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Structure and vibrations of phenol –CH3OH (CD3OD) in the electronic
ground and excited state, revealed by spectral hole burning and dispersed
fluorescence spectroscopy

M. Schmitt, H. Müller, U. Henrichs, M. Gerhards, W. Perl, Ch. Deusen,
and K. Kleinermannsa)
Heinrich-Heine-Universita¨t Düsseldorf, Institut fu¨r Physikalische Chemie und Elektrochemie I,
D-40225 Düsseldorf, Germany

~Received 3 January 1995; accepted 28 March 1995!

The intermolecular vibrations of phenol~CH3OH!1 and its deuterated isotopomer
d-phenol~CD3OD!1 were examined by comparing the vibrational frequencies of the electronic
ground and excited state with the results ofab initio normal mode calculations at the Hartree–Fock
level, using the 4-31G* and 6-31G** basis sets. Full energy minimization showed a translinear
structure similar to phenol~H2O!1 or to the water dimer. Dispersed fluorescence spectra have been
recorded via excitation of the electronic cluster origin and several intermolecular vibrational
transitions. The Franck–Condon intensity pattern allowed an assignment of the ground state
vibrational frequencies to the excited state frequencies, which were examined by resonance
enhanced multiphoton ionization and hole burning spectroscopy. The existence of another
conformer that possibly absorbs in the region of interest was ruled out by hole burning spectroscopy
of the phenol~CH3OH!1 cluster. A full assignment of all intermolecular vibrations of this hydrogen
bonded cluster in theS0 state could be given for the first time on the basis ofab initio calculations
and a combination of different spectroscopical methods. ©1995 American Institute of Physics.
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I. INTRODUCTION

Hydrogen bonding is responsible for a variety of ph
nomena in nature and life, from the density anomaly of w
ter, to the determination of protein or DNA structure. Th
dissociation energy of the hydrogen bond is high enough
facilitate stabilizing effects and surface phenomena, on
other hand it is low enough to be reversible, which is
fundamental importance for biochemical replication mech
nisms. Thus a thorough understanding of structure and
namics of hydrogen bonding between polar solvents and a
matics is of basic interest.

The structure and dynamics of hydrogen bonded clust
of phenol with H2O,

1–5 CH3OH,
6–10 CH3CH2OH,

11 and
phenol12–14 have been carefully investigated spectrosco
cally and theoretically.15,16 In order to study the interaction
of one solvent molecule with a solute molecule, all oth
interactions have to be minimized by isolating the clus
molecules in a supersonic jet expansion. For investigation
the electronic ground stateS0 of these clusters, disperse
fluorescence spectroscopy, stimulated emission pump
~SEP!,17,18 ionization loss stimulated Raman spectrosco
~ILSRS!,19 rotational coherence spectroscopy,14 and micro-
wave spectroscopy in supersonic jets20 have been performed
Two-color resonantly enhanced multiphoton ionizatio
~REMPI!,9 laser induced fluorescence~LIF!,7 and hole burn-
ing spectroscopy~SHB!21 have been applied to investigat
the electronically excited stateS1.

In this work we are concerned with the spectroscopy
the phenol~methanol!1 cluster, extending our experimenta
investigations ofp-cresol~methanol!1 ~Refs. 22 and 23! and
calculations of the phenol~methanol!1 cluster.

15 In contrast to

a!Author to whom correspondence should be addressed.
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the phenol~H2O!1 cluster, withCs symmetry and three totally
symmetric intermolecular vibrations out of six, there is no
remaining symmetry element in the phenol~CH3OH!1 cluster.
All intermolecular vibrations should therefore be allowed.

The first work on the phenol~methanol!1 cluster with su-
personic jet spectroscopy was performed by Ito an
co-workers.6 They used fluorescence excitation spectroscop
for detection of the excited state vibrational frequencies o
this cluster. A value of 27 cm21 for a bending vibration,
which was seen in many combinations with other bands, an
175 cm21 for the stretching vibration was reported. The
spectral shift due to complexation was determined to be 41
cm21.

In a later work7 these measurements were extended t
the electronic ground state by fluorescence emission spe
troscopy, and values of 22 cm21 ~bending vibration! and 162
cm21 ~stretching vibration! were found. The possible exist-
ence of different rotational conformers of this cluster wa
discussed for the first time. In a third paper of this series8 Ito
and co-workers performed solvent pressure-dependent m
surements of the fluorescence intensity of several clust
bands. In addition to the electronic origin of the
phenol~methanol!1 cluster at 35 935 cm21, a second band at
36 166 cm21 has been found and assigned to the electron
origin of the phenol~methanol!2 cluster. The fluorescence ex-
citation spectrum showed rich spectral features in the lo
frequency region that remained unassigned. A dispersed flu
rescence spectrum of the electronic origin o
phenol~methanol!2 stated a vibrational frequency of 192
cm21 for the stretching vibration.

In order to investigate the phenol~methanol!1 cluster ion
two-color multiphoton ionization~MPI! spectra have been
taken by Ito and co-workers.9 The ionization potentials for
/103(2)/584/11/$6.00 © 1995 American Institute of Physics
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585Schmitt et al.: Structure and vibrations of phenol•CH3OH
then51 andn52 cluster~uncorrected for the applied extrac
tion field! were found to be 63 350 and 65 300 cm21, respec-
tively.

