” against the

hydroxyl group, remarkable Iow-fr_equency shifts of the OH ;| RESULTS AND DISCUSSION
frequency have been found only iroftho-cis’ isomer cat-

ions in which the hydroxyl group faces to the alkyl grotip. A. Cresol

This is clear evidence for the presence of unconventional. Structural and rotational isomers
intramolecular hydrogen bonds between the hydroxyl and
alkyl groups, in which the alkyl group acts as a proton ac-
ceptor.

Among three structural isomers of cresol, i@tho (0)-,

meta (m)-, and para (p)-isomers, there exist two rotational
isomerscis andtransfor o- andmrisomers, as shown in Fig.

1. For them- andp-isomers, alkyl-hydroxyl interactions are
not expected because of a spatial separation between the two

IR-UV double resonance spectroscopy was used to Obsubstituents. For the-isomer, on the other hand, aIkyI—
serve the OH stretching vibrations of jet-cooled cresols andiydroxyl interactions would be anticipated. It has been es-
ethylphenols in the neutralSf) ground state, and ADIR tablished for aromatic compounds that the vibrational spectra
spectroscopy to their cationi®g) ground state. Both tech- Of rotamers of a particular structural isomer are quite similar
niques are described elsewhere in detaif***'and only a  to each other, but that their origins of the electronic transition
brief description is given here. are significantly different from each oth&tIn this respect,
the utilization of electronic transitions enables us to distin-
guish these rotational isomers; this is a great advantage of
the IR-UV double resonance and of the ADIR spectroscopic

A pulsed UV laser with the wavelength fixed at the ori- techniques.
gin band of theS;—S; transition of the molecules is used to Figure 2 shows the REMPI spectrum of t8g-S; tran-
ionize them with the resonance enhanced multiphoton ionsition of jet-cooledo-cresol in the origin region. An intense
ization (REMPI). The intensity of the REMPI signal repre- band appears at 36 421 chand a progression consisting of
sents a measure of the population of the vibrational groundour bands is seen around 36 200 ¢mThese two different
state. Prior to the UV laser, an IR laser pulse is introducedtype bands are assigned to the origin bands ofdiseand
and its wavelength is scanned. When the IR wavelength isansisomers ofo-cresol. The progression of the four bands
resonant on a vibrational transition of the molecule, the IRis attributed to the internal rotation of the methyl group. Aota

Il. EXPERIMENT

A. IR-UV double resonance spectroscopy for the
neutral ground state
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FIG. 3. (a) Fluorescence excitation spectra of {8g-S; transition of the
jet-cooledo-cresol<H,0); cluster(i) with the IR laser being fired before
FIG. 1. Schematic representation of possible structural and rotational isathe UV laser and fixed at the OH stretching vibration in the neutral ground
mers of cresol. state(3523 cmY), (i) without the IR lasefsee the teyt Two band groups
above 36 200 cmt are due to the rotational isomers of th&resol mono-
mer. (b) IR-UV spectrum of the OH stretching vibrations of

t al | d thi . d sh d that th t o-cresol<H,0), cluster in the neutral ground state. The UV laser wave-
et al. analyze IS progression, and showe at the po eqéngth is fixed at the band indicated by the arrow in the spectifii)

tial minimum of the methyl conformation changes by 60° (35932 cni%). The ab initio minimum energy structure of the cluster is
upon theS;—S, transition** On the other hand, the origin shown in the inset. The calculated IR spectrum based oafiigitio struc-
band of the other isomer shows a single intense peak 4t is aiso displayed with the observed spectrum.
36421 cmt and no progression due to the methyl rotation is
found, indicating that the methyl conformation does not
change upon th&,—S, excitation. Aotaet al. examined the attributed to the5,—S; electronic transition of the-cresol—-
cluster formation ability and assigned the single band atvater cluster. When the UV laser wavelength is fixed at the
36 421 cm* to thecis isomer and the progression of the four 35932 cm* band in the new vibronic structutindicated by
bands to thetrans isomer?* In the present study, we also the arrow in the figureand the IR laser wavelength is
carried out similar experiments to confirm their assignmentsscanned, the IR-UV double resonance spectrum is obtained
With the addition of water vapor to the gaseous mixtureas shown in Fig. ®). The IR spectrum showed the typical
for the jet expansion, a complicated vibronic structure origi-pattern of the OH stretching vibrations in the 1:1 hydrogen-
nated at 35878 cit appears in the electronic spectrum of bonded cluster of substituted phenol with wafehe band
o-cresol, as is shown in Fig.(8(ii). This new structure is at 3523 cm? is assigned to the phenolic OH of tecresol
site which acts as a proton donor, and the band at 3747 cm
to the antisymmetric OH stretch of the water site as an ac-

trans +—Cis 0-0 ceptor.
{ Dajle 2e 3e 4e 36421 The isomer separation of the cluster bands in the elec-
_ tronic spectrum can be performed by the IR-hole burning
| 36205 techniquée®® In this technique, the IR laser with wavelength

fixed at the phenolic OH stretch ba®523 cm'}) is intro-
duced prior to the UV pulse, and the UV laser wavelength is
scanned in the region of the cluster band by monitoring the
o300 56400 36500 flyores_,cence S|gnall due to the elgctronlc transition. All the
Wavenumber / om-1 vibronic bands attributed to the isomer probed by the IR