A much more precise value for the vertical ionizatio
potential of the phenol~methanol!1 cluster~6320464 cm21!
was obtained by Wrightet al.10 using ZEKE spectroscopy. In
their work, they reported a two-color REMPI spectrum
phenol~methanol!1 and ZEKE spectra pumped through som
of the intermolecular vibrations. They assigned six low fr
quency transitions at 27, 31.5, 46, 48.5, 55.5, and 176 cm21

to the sixS1 intermolecular vibrations. We will discuss the
assignment later.

Felker and co-workers19 performed ionization loss
stimulated Raman spectroscopy~ILSRS! on several hydro-
gen bonded clusters, among them the phenol~methanol!1
cluster. In ILSRS, the depletion of a ground state level by
stimulated Raman process is monitored by resonantly
hanced multiphoton ionization from the ground state. ILSR
is species selective and the resolution is limited only by t
laser bandwidth. Unlike stimulated emission pumping, t
application of this method is not restricted by small IV
rates in the terminating level, which often limits SEP to
region starting at several hundred wave numbers above
electronic origin. The vibrational shifts of several intram
lecular vibrational bands were found to be quite small
most cases.

The appearance of large amplitude motions~e.g., tor-
sion! in hydrogen bonded clusters gives rise to the assum
tion that different rotational conformers of one cluster si
may exist. Prior to any comparison of calculated and expe
mental vibrational frequencies one has to assure that all
frequency bands appearing in the REMPI-TOF-MS spectr
belong tooneconformer of this cluster.

REMPI-TOF-MS in principle offers the possibility to
distinguish between different cluster sizes.24,25 Due to the
small dissociation energies of hydrogen bonded cluste
REMPI spectra are often obscured by fragmentation of
mother ion, even under ‘‘soft,’’ two-color excitation condi
tions. Further REMPI cannot distinguish between clus
ions of the same mass, e.g., conformers.

To the contrary spectral hole burning~SHB! allows dif-
ferentiation between stable conformers of one cluster.26–28

SHB offers the advantage to select transitions, originat
from one common vibronic ground state level, and is the
fore not only mass but species selective.29 In SHB a ground
state vibronic level is depopulated resonantly with a bu
laserv1. Several hundred ns after the burn laser pulse,
population of the ground state is analyzed by a probe la
v2, fixed to a strong transition of the cluster. We used LIF

21

and REMPI30 for detection, while Colson and Lipert27 ana-
lyzed the population of the ground state level by REMPI.

Fortunately repopulation of the original level does n
occur significantly on the time scale of the experiment. Mo
of the fluorescence, which is the only fast process to repo
late the electronic ground state, ends up in a manifold
vibrational levels, determined by the Franck–Condon pr
ciple.

A pulse energy of 400–800mJ was sufficient to obtain
holes up to 30% of the probe fluorescence signal. Hig
J. Chem. Phys., Vol. 10
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pulse energies lead to an increase of nonresonant signal
therefore have to be avoided.

The most important technique however for obtaining th
intermolecularS0-vibrational levels, which can be compared
with calculations, is dispersed fluorescence spectrosco
Here we use an optical multichannel analyzer system with
CCD detector for obtaining good quality spectra.

II. EXPERIMENT

The one-color REMPI spectra have been measured in
apparatus similar to that described previously.31 It consists of
a high-vacuum part, an electromechanically driven pulse
valve ~General Valve Iota One, 500mm nozzle hole! for
skimmed jet expansion~X/D'130!, a differentially pumped
linear time-of-flight ~TOF! mass spectrometer, and a Nd
YAG ~Lumonics HY 400, 532 nm! pumped, frequency
doubled dye laser~Lumonics HD 300!, operated with Fluo-
rescein 27.

The pressures in the differentially pumped chambe
were 531026 mbar ~beam off!, 131024 mbar ~beam on! in
the expansion chamber, 131026 mbar in the ionization
chamber, and 131027 mbar in the time-of-flight tube. The
vacuum in the expansion chamber was maintained by a 30
l s21 oil diffusion pump~Leybold DI 3000! and in the other
chambers by 1000l s21 turbomolecular pumps~Leybold
Turbovac 1000!.

The apparatus used for spectral hole burning has be
described elsewhere.21 It again consists of a high-vacuum
chamber and a pulsed nozzle~General Valve Iota One, 500
mm nozzle hole!. The fluorescence at a nozzle hole—lase
distanceX/D530 is collected with a two lens system and
detected by a Peltier-cooled photomultiplier~Thorn EMI
9789!. The vacuum is maintained by a 2000l s21 oil diffu-
sion pump~Edwards!, backed by a rotatory pump~Leybold
D65B!. Pressures are 131026 ~beam off! and 531024 mbar
~beam on!. The electronic origin of the cluster is probed by
an excimer~Lambda Physik EMG 102! pumped, frequency
doubled dye laser~Lambda Physik FL 2002!. Another exci-
mer ~Lambda EMG 200! pumped, frequency doubled dye
laser ~FI 3002! counterpropagates the probe laser for ho
burning. The burn laser is slightly collimated by anf51000
mm lens to a similar size as the probe laser. The spat
distance between burn and probe laser focus is about
mm, to compensate for the time delay between both lase
Both lasers and the pulsed nozzle are triggered by a fo
channel digital delay generator~Stanford Research DG 535!.
The delay between burn and probe laser was adjusted
400–800 ns, while the delay between nozzle-trigger an
probe laser was 1.8 ms.