_ o laser disappear in the spectrum, while no change in intensity
FIG. 2. Resonance enhanced multiphoton ionizatRBMP) spectrum of o0\ \rs for those of other isomers having different OH fre-
the S,—S, transition of jet-cooled-cresol in the origin region. Two band

groups correspond to thus andtransrotational isomers af-cresol(see the quer!Cies- Figure (@)(i) shows the resglts (?f the |R"h0|e'
text. burning spectroscopy. All the sharp vibronic bands in this

Intensity / arb. units

36200
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FIG. 5. (a) Fluorescence excitation spectra of 8g-S; transition of the
jet-cooledo-cresol<dioxane) cluster(a)(i) with the IR laser(ii) without
the IR laser. The IR frequency is fixed at 3388 ¢mb) IR spectrum of the

FIG. 4. (a) Fluorescence excitation spectra of #Bg-S, transition of jet- OH stretching vibrations ofo-cresol<dioxane) cluster in the neutral
cooledo-cresolmethanol) cluster(i) with the IR laser(ii) without the IR ground state. The UV laser is fixed at the band indicated by the arrow in the
laser. The IR frequency is fixed at 3509 ch(b) IR spectrum of the OH  Spectrum(a)(ii) (35 942 cn1?).
stretching vibrations 06-cresol<{methanol) cluster in the neutral ground
state. The UV laser is fixed at the band indicated by the arrow in the spec-
trum (a)(ii) (35961 cm'?).
Fig. 3(b). Therefore, it is reasonably concluded that all the
observed clusters od-cresol are attributed to those of the
region disappear with the IR laser hole burning, and it istrans isomer. In all the electronic spectra of the clusters,
concluded that only one isomer is present for theintense and complicated low-frequenty0—50 cm?) pro-
o-cresol<{H,0); cluster in the jet expansion. gressions appear; such a spectral feature is in contrast with
Similar measurements were performed for theresol—  the spectra of 1:1 clusters of phenol with solv&nip which
methanol and —dioxane clusters, as shown in Figs. 4 and Intense origin bands appear but intermolecular vibrations
respectively. In both cases, complicated vibronic structureshow short and weak progressions. The complicated spectra
due to the cluster appear around 35900 &nand the IR-UV  observed in the-cresol clusters are interpreted as a result of
spectra indicate the hydrogen-bonded cluster structures, ifhe coupling between the internal rotation of the methyl
which o-cresol acts as a proton donor and methgooldi-  group and the intermolecular vibrations. Therefore, it is in-
oxang is a proton acceptor. The IR-hole burning spectradicated that the methyl conformation in the clusters changes
show that only one isomer is present for each 1:1 clyster upon the electronic excitation. Since the influence of the
the case ofo-cresol-dioxane, the broad background in thecluster formation on the internal rotation of the methyl group
electronic spectrum shown in Fig(& is considered to be would not be significant, the cluster spectra strongly suggest
due to large-sized clusters, which are responsible for théhat the displacement of the methyl conformation occurs also
broad absorption seen in the blue side of the sharp OH barid the baretransisomer. Therefore, the progression consist-
in the IR spectrum shown in Fig.(15]. ing of the four bands in the monomer spectrum is attributed
Wheno-cresol acts as a proton donor in the 1:1 clusterjo the trans isomer, and the single band at 36 421 ¢nis
the cluster formation of theisisomer is probably prevented assigned to theisisomer. This conclusion is consistent with
by the steric hindrance of the methyl group while thens  that in the early study by Aotat al**
isomer is free from the hindrance. In faef initio calcula- The above assignments of the rotational isomer based on
tions by the GAUssiaNoa program packad@ with the  the cluster formation ability are also confirmed &ly initio
Hartree—FockHF)/6-31Q level predict that even with wa- calculations. Suzuki and Iwata calculated the potential en-
ter, only thetransisomer forms a stable 1:1 cluster, and theergy surface of the methyl rotation in ttf&, S;, andD,
cisisomer has no potential minimum for clusters. The calcuboth for thecis andtrans isomers ofo-cresol?’ They found
lated IR spectrum for the cluster of thieans isomer with  that the calculated potential minimum of theans isomer
water reproduces well the observed IR spectrum, as shown ithanges by 60° betwee®, and S;, while that of thecis
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FIG. 7. Infrared spectra of the OH stretching vibrations of cresol in the
FIG. 6. REMPI spectra of th8,—S; transition of jet-cooleda) m- and(b) neutral ground state measured by using the IR-UV double resonance tech-
p-cresol in the origin regior(a) The two intense peaks at 35 989 and 36 098 nique. (a) cis and (b) trans rotational isomers ob-cresol, respectively(c)
cm™* are assigned to the origin bands of tie andtrans isomers, respec-  Cis and(d) transisomers ofm-cresol, respectively(e) p-cresol.
tively. (b) The intense peak at 35 329 Chis the origin band.