The spectra were taken with 20 mbar CH3OH or
CD3OD, respectively, and 0.5 mbar phenol, seeded in 40
mbar He. The photomultiplier signal is averaged with a box
car integrator~Stanford Research SR250! and recorded by a
chart recorder. The fluorescence signal caused by the b
laser is separated from the probe signal by positioning t
boxcar gate to the scattered light of the probe laser.

The fluorescence emission spectra were taken in t
same vacuum chamber. The emitted fluorescence was c
lected and focused by a two-lens system on the entrance
3, No. 2, 8 July 1995
license or copyright; see http://jcp.aip.org/about/rights_and_permissions
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586 Schmitt et al.: Structure and vibrations of phenol•CH3OH
of a 1 mCzerny–Turner monochromator with an aperture
f /8.4 ~Jobin Yvon THR 1000!. We used a holographic grating
~11 cm311 cm! with 2400 grooves/mm. The resulting linea
dispersiondl/dx at 280 nm is 7.2 Å/mm. The fluorescenc
is imaged on the photocathode of the CCD camera, inten
fied and recorded on the CCD chip after 15:25 reduction
the image size in an optical fiber taper. With a CCD ch
width of 1/3 in. and a pixel size of 23mm323 mm, a range
of 750 cm21 of the emission spectrum can be taken in on
mirror position of the monochromator.

The dispersed fluorescence is recorded with 12 bit re
lution in first grating order by the intensified slow scan gate
CCD camera~LaVision, Flame Star! positioned in the image
plane of the monochromator. The resulting two-dimension
array ~x5height of the entrance slit;y5dispersion! is aver-
aged over a curvedx range, to compensate for errors due t
the spherical aberration of the mirrors, cf. Fig. 4. The quali
of these spectra compared to previous ones, taken wit
scanning monochromator, exit slit, and photomultiplier is e
hanced dramatically with respect to resolution and sign
noise. A single fluorescence excitation spectrum was o
tained by summing the fluorescence of 200 laser pulses
the CCD chip and subtracting the background stray light~gas
pulse off! after 200 laser pulses. 80 of these spectra we
averaged to obtain the overall spectra shown in the Figs
and 6.

III. EXPERIMENTAL RESULTS

A. Hole burning spectra of h -phenol(CH 3OH)1

Different cluster sizes and masses can be selected
REMPI in a time-of-flight spectrometer. In the case of di
ferent conformers of one cluster and extensive ion fragme
tation this method will not lead to reliable results, and SH
will be the method of choice.

A selected vibronic ground state level is resonantly d
populated with a burn laser pulse. The population of th
level is probed with laser induced fluorescence, via exci
tion to a strong transition, originating from the selected leve
A reduction of noise from laser energy fluctuations was pe
formed by saturating the observed transition with the pro
laser~.150mJ per pulse!.

To achieve the best experimental conditions for resona
depopulation of the electronic ground state, we recorded
hole burning signal as function of the burn laser pulse ener
~Fig. 1!. The fluorescence intensity without burn laser is d
fined as 100%. Figure 1 shows that an increase of the b
laser energy results in an increase of the hole burning sig
due to the removal of more molecules from the probed st
via processes which are irreversible on the time scale of
experiment. At high laser energies.600mJ these processes
are driven to saturation.

At pulse energies above 1.5 mJ the burn~depopulation!
process becomes nonresonant, and a bleaching of the e
spectrum is observed.32

Figure 2 shows the hole burning spectrum o
h-phenol~CH3OH!1 in the region 0–200 cm21 on the blue
side of the electronic origin~upper trace! in comparison to
the LIF spectrum in the same spectral region~lower trace!.
J. Chem. Phys., Vol. 10
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The S1←S0 transition was measured at 35 93361 cm21 in
good agreement with the value of Wrightet al.10 The probe
laser was fixed to the electronic origin of the cluster, whil
the burn laser was tuned over the region 0–250 cm21 on the
blue side of the electronic origin. The most striking feature i
the LIF spectrum is the very broad background, superim
posed on the resonant phenol~methanol!1 cluster transitions.

Wright et al.10 observed phenol~methanol!n clusters up
to n510 in their REMPI spectra, even under moderate e
pansion conditions. We therefore believe that the backgrou
in our LIF spectrum is due to inhomogeneous spectral co
gestion, caused by the existence of different cluster sizes a
isomers. The SHB spectrum supports this opinion. In th
case of inhomogeneous broadening, distinct holes can
burned into the distribution, what is indeed observed in th
SHB spectrum in Fig. 2. Only those transitions which share
common ground state level with the probed transition a
detected by SHB. The broad background due to clusters
different sizes or conformers therefore totally vanishes in th
hole burning spectrum. Obviously only one transitio
~marked with an asterisk! in this spectral region, appears in
the LIF spectrum, which does not match with a correspon
ing band in the SHB spectrum. All other transitions ca
safely be assigned to vibrations ofone conformerof
h-phenol~CH3OH!1. By comparison with the phenol~H2O!1
spectrum, it was obvious that the transition in question in th
LIF spectrum is the electronic origin of the phenol~H2O!1
cluster, and stems from water traces in the phenol sample
in the carrier gas. The complete absence of this transition
the hole burning spectrum illustrates again the selectivity
this method even when using a non-mass-selective detect
method as LIF.

A closer look on a single rovibronic band reveals a na
rower bandwidth in the SHB spectrum, compared with th
typical bandwidth in a LIF or REMPI spectrum. This nar
rowing effect is due to the selective probe of a rotation
subensemble in the rovibronic cluster band with a laser ban
width considerably smaller than the full width at half-
maximum of the respective electronic band.32

FIG. 1. Dependence of the hole burning signal from burn laser energy
3, No. 2, 8 July 1995
license or copyright; see http://jcp.aip.org/about/rights_and_permissions
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FIG. 2. Hole burning spectrum ofh-phenol~CH3OH!1 in the range 0–200 cm21 blue to the electronic origin of this cluster. The 0,0 band was the analyze
transition. The band marked with an asterisk belongs to phenol~H2O!1. Accuracy of band positions:61 cm21.
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B. REMPI spectra of d -phenol(CD 3OD)1

Assignment of experimental frequencies to norm
modes is generally easier if other isotopomers of the inv
tigated cluster are used. Due to the acidity of the phenolic
atom, it can easily be exchanged by deuteriu
d-phenol~CD3OD!1 is produced by heating phenol with
threefold excess of CD3OD for 10 min, drying the mixture,
and repeating this procedure four times. A statistical H↔D
exchange should result in ad-phenol purity.99%. The con-
tent of undeuterated phenol in the sample was determine
be less than 3% by taking a NMR spectrum of the sampl

The 111 one-color REMPI spectrum of
d-phenol~CD3OD!1 was measured in the apparatus describ
above. TheS1←S0 transition was measured at 35 951 cm

21,
with a blueshift of 18 cm21 relative to the electronic origin
of h-phenol~CH3OH!1 ~see Fig. 3!.

Table I gives a survey of theS1 frequencies of
h-phenol~CH3OH!1 andd-phenol~CD3OD!1. Some bands re-
mained unassigned, and are probably due to mixed iso
pomers.

FIG. 3. REMPI spectrum ofd-phenol~CD3OD!1. Bands marked with an
asterisk are due to the mixed isotopomersd-phenol~CD3OH!1 and
h-phenol~CD3OD!1. Accuracy of band positions:61 cm21.
J. Chem. Phys., Vol. 1
Downloaded 02 May 2012 to 134.99.152.12. Redistribution subject to AIP
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The assignments given in Table I will be discussed ex
tensively in Sec. IV.

C. Dispersed fluorescence spectra of
h -phenol(CH 3OH)1 and d -phenol(CD 3OD)1

In order to assign the experimental frequencies to sp
cific normal mode vibrations, the SHB~S1! frequencies have
to be associated with vibrational frequencies in the electron
ground state, which can be compared directly with the resu
of ab initio normal mode analysis. Fluorescence spectra ha
been taken by imaging the fluorescence on the entrance
of a 1 mmonochromator and viewing the dispersed fluores
cence with an intensified gated CCD camera in the exit im
age plane. Figure 4 shows the dispersed fluorescence of
electronic origin 0,0 ofd-phenol~CD3OD!1, directly re-
corded with the CCD camera.

The curvature of each image of the entrance slit is due
spherical aberration of the mirrors used. This spherical abe
ration is normally reduced by limitation of the entrance sli
height. Computer-based processing of the images allows
intensity integration along the curved profile. Compared to
simple reduction of slit height the S/N ratio could be im-
proved with this method by a factor of 3 at the same spectr
resolution.

Figures 5~a! and 5~b! show the fluorescence emission
spectra of h-phenol~CH3OH!1 and d-phenol~CD3OD!1,
pumped through the electronic origin 0,0 of each cluste
Both spectra have been taken with an entrance slit width
40 mm ~3 cm21 resolution!.

The inserts in Fig. 5 show an intensity expanded part o
the low frequency region. Table II displays the experimenta
vibrational frequencies and intensities for the electroni
ground state ofh-phenol~CH3OH!1 and d-phenol~CD3OD!1
and a preliminary assignment to fundamentals, overtone
and combination bands. All bands shown in these spect
03, No. 2, 8 July 1995
 license or copyright; see http://jcp.aip.org/about/rights_and_permissions
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D

TABLE I. Excited state~S1! frequencies and intensities ofh-phenol~CH3OH!1 andd-phenol~CD3OD!1.