hydrogen-accepting and -donating abilities of the methyl
isomer shows the minimum at the same conformatio®jin group, which is well-known for most cases. In
andS,; . The validity of these potential surfaces is verified by o-fluorophenol ando-methoxyphenol, the low-frequency
the fact that their calculations reproduce very well the methykhifts relative to other isomers were found for theis iso-
rotational band structure which is observed in®jeS; and  mers. This is clearly due to intramolecular hydrogen bond

Do—S; electronic spectr&*48 formation, and the shifts are 25 and 49 ¢n
Figures 6a) and &b) show the REMPI spectra of the respectively’®52
S-S, transitions of the jet-cooledr and p-cresol, respec- The very weak structural isomer dependence of the OH

tively. The fluorescence excitation spectrunmetresol was frequency in cresol indicates that the perturbation to the
reported by Mizuncet al,***° and the two intense peaks at force field of the hydroxyl group caused by the methyl sub-
35989 and 36 098 ciit were assigned to the origin bands of stitution is also very small. In the case of fluorophenol and
the cis and trans isomers, respectively. The splitting of the methoxyphenol, the OH stretch frequency shifts from that of
origin bands is due to the internal rotation of the methylphenol by 2—7 cm?® even in them and p-isomers®

group. In the case op-cresol, no rotational isomer is ex-

pected, and the intense peak at 35329 tin Fig. 6b) is 3. The OH stretching vibration in the cationic ground

the origin band. The observed REMPI spectrum reproducestate

51
well that reported by Tembreut al. ADIR spectra of the OH stretching vibrations in the ro-

tational and structural isomers of the cresol cations are

2. The OH stretching vibration in the neutral ground shown in Fig. 8. In these spectra, except for dntho-trans
state isomer, the high Rydberg states converging to the vibrational

Figure 7 shows the IR-UV double resonance spectra irground state of the cation are pumped by two-color double
the OH stretching region ob-, m-, and p-cresol. In these resonance excitation via the zero-point levelSn and the
spectra, the UV laser frequency was fixed at the origin bandR absorption of the ion core is observed by monitoring the
of the S;—S, transition of each isomer, and the IR laser autoionization signal intensity. In the case of tivtho-trans
frequency was scanned while the REMPI signal intensityisomer, the Franck—Condon factor for the 0—0 band of the
was monitored. OH frequencies of all the rotational andDy—S,; transition is so small that the double resonance
structural isomers are quite similar to each otheithin 3~ pumping via the 8 level of S; is used to prepare the high
cm 1), and are very close to that of pheri8657 cm'%). The  Rydberg states in the vibrational ground state.
similar OH frequencies for theis and thetrans rotational The observed OH frequencies of the cations are tabu-
isomers ofo-cresol clearly represent that the alkyl—hydroxyl lated in Table | with those of the neutral cresol. The OH
interaction through space is negligible in the neutral groundstretching frequencies of all the isomer cations were found to
state. This result is quite consistent with the extremely weake substantially low-frequency-shifted over 100 ¢nupon
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(a) o-cresol* action between the methyl and hydroxyl groups through
3519 space. Since the OH frequency shift due to interactions
through space is characteristic of hydrogen bonding, we
would call this interaction “intramolecular hydrogen bond.”
The low-frequency shift of the OH frequency in this iso-

(b) %—cres)ol'* 3544 mer means that the hydroxyl group is a proton donor and the
rans

(cis)

methyl group acts as a proton acceptor in this intramolecular
hydrogen bond. Such an intramolecular hydrogen bond has
never been found, and this is the first observation of a new
(c) m-cresol* 3544 type of intramolecular hydrogen bond.