h-Ph~CH3OH!
Rel. freq.~cm21!a Rel. Int. Assignmentc

d-Ph~CD3OD!
Rel. freq.~cm21!a,b Rel. Int. Assignmentc

0~35933! 1 0,0 0~35951! 1 0.0
27 0.69 1 27 0.78 1
31 0.40 2 31 0.68 2
45 0.17 3 42 0.53 3
47 0.21 4 53 0.32 4
54 0.26 111 62 0.42 111
55 0.29 112 76 0.22 11111
70 0.31 113 84 0.18 114~313!
74 0.08 114 91 0.11 •••
80 0.14 11111 100 0.25 5
96 0.20 5 168 0.58 6
120 0.10 115 171 0.44 •••
167 0.16 11315
176 0.33 6
202 0.29 116

aAccuracy in band position60.5 cm21.
bWave numbers are relative to the electronic origin ofd-phenol~CD3OD!1. Negative wave numbers are due to
another isotopomer, not to hot bands.
cAssignments as described in Sec. IV.
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will be assigned in Sec. IV to specific modes on the basis
ab initio normal mode analysis. Clearly the most inten
band is the electronic origin, due to a smallS0–S1 potential
shift. The prominent bands at 155 cm21 in
d-phenol~CD3OD!1 and at 162 cm21 in h-phenol~CH3OH!1
show a quite harmonic progression, which can be seen u
the second overtone of this vibration. This band has b
reported earlier by Abeet al.7 for h-phenol~CH3OH!1 to lie
at 162 cm21 and has been assigned to the intermolecu
stretching vibration. A second prominent band at 22 cm21 is
in coincidence with our experimental observation and w
assigned to a not further specified ‘‘bending vibration.’’ A
other strong transition appears at 35 cm21. The very charac-
teristic intensity pattern can be recognized in combinat
with the 162 cm21 band as well as with the intramolecula
vibration 6a1 at 538 cm21.

In order to associate the excited state frequencies w
ground state vibrations, dispersed fluorescence spectr

FIG. 4. Dispersed fluorescence spectrum ofd-phenol~CD3OD!1 recorded by
the CCD chip of an intensified slow scan camera. The curvature of the
is due to spherical aberration of the mirrors.
J. Chem. Phys., Vol. 10
ownloaded 02 May 2012 to 134.99.152.12. Redistribution subject to AIP 
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several intermolecular vibrations ofh-phenol~CH3OH!1 have
been taken. The result is shown in Fig. 6. The first trace~a!
shows, for comparison, the dispersed fluorescence spectru
of h-phenol~CH3OH!1 pumped through the electronic origin.
The fluorescence spectra pumped through the bands at 2
31, and 176 cm21 are shown beneath. All fluorescence emis-
sion spectra are shifted by their relative excitation frequen
cies, to match the 0←1 transitions.

The fluorescence emission spectrum obtained from exc
tation of the vibration 1 at 27 cm21 is shown in part~b! of
Fig. 6. An intensive, quite harmonic progression with 22
cm21 quanta is observed from transitions 10

1, 11
1, 12

1, 13
1, and

14
1. It appears reasonable to correlate this 22 cm21 progres-
sion in the electronic ground state with the 27 cm21 vibration
in the electronically excited state. In addition, the 55 cm21

band appears strongly. This transition is also observed, whe
pumping through the electronic origin. Intense transitions to
other coordinates than the excited one give rise to the a
sumption of appreciable coupling between the correspondin
modes. As shown in Fig. 6~c! the most prominent progres-
sion at 35, 65, and 93 cm21, shown in Fig. 6~c!, correlates to
the pumped 31 cm21 S1 vibration exhibiting little anharmo-
nicity of this vibration in the electronic ground state. The
transition to the vibrational state at 22 cm21 has considerable
Franck–Condon intensity again. Figure 6~d! shows the fluo-
rescence emission spectrum obtained from excitation of v
bration 6 at 176 cm21. The strongest transition appears at
162 cm21 and correlates to the pumped 176 cm21 S1 vibra-
tion.

D. Theoretical results

In order to get reliable assignments of the observe
intra- and intermolecular frequencies, a normal mode vibra
tional analysis of the clusters has to be carried out.Ab initio
calculations at the Hartree–Fock~HF! level turned out to be
useful to describe the low frequency intermolecular vibra

es
3, No. 2, 8 July 1995
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FIG. 5. ~a! Dispersed fluorescence spectrum ofh-phenol~CH3OH!1, pumped through the electronic origin. Spectral resolution is 3 cm21, error in band
positions62 cm21. ~b! Dispersed fluorescence spectrum ofd-phenol~CD3OD!1, pumped through the electronic origin. Spectral resolution is 3 cm

21, error in
band positions62 cm21.
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tions of the hydrogen bonded clusters, if both the chos
basis set includes polarization functions4 and the vibrations
have small anharmonicity.

Complete normal vibrational analyses of hydroge
bonded clusters with H2O acting as proton acceptor molecu
have been carried out on phenol~H2O!1 ~HF/3-21G, 4-31G,
4-31G*, 6-31G** , 6-31111G** , and MP2/6-31G**
basis!,4,15 naphthol~H2O!1 ~6-31G** basis!,33 and
phenol~H2O!2 ~6-31G** basis!.34 In the case of
phenol~CH3OH!1, the structures and vibrations of pheno
methanol, and of phenol~CH3OH!1 were calculated at the
4-31G* ~Ref. 15! and 6-31G** level using theGAUSSIAN 92

program. For the fully optimized minimum energy structur
normal coordinate calculations were carried out. The vib
tional eigenvalues were calculated using force consta
taken from the analytical second derivatives of the SCF p
tential energy surface.

In the minimum energy structure of phenol~CH3OH!1 the
J. Chem. Phys., Vol. 1
Downloaded 02 May 2012 to 134.99.152.12. Redistribution subject to AIP
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hydrogen bonding arrangement istrans-linear, as for
p-cresol~H2O!1,

31 phenol~H2O!1,
4 naphthol~H2O!1,

33 and the
water dimer.35,36The structural parameters of this cluster cal
culated at the 4-31G* and 6-31G** level are given in Table
III ~cf. Fig. 7!. The anglesQ1, D, w, Q2 obtained for the two
basis sets are nearly identical, the angleb differs only by
2.2° and the O•••O distance calculated at the 4-31G* level is
only 0.014 Å shorter than the corresponding distance calc
lated at the 6-31G** level. These results are similar to those
obtained for the phenol~H2O!1 cluster using the 4-31G* and
6-31G** basis sets.15

The HF stabilization energy, calculated as the differenc
between the total SCF energy of the Ph~CH3OH!1 cluster and
the corresponding energy (De) of the fully optimized struc-
tures of phenol and methanol is 2547 cm21 ~30.5 kJ/mol,
6-31G** basis set!. The stabilization energy including zero-
point vibrational energy contributions~D0! is 2094 cm21

~25.1 kJ/mol!. The ZPE energy contribution was calculated
03, No. 2, 8 July 1995
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TABLE II. Ground state ~S0! vibrational frequencies and intensities ofh-phenol~CH3OH!1 and
d-phenol~CD3OD!1.

h-Phenol~CH3OH!1
Rel. freq.~cm21!b Rel. Int.

Possible
assignmenta

d-Phenol~CD3OD!1
Rel. freq.~cm21!b Rel. Int.

Possible
assignmenta

0~35 933! 1 0,0 0~35 951! 1 0.0
22 0.21 1 22 0.15 1
35 0.20 2 33 0.14 2
55 0.04 3 42 0.03 3
65 0.05 4 64 0.02 4
91 0.02 5 90 0.02 5
162 0.14 6 155 0.07 6
181 0.03 116 175 0.01 116
195 0.02 216 186 0.01 216
318 0.01 616 306 0.01 616
431 0.01 n18b 414 0.01 n18b
463 0.01 61616 462 0.01 61616
538 0.46 n6a 533 0.31 n6a
561 0.10 n6a11 556 0.06 n6a11
573 0.08 n6a12 569 0.05 n6a12
630 0.02 n6b

aThe full assignment will be given in Sec. III D by comparison with calculated frequencies.
bError in band positions62 cm21.
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using the unscaled harmonic vibrational frequencies
methanol, phenol, and the Ph~methanol! cluster. If the corre-
lation energy contribution calculated at the MP2/6-31G**
level ~at HF optimized geometries of phenol, methanol, an

FIG. 6. ~a!–~d! Fluorescence emission spectra ofh-phenol~CH3OH!1, ob-
tained by pumping the electronic origin~a! and the intermolecular vibrations
at 27 cm21 ~b!, 31 cm21 ~c!, and 176 cm21 ~d!. The absolute frequency
scales are shifted to show the concerned 0←1 transition at the same fre-
quency. Spectral resolution is 3 cm21.
J. Chem. Phys., Vol. 10
Downloaded 02 May 2012 to 134.99.152.12. Redistribution subject to AIP 
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Ph~methanol! is taken into account the stabilization energ
increases by 855 cm21. In order to estimate the basis se
superposition error~BSSE! the full counterpoise procedure
of Boys and Bernardi was applied.37 The calculated total
BSSE@BSSE~HF!5453 cm21; BSSE~MP2!5453 cm21# and
the MP2 correlation contribution~855 cm21! are of the same
order, as in the case of the Ph~H2O! cluster. Taking MP2 and
BSSE contributions into account stabilization energies
2495 cm21 (De) and 2042 cm

21 ~D0! are obtained. The sta-
bilization energyD0 is 189 cm

21 higher than the correspond-
ing value of Ph~H2O!1 calculated at the same level o
theory.33 This result is reasonable, since methanol acts a
stronger H-bonding acceptor molecule than the water m
ecule due to the inductive effect of the methyl group.

The six intermolecular vibrations, which arise from th
complexation of phenol and methanol, are shown in Fig.