(cis) In contrast to the C---H—O type intramolecular hydrogen
bond in theortho-cisisomer of the cresol cation, no evidence
is observed for the C—H---O type intramolecular hydrogen
(d) m-cresol* 3545 bond which is expected in thigans isomer. In the case of

(trans) . . .

intermolecular hydrogen-bonded cluster cations, it has been

reported that the proton-accepting OH group shows a low-
frequency shift of a few tens of cm.>>=>"In this respect, a
(e) p-cresol* 3581 low-frequency shift of the OH stretch is also expected for the
trans isomer if it forms a C—H---O type intramolecular hy-
drogen bond. Therans isomer, however, has almost the
same OH frequency as the- and p-isomers, indicating no

3500 3520 3540 3560 3580 contribution of the C—H---O type intramolecular hydrogen

Wavenumber / om-1 bond. The methyl rotational band analyéisind ab initio

FIG. 8. ADIR spectra of the OH stretching vibrations of the cresol cations incalm“ll_atl0n§7 show that the C'—H—--O'angle is 60° in the
the electronic ground statéa) cis and (b) trans rotational isomers of the ~trans isomer of theo-cresol cation. This fact also supports
o-cresol cations, respectivelyc) cis and (d) trans isomers of then-cresol  the negligible effect of the C—H---O type intramolecular hy-
cations, respectivelye) p-isomer of the cresol cations. drogen bond.
The OH frequencies of ther and p-isomer cations are

o . , similar to that of the phenol catiof3534 cm 1),3334though
the ionization. A similar shift was also observed for the phe-; small blueshift from phenol is seen. This shift is clearly
nol and other substituted phenol catidis>>“° This phe-

: . - due to the electronic effect of the methyl substitution through
nomenon is qualitatively explained by an enhancement of th

s S5 fhe aromatic ring. Moreover, no frequency difference be-
double bond character of the C-O bond in the calioll.  een thecis and trans isomers of them-cresol cation is

Such an increase of the C—~O bond order leads to a decreaggnq and this fact indicates that the intramolecular hydro-
of the electro_n density of the OH bond, resulting in the Iow-gen bond between the methyl and hydroxyl groups is negli-
frequency shift of the OH frequency. gible in them-isomer, as was observed 8. It is clear that

A significant feature of the observed ADIR spectra of o steric restriction prohibits the intramolecular hydrogen
the cresol cations is that only thetho-cisisomer exhibits  ponq formation in them-isomer. The similar behavior af-

the much lower frequency shift for the OH stretch, while all 5,4 p-isomers was also found in the fluorophenol and meth-
the other rotational and structural isomers show the Ve%xyphenol cation&3

similar OH frequencies. This result is rather unexpected,

demonstrating that there i_s an interapti_on betwee_n the hys Ethylphenol

droxyl and methyl groups in thertho-cisisomer cation. If ) )

the interaction occurs through the aromatic ring, the OH fre-l- Structural and rotational isomers

guency shift is expected to be similar to that in tinens Among three structural isomers of ethylphenol, there
isomer of theo-cresol cation. However, the OH frequency also exist several rotational isomers originating from the
difference between theis andtransisomers is 25 cmt, and  relative conformation between the hydroxyl and ethyl
the latter exhibits OH frequency very similar to that of the groups. In the case of theisomer, four energy minima cor-
other structural isomers. Therefore, the characteristic OH freresponding to rotational isomefis-1V) shown in Fig. 9 were
guency shift only for thertho-cisisomer indicates the inter- found with ab initio calculations(GAUSSIAN 94 HF/6-31G,

Intensity (arb. units)

TABLE |. OH stretching vibrational frequencies of cresol in tn

ortho meta para phenof
cis trans Avgd cis trans
S 3655 3655 0 3655 3657 3658 3657
Dy 3519 3544 25 3544 3545 3551 3534

A vou=voy(ortho-trans) — v (ortho-cis).
From Refs. 33 and 34.
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FIG. 9. Schematic representation of possible rotational isomers of 4 A,

o-ehyiphenol Bl rogiaheenssepbiares saimaag s oo
Wavenumber / cm’’ .
and their relative total energiggero-point energy correc- F'G: 10. REMPI spectra of th§, -5, transitions of jet-cooledd) o-, (b) m-,

. . . : and(c) p-ethylphenol in the origin region, respectively. In spectri@n two
tions are includeylare tabulated in Table II. Both isomdy bandsA andB correspond to the origins of different rotational isomers of