In the case of the phenol~H2O! and naphtol~H2O! cluster,
thes andb2 vibrations of the deuterated clusters4,33 show a

TABLE III. Structural parameters of uncomplexed phenol and methanol a
h-phenol~CH3OH!1 computed with the 4-31G* and the 6-31G** basis sets.

h-Phenol~CH3OH!1
4-31G*

h-Phenol~CH3OH!1
6-31G**

Phenol, methanol
6-31G**

r 1 ~Å! 1.344 1.344 1.352
r 2 ~Å! 0.954 0.949 0.943
R ~Å! 2.877 2.891 •••
r 3 ~Å! 1.407 1.407 1.398
r 4 ~Å! 0.948 0.942 0.947
u1 ~deg! 111.33 111.64 110.93
D ~deg! 117.75 117.71 117.43
w ~deg! 3.03 3.50 •••
b ~deg! 140.97 143.2 •••
u2 ~deg! 110.11 110.36 105.97
A ~MHz! 3810.0 3785.7 •••
B ~MHz! 6953.5 691.3 •••
C ~MHz! 608.9 605.9 •••
3, No. 2, 8 July 1995
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FIG. 7. Calculated geometry and structural parameters of
phenol~CH3OH!1 cluster.
J. Chem. Phys., Vol. 10
Downloaded 02 May 2012 to 134.99.152.12. Redistribution subject to AIP 
strong mode mixing. Concerning the phenol~methanol! clus-
ter no mode mixing occurs due to deuteration. The unscal
intermolecular frequencies ofh-phenol~CH3OH!1 and
d-phenol~CD3OD!1 calculated at the 4-31G* and 6-31G**
level are listed in Table IV. The corresponding frequencie
obtained for the two basis sets differ by less than 5%. Th
same result was obtained for the frequencies of the norm
vibrations of phenol~H2O!1 using the 4-31G* and 6-31G**
basis sets. These results and the agreement of calculated
experimental frequencies support the reliability of the pe
formed HFab initio calculations.

An assignment of the intermolecular vibrations can b
achieved, if we compare these vibrations with the transla
tional and rotational motions of the free methanol. The firs
three vibrations listed in Table IV correlate with the rotations
of the free methanol along thec, b, anda axis of inertia,
respectively.

According to the nomenclature of Schu¨tz et al.4 thesee
FIG. 8. Intermolecular vibrations of the the phenol~CH3OH!1 cluster.
3, No. 2, 8 July 1995
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D

TABLE IV. Computed vibrational frequencies, force constants, and reduced masses for the intermolecu
vibrations ofh-phenol~CH3OH!1 andd-phenol~CD3OD!1.

Cluster/
assignment

Frequency
~cm21! 4-31G*

Frequency
~cm21! 6-31G**

Force
constant~N m!

Reduced
mass~amu!

h-phenol~CH3OH!1
r2 17.4 17.3 0.05 3.17
t 30.7 30.2 0.17 3.11
b2 56.7 54.6 0.24 1.34
r1 71.6 70.3 1.34 4.62
b1 94.8 90.4 1.09 2.21
s 165.0 158.1 7.35 4.99

d-phenol~CD3OD!1
r2 15.8 15.8 0.06 3.93
t 28.1 27.8 0.17 3.78
b2 43.0 41.4 0.23 2.24
r1 68.5 67.1 1.44 5.43
b1 84.0 80.8 1.69 4.38
s 156.3 149.7 7.48 5.66
h

t
h

e

-

d
e

e

-
nd
vibrations are assigned to ther2, t, b2 mode ~rocking, tor-
sion, and wagging mode!. The stretching vibrations and the
b1 andr1 mode correspond to the translations inx, y, andz
direction of the free methanol~x direction: direction of the
O•••O bond;z direction: perpendicular to the phenol ring:y
direction: perpendicular tox andz direction!. In the case of
normal modes with low vibrational eigenvalues and low r
duced masses, it is necessary to describe vibrational tra
tions using large vibrational amplitudes, i.e., large elong
tions relative to the equilibrium bond length and angle
Anharmonic corrections have to be taken into account in t
case. Because of the low reduced mass of theb2 mode a
harmonic description of this vibration may be inappropria
However, previous calculations on the anharmonicity of t
b2 mode have not shown any significant shift.15 If we con-
sider that in the case ofd-phenol~CD3OD!1 only theb2 mode
shows a significant shift due to deuteration~24%!, the as-
signment of this vibration seems to be unambiguous,

TABLE V. Comparison of experimentalS0 andS1 vibrational frequencies
with the results ofab initio calculations for h-phenol~CH3OH!1 and
d-phenol~CD3OD!1.

h-Phenol~CH3OH!1

Assignment 4-31 G* 6-31 G* Expt.S0 Expt.S1
00
0 0 0 0 0

r2 17.4 17.3 22 27
t 30.7 30.2 35 31
b2 56.7 54.6 55 45
r1 71.6 70.3 65 47
b1 94.8 90.4 91 96
s 165.0 158.1 162 176

d-Phenol~CD3OD!1

00
0 0 0 0 0

r2 15.8 15.8 22 27
t 28.1 27.8 33 31
b2 43.0 41.4 42 42
r1 68.5 67.1 64 62
b1 84.0 80.8 90 100
s 156.3 149.7 155 168
J. Chem. Phys., Vol. 1
ownloaded 02 May 2012 to 134.99.152.12. Redistribution subject to AIP
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Table VI. Due to the large reduced masses of thes and r1
mode, harmonic descriptions of these vibrations should b
appropriate. Further, the frequencies predicted for ther2, t,
andb1 vibrations are probably of the correct magnitude. A
more detailed description and discussion of the intermolecu
lar and intramolecular vibrations is given elsewhere.15