and (Il) have thecis conformation of the hydroxyl group o-ethylphenol(b) Two bandsx and 3 correspond to the origins of different
relative to the ethyl group, and the ethyl group is perpendicutotational isomers(c) The most intense peak at 35 510 Chis the origin
lar to the aromatic ring plane in isomét), while the ethyl ~ Pand.
group is in the aromatic ring plane in isom@)j. The ab
initio calculations predict that the total energy of isor(iéy N )
is more stable by 0.0474 eV than that of isonigr The  ©Of theS;—S transition of jet-cooleda) o-, (b) m-, and(c) p-
trans conformation of the hydroxyl group also has two iso- €thylphenol, respectively. In the case of thssomer, several
mers(Ill and 1V) according to the ethyl conformation, and bands having comparable intensities are seen in this region,
isomer(1V) is more stable by 0.0479 eV than that of isomerand they are origin bands of rotational isomers of
(1. Though two other isomer®) and (V1) shown in Fig. 9  0-ethylphenol and their vibronic bands. The lowest fre-
may be considered foo-ethylphenol, no potential minima guency band at 36 192 chis readily assigned to the origin
corresponding to these isomers were obtained in our calcdpand of a rotational isomer. To find origin bands of other
lations. In these structures, the steric repulsion between th@tational isomers, we measured two-color ionization thresh-
hydroxyl and ethyl groups is so large that the correspondin@!ds via these bands. As seen in Fig. 11, two-color ionization
local minima may not exist or may be too shallow to beVia the 36 285 cm! band shows a much lower threshold in
found. the total energy than that via the 36 192 ¢nband; there-
Shown in Fig. 10 are REMPI spectra of the origin regionfore, the band at 36 285 crhis assigned to the origin band
of another rotational isomer. Hereafter, we refer to the spec-
tral carriers associating with the bands at 36 192 and 36 285
TABLE Il. Calculated energies of structural and rotational isomers of(;m_l as isomersA and B, respectively, and their structures
ethylphenol. The calculation level is HF/6-31G. are discussed in Sec. |1l B 3. Other bands in this region show
the same ionization threshold as isomeor B and they are

Rotational Relative energy ) . . - - :
isomer eV assigned to the vibronic bands which originate from either

- the 36 192 or the 36 285 c¢m band, as shown in Fig. 18).
ortho- isomer(l) 0.0996 . . . . L.

isomer(l) 0.0522 Though four rotational isomers are predicted in #ieinitio

isomer(lll ) 0.0479 calculations ofo-ethylphenol, only two of them were ob-

isomer(IV) 0.0000 (lowes} served in the jet-cooled condition.

. For the meta structural isomer, six rotational isomers
meta isomer(Il) 0.0533 . . .

isomer(V) 0.0000 (lowesb corresponding to different conformation of the ethyl and hy-

droxyl groups are expected, as shown in Fig. 12. However,
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(@)
A band (a) ortho A
excitation 3654

(b) ortho B
(b) 3653
B band
excitation
(c)meta o
. : 3656
66400 66450 66500 66550
{(V1+V2) Wavenumber / cm™
FIG. 11. Two-color, two-photon ionization spectraaéthylphenol around (d) meta B 3656
the first ionization threshold. The first excitation laser is fixed at(theA
and (b) B bands of theS;—S; transitions shown in Fig. 18), respectively.
The second laser wavelength is scanned around the first ionization threshold.
(e) para
ab initio calculations at the HF/6-31G level predict only two 3658

potential minima corresponding to isomeit) and (V), in
both of which the ethyl group is perpendicular to the plane of
the phenyl ring. Both isomers are expected to have a very
similar total energy as tabulated in Table II. In the REMPIFIG. 13. Infrared spectra of the OH stretghing _vibrations of ethylphenol in
spectrum ofrethylphenol shown in Fig. 10), wo bands at 1€ =4te oo Sl S ancy ojoitona somers e etimrers.
36062 and 36 156 ct are assigned to the origin bands of tively. (e) p-ethylphenol. The splitting of the bands is due to the IR absorp-
these two rotational isomers. A long progression of low-tion by atmospheric water in the optical path.

frequency vibrations originates from each band, and very

rich vibronic structures are observed in the higher vibrational

energy region. Hereafter, we call the spectral carriers associers (I) and (V) predicted by theab initio calculations,
ating with the bands at 36 062 and 36 156 ¢nisomersa though it is difficult to determine which structure corre-

and B, respectively. They correspond to the rotational iso-sponds to which band in the electronic spectrum.
For p-ethylphenol, the most intense band at 35503 tm

is assigned to the origin band, as shown in Figcldt has
an been reported that only one isomerméthylphenol exists in
the jet expansiof®°®*°The rotational analysis of the elec-
tronic transition determined the molecular structure in which
the ethyl group is perpendicular to the aromatic ring pf&he.
We also performedib initio calculations at the HF/6-31G
level, and confirmed that this nonplanar structure is the glo-
bal potential minimunt®

3620 3640 3660 3680 3700
Wavenumber / cm™

2. The OH stretching vibration in the neutral ground
state

Figure 13 shows IR-UV double resonance spectra in the
OH stretching vibrational region of the isomers @f m-,
andp-ethylphenol. No clear rotational isomer dependence of
the OH stretch frequency is found, whereas slight shifts
(within 5 cm %) are seen between the structural isomers.
Moreover, these OH stretch frequencies are very close to that
of free phenok3657 cm'Y), indicating that the ethyl substi-
tution causes a negligible perturbation on the force field of
the OH stretching mode, as was also found for the methyl
substitution. It should be noted that the splitting of bands is
due to the infrared light absorption of the atmospheric water
in the optical path. As in the case of cresol, no sign of the
intramolecular hydrogen bond between the hydroxyl and

FIG. 12. Schematic representation of possible rotational isomers ofthyl group is_found even for the-isomer, and the ethyl
m-ethylphenol. group is quite inert to the hydroxyl group.
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(a) ortho A 3545 To form the intramolecular hydrogen bond, the confor-
mation of the isomeB cation should be such that the OH
group faces to the ethyl group. Since the REMPI spectrum
shows the strong 0-0 band of tBg—S, transition and the
clear threshold appears in the two-color ionization, as shown
in Figs. 10 and 11, respectively, it is also suggested that the
(b) ortho B 3514 conformation of isomemB in the S, state would be un-
changed upon the ionization. Therefore, the conformation of
the isomerB cation can be found among tlad initio struc-
tures for theS, state shown in Fig. 9. Isomef$) and (II)
include thecis conformation of the hydroxyl group, in which

T T T T T T T O T T T T R T T T T

T T the hydroxyl group faces to the ethyl group, and isofther
3554 is 0.0474 eV more stable in the total energy than isother
(c) para Though much higher-level calculations would be required

for an unequivocal determination of the conformation, the
isomer (1) structure in Fig. 9 is the most probable for the
isomerB of o-ethylphenol, which has the intramolecular hy-

LA R L S R LR LR Rl AR R LR RRRE LRSI RARL) ELRE RAALE LA . . .
3460 3500 3540 3580 drogen bond in the cationic ground state. The preference of
Wavenumber / cm’ the perpendicular conformation of the ethyl group over the
in-plane conformation agrees with the results obtained for

FIG. 14. ADIR spectra of the OH stretching vibrations of the ethylphenol 61
cations in the electronic ground state) A and (b) B rotational isomers of ethylben?en and p-ethylpheno _ _ .
the ethylphenol cationgc) p-ethylphenol cation. The isomerA of the o-ethylphenol cation, in which no

evidence for the intramolecular hydrogen bond was found,

might have théransconformation of the hydroxyl group. As
3. The OH stretching vibration in the cationic ground was shown in Fig. 9 and Table Il, two rotational isomers
State having thetrans conformation are predicted by tfa initio
calculations. IsomeflV) is the minimum energy conformer

ADIR spectra of the OH stretching vibrations of the . I
and p—ethylg)henol cations are shown 31 Fig. 14 and the OHf)f the o-ethylphenol, and we tentatively assign isometo

frequencies are tabulated in Table Ill. As for theisomer |son_1|$]r(l\(/))H tretch f £ thei i h
cations, we could not observe the ADIR spectrum because . € DH streteh Trequency o heisomer cation s ows
the poor Franck—Condon factors from tBe state make a a slight high-frequency shift from that of the phenol cation.

sufficient generation of high Rydberg states difficult. The:nnth?hcistﬁim t:ig-ilsorlnerr,l trlje etth y}l(;hy?roi(ryln?lstifnc? 'Sf ;?
OH stretching frequencies of the and p-isomers cations ong that this Shiftis clearly due o the electronic etiect o tne

were substantially reduced over 100 chupon the ioniza- ethyl substitution through the aromatic ring. Such high-

tion, as was seen in the cresol cations. Though the two roté‘[equency shift was also found for tiecresol cation, sug-

tional isomers(A and B) of o-ethylphenol both exhibit very gesting the similar electronic character of the methyl and
similar OH frequencies in the neutral ground state, theyethyl groups.
show a significant difference in the cationic ground state. ) .

While the OH frequency of the isomércation (3545 cml) G- Unconventional intramolecular hydrogen bond:

is similar to those of the phenol catid8534 cm 1)****and Hydroxyl—-alkyl interactions

p-ethylphenol catiori3554 cm %), the isomemB cation shows In both o-cresol ando-ethylphenol, theircis isomer cat-
much lower OH frequenc{8514 cm ). This is a quite simi-  ions show the remarkable low-frequency shifts of the OH
lar phenomenon to that found in tleecresol cation, and the stretching vibration relative to that of thieans while thecis

OH frequency difference between the isomeandB cations  and trans neutral isomers show essentially the same fre-
(31 cm'Y) is also similar to that observed for tlecresol  quency. Because the electronic interactions between the hy-
cations. Therefore, it is reasonable to conclude that the drashoxyl and alkyl groups through the aromatic ring should be
tic redshift of the isomeB cation is caused by the intramo- identical in thecis andtransisomers, the characteristic low-
lecular hydrogen bond formation with the neighboring ethylfrequency shifts seen only in thas isomers are clearly at-
group, which acts as a proton acceptor. tributed to the interactions through space between these two

F6,58,59

TABLE lIl. OH stretching vibrational frequencies of ethylphenol in tn

ortho meta para phenol
isomer isomer Avg? isomer isomer
A B a B
So 3654 3653 1 3656 3656 3658 3657
Do 3545 3514 31 B . 3554 3534