IV. DISCUSSION

An assignment of all experimental intermolecular vibra-
tions in theS0 state on the basis of these computational an
experimental results is now straightforward. We assign th
bands at 22, 35, 55, 65, 91, and 162 cm21 in
h-phenol~CH3OH!1 and at 22, 33, 42, 64, 90, and 155 cm21

in d-phenol~CD3OD!1 to the six fundamental vibrations in
theS0 state. All other bands can be attributed to combination
bands of these vibrations~Table II!. The experimentalS0
values are in good agreement with the calculated ones. Th
deviation is smaller than 5% in the case of the 4-31G* and
the 6-31G** basis, cf. Table V. The only band which has a
large isotopic shift~0.75 calculated with 4-31G* ! is the wag-
ging vibrationb2, in good agreement with the experimental
value of 0.78, cf. Table VI. The assignment of the 55 cm21

band~S0! to the wagging vibrationb2 is thus secured by two
facts: The good coincidence between experimental and com
putational results, and the agreement between measured a
calculated isotopic ratios.

TABLE VI. Isotope ratios of the intermolecular vibrations of
h-phenol~CH3OH!1 andd-phenol~CD3OD!1.

S0 D/H ~cm21! D/H Expt. D/H calculateda

22/22 1 0.94
33/35 0.94 0.90
42/55 0.76 0.75
64/65 0.98 0.95
90/91 0.98 0.92
155/162 0.95 0.94

aFor details see Sec. III D.
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When exciting the 27 cm21 ~S1! band, a strong, quite
harmonic progression with 22 cm21 is found in the dispersed
fluorescence spectrum. The band at 27 cm21 in the fluores-
cence excitation spectrum therefore corresponds to
ground state rocking vibrationr2. A strong progression with
slight anharmonicity is found at 35 cm21 when the 31 cm21

S1 band is excited. This shows that the band at 31 cm21 in
the S1 state belongs to the torsional motiont in the S0
ground state.

The correspondingS0 frequency of the stretching vibra
tion at 162 cm21 is increased to 176 cm21 in the S1 state,
indicating an increase in hydrogen bond strength upon e
tronic excitation in the same order of magnitude as in t
Phenol/water cluster.

The assignment of the remainingS1 frequencies is not as
clear yet. A quick comparison ofS0 and S1 frequencies
would give rise to the assumption, that the 55 cm21 band in
the electronic ground state corresponds to 45 cm21 in the
electronically excited state, 65 to 70 cm21 and 91 to 96 cm21

~assignment 1!.
This assignment however does not explain the appe

ance of the two bands at 45 and 47 cm21 in Fig. 2. These
bands cannot be explained as combination bands or o
tones, and have therefore been assigned as fundamenta
brations by Wrightet al.10 If the vibrational frequencies in
theS1 state keep at least the same order as in the electro
ground state, the 45 cm21 band corresponds to theb2 vibra-
tion and 47 cm21 to r1. The band at 55 cm

21 was assigned to
the fifth intermolecular vibration in Ref. 10. The calculate
value for this vibration is 94.8 cm21 in theS0 state, while the
experimentalS0 frequency is 91 cm21. A deviation of 36
cm21 between theS0 andS1 state seems very unreasonab
because this would demand a large geometry change u
electronic excitation in merelyone vibrational coordinate.
The assignment of the 55 cm21 band to the combination of
the r2 ~27 cm21! and t ~31 cm21! vibrations seems more
reliable.

Thus the transition at 96 cm21 can tentatively be as-
signed to the remaining intermolecular vibrationb1. The
bands at 55, 70, 74, 120, and 202 cm21 are described as
combinations of the strongr2 transition at 27 cm21 with all
other intermolecular vibrations. The bands at 54 and 80 cm21

are the first and second overtone of ther2 vibration in as-
signment 2, which is shown in Tables I and V.

On the other hand a decrease in vibrational frequency
18 cm21 for ther1 vibration is quite large and can hardly b
explained by geometry changes upon electronic excitati
To the contrary the vibration of the deuterated cluster do
not show a comparable shift after electronic excitation.

Additionally the frequency of ther1 vibration in theS1
state ofd-phenol~CD3OD!1 is considerably larger than in the
nondeuterated species, which is unreasonable. There ar
problems with assignment 1 in this regard. Hence the ass
ment of the b2 and r1 vibrations in the S1 state of
h-phenol~CH3OH!1 still remains an open question.

V. CONCLUSIONS

In the present work REMPI, SHB, and dispersed flu
rescence spectroscopy of h-phenol~CH3OH!1 and
J. Chem. Phys., Vol. 1
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d-phenol~CD3OD!1 was performed in the range 0–250 cm
21

on the blue side of the electronic origin of the respective
cluster. The intermolecular frequencies obtained from th
measurements were compared with the results fromab initio
based normal mode analysis. An unambiguous assignment
the low frequency transitions to distinct intermolecular vibra-
tions of the cluster can only be given if the existence o
transitions, belonging to another species, can be ruled ou
Hole burning spectroscopy shows, that in the investigate
spectral region no other conformer of the phenol~CH3OH!1
cluster absorbs. A straightforward assignment of theS0 inter-
molecular bands of both clusters could therefore be give
with the help ofab initio based normal mode calculations,
isotopic substitution, and good quality dispersed emissio
spectra from state selectively excited clusters.
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