B vou=voy (ortho, isomerA)—vqy (ortho, isomerB).
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groups, i.e., intramolecular hydrogen bond. In this hydrogen cis (So) £ COH trans (Sq)
bond, surprisingly, the alkyl group acts as a proton acceptor. \
This nature shows that it is a new type of intramolecular
hydrogen bond. The OH frequency shift due to the intramo-
lecular hydrogen bond of theis isomer is 25 cm? in the
o-cresol cation and 31 cnt in the o-ethylphenol cation.
These shifts are as large as the shift due to the conventional
intramolecular hydrogen bond(F---H-O) in neutral
o-fluorophenol(25 cm %),33%2 suggesting the similar hydro-
gen bond strength.

The alkyl group has no lone pair electrons, and it is
classified to be an electron-donating group to the aromatic
ring through the interaction, so-called hyper conjugation.
Thus, the interaction makes the hydrogen sites of the methyl
group positively charged, and its positive nature is consid-
ered to increase upon ionization. Because of these reasons, it
has been generally recognized that the alkyl group hardly
acts as a proton acceptor. In fact, there have been very few voH (em™)
reports on the C---H—0O type hydrogen bond. The very weak ey | Poe O 7.8186  7.7684
C---H-0 type intermolecular hydrogen bond has recently
been predicted irab initio calculations of the Ck-H,O
cluster?®2! The bonding energy was estimated to be ex-
tremely small(0.78 kcal/mo), and it is hardly distinguished
from a van der Waals bond. Thab initio calculations also kG, 15. The calculated structures of ttie andtransisomers ofo-cresol in
predicted no OH frequency shifts due to the C---H—O bondhe neutral and cationic ground states. The calculation level is
formation?! and it is consistent with the undetectable low- B3LYP/6-31G@,p). The calculated OH frequencies and key structural pa-
frequency shift of neutrad-cresol ancb-ethylphenol. In this rameters are showq in the figure. The relative energies include the zero-

pomt energy corrections.
respect, it is strongly suggested that the C---H-O type hy-
drogen bond can be observed only in the cationic state, in

which the hydrogen bond strength is significantly enhancegremely small. Moreover, the same level calculations for
in general. neutralo-cresol result in the difference of the OH frequency
To elucidate the nature of the new type of intramoleculamby 12 cmi! between thecis andtrans isomers. The IR-UV
hydrogen bond, we attempted density functional calculationgneasurement demonstrated that both the isomers show the
of the cis and trans isomers ofo-cresol both in the neutral same OH frequency in the neutral ground state, and the in-
and cationic ground states. We used $rJSSIAN 94 pro-  tramolecular hydrogen bond is negligible. Therefore, the dif-
gram package with the B3LYP functionals and 6-3@()  ferences in the calculated frequencies and structures between
basis set expansidfi.This calculation level has been suc- the neutralcis and trans isomers represent the range of the
cessfully used to predict structures and vibrations of severadrror in this calculation level. The differences between the
aromatic cluster catiorfS. The OH stretching frequencies cis and trans isomer cations are as small as those between
and key structural parameters based on the optimized strugle neutrals, and it is concluded that the B3LYP/6-3d.@]
tures are shown in Fig. 15. level calculation is not high enough to treat so very delicate
The methyl conformation relative to the hydroxyl group a hydrogen bond. Though the differentey 25 cm'?) in
is predicted to be unchanged betwegnandD,, and this  frequency is large enough to detect in spectroscopic experi-
result is consistent with the previous studies on the methyments, it is quite tough work to discuss such a small value in
rotation in cresof*47*8The calculations reproduce well the theoretical calculations. Quantum chemical calculations of
large low-frequency shift of the OH frequency upon the ion-much higher levels are required to elucidate the nature of this
ization for both isomers. The lengthening of the OH bondintramolecular hydrogen bond.
and shortening of the CO bond are also seen upon the ion- An interesting explanation of the atypical intramolecular
ization, indicating an enhancement of the double-bond chahydrogen bond may qualitatively be made in terms of the
acter of the CO bond, which leads to weakening the OHact that the carbon atom can be a pentacoordinate site in
bond, as was suggested in Sec. Il A3. cations®*~®4Quantum chemical 3-center 2-electron bond for-
A sign of the intramolecular hydrogen bond should ap-mation is considered to be essential in such nonclassical cat-
pear as differences of the OH frequencies and structural paens. The nature of pentacoordinated carbocations, such as
rameters between thas andtransisomers. The calculations CHZ , has been theoretically and experimentally
predict the lower OH stretching frequency and longer OHinvestigated*~%® The increase of the positive charge distri-
bond length for thecis isomer cation than thgansisomer  bution of the alkyl group upon the ionization might induce
cation. However, the calculated difference of the OH fre-mixing of such nonclassical character which contributes to
quency(5 cm ) is much smaller than the observed d26  the intramolecular hydrogen bond. This also explains why
cm™Y), and the difference in the bond length is also ex-the unconventional hydrogen bond occurs only in the cat-

cis (Sg) trans(Sg) cis(Dg) trans (Dg)
3833 3821 3724 3729

roH (@A) | 0.9654  0.9661 09743  0.9742
rco® | 13701 13713 13138  1.3158

ZCOH (deg) | 109.404  108.920 113.320 113.126
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ions. It is expected that observation of the CH stretching’y. Ohshima and Y. Endo, J. Chem. Phg8, 6256(1990.
vibrations of the methy!l group would give us direct informa- '°A. C. Legon and A. L. Wallwork, J. Chem. Soc., Faraday Tre88.1
tion on the contribution of the pentacoordinated carbon charl-g(lgga'

A. C. Legon, A. L. Wallwork, and H. E. Warner, Chem. Phys. L&81,

acter. Though we tried to observe the CH stretching vibra- g7 (1992
tion of theo-cresol cations by ADIR spectroscopy, we could 2°M. M. Szczeniak, G. Chalasinski, S. M. Cybulski, and P. Cieplak, J.
not detect any autoionization signal in the CH stretch region, Chem. Phys9g, 3078(1993.

The B3LYP/6-31G{,p) calculations predicted that the IR

IM. C. Rovira, J. J. Novoa, M.-H. Whangbo, and J. M. Williams, Chem.
Phys.200, 319(1995, and references therein.

absorption intensities of the methyl CH stretches are only2; komasan. K. Szalewicz, and J. Leszczynski, Chem. Phys 288t449

0.1%-5% of that of the OH stretch both in this andtrans

(1998.

o-cresol cations. The methyl CH stretch bands might be to4°For example, A. Fujii, A. Iwasaki, K. Yoshida, T. Ebata, and N. Mikami,

weak to be observed by using the present ADIR technique,,
In conclusion, at the present stage it is quite difficult to givezscy,

J. Phys. Chem. A01, 1798(1997.
R. H. Page, Y. R. Shen, and Y. T. Lee, J. Chem. PB8s5362(1988.
Riehn, Ch. Lahmann, B. Wassermann, and B. Brutschy, Chem. Phys.

an unequivocal explanation for the origin of the unconven- Lett. 197, 443(1992.

tional hydrogen bond.

Finally, we would like to emphasize the following point:

267, S. Zwier, Annu. Rev. Phys. Cher7, 205 (1996.
2T Ebata, A. Fujii, and N. Mikami, Int. Rev. Phys. Chef, 331(1998.
283, Djafari, H.-D. Barth, K. Buchhold, and B. Brutschy, J. Chem. Phys.

though enormous data on hydrogen bond have been accumuso; 10573(1997).
lated for over 50 years, the topic of hydrogen bond is still 8°T. Nakanaga, F. Ito, J. Miyazaki, K. Sugawara, and H. Takeo, Chem.
rapidly growing field. New concepts of hydrogen bond, such, Phys. Lett261, 414 (1996.

as X—H---m%"%8and X—H----H-Y (Ref. 69 type hydrogen

OR. Yoshino, K. Hashimoto, T. Omi, and M. Fuijii, J. Phys. Chem1@2,
6227(1998.

bonds, have been established in the last d_ecade- Much of _Ou’bh. Janzen, D. Spangenberg, W. Roth, and K. Kleinermanns, J. Chem.
present knowledge on hydrogen bonds is concerned with Phys.110 9898(1999.
neutral molecules, while studies in cations are still scarcézH- Piest, G. von. Helden, and G. Meijer, J. Chem. Pliji§) 2010(1999.

because of experimental and theoretical difficulties. Devel-

SE. Fujimaki, A. Fujii, T. Ebata, and N. Mikami, J. Chem. Phg40, 4238
(1999

opment of the ADIR spectroscopic technique enables us teip Fuj.ii, A. lwasaki, T. Ebata, and N. Mikami, J. Phys. Chem.181,
find a new type of intramolecular hydrogen bond in the alky- 5963(1997.
Iphenol cations for the first time, because both the rotational®A. Fuiii, E. Fujimaki, T. Ebata, and N. Mikami, J. Am. Chem. S0

isomer separation and complete elimination of solvation efgﬁl

3256(1998.
A. Fuijii, E. Fujimaki, T. Ebata, and N. Mikami, Chem. Phys. L&03

fects are required for the observation and characterization of>gq (1999
this unconventional hydrogen bond between the hydroxy#D. P. Taylor, J. G. Goode, J. E. LeClaire, and P. M. Johnson, J. Chem.

and alkyl groups.
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