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We have measured the OH- and OD-stretching fundamental and overtone spectra of phenol and its deuterated
isotopomers under jet-cooled conditions using nonresonant ionization detection spectroscopy and vapor-phase
infrared (IR) and near-infrared (NIR) spectra at room temperature using conventional and photoacoustic
spectroscopy. The OH- and OD-stretching bands in the jet-cooled spectra are ali@ucrir® wide and
generally show a few Lorentzian shaped peaks. The bands in the room-temperature spectra have widths of
20—-30 cnt! and display clear rotational profiles. The band profiles in the jet-cooled spectra arise mostly
from nonstatistical intramolecular vibrational redistribution (IVR) with specific coupling to “doorway” states,
which are likely to involve CH- and CD-stretching vibrations. The transition dipole moment that determines
the rotational structure is found to rotate significantly from the fundamental to the third overtone and is not
directed along the OH(D) bond. We use these calculated transition dipole moments to simulate the rotational
structure. We determine the rotational temperature in the jet-cooled spectra to be about 0.5 K. Anharmonic
oscillator local mode calculations of frequencies and intensities of the OH- and OD-stretching transitions are
compared with our measured results. The calculated intensities are in good agreement with the absolute
intensities obtained from conventional spectroscopy and with the relative intensities obtained from the room-

temperature laser spectroscopy.

Introduction the nanosecond lasers employed lacked the time resolution
required by the fast relaxation process in these larger molecular
systems. Nowadays, ultrafast laser systems are readily available,
g&27and laser phagécontrol have had some

The importance of vibrational overtone excitation has been
suggested in atmospheric chemistiywas suggested that under d chiroed pul
certain atmospheric conditions the photolysis of nitric acid could and chirped pu
proceed from a vibrational overtone excited state. This would success._ ) ) o
occur at dusk and dawn when the UV light necessary for ~ Investigation of reaction control by vibrational overtone
photolysis based on an electronic excitation was limftéd. ~ €xcitation requires knowledge of basic spectroscopic information
Subsequently it was demonstrated that for peroxinitric acid the Of overtones such as transition energies and intensities, as well
overtone excitation process was, in many environments, theas detailed information regarding intramolecular vibrational
major atmospheric loss procesBMore recently, the photolysis ~ redistribution (IVR) processes from the higher excited vibra-
of sulfuric acid was suggested to proceed in the atmospheretional states. Theoretical studies are nontrivial because of the
predominantly via OH-stretching vibrational overtone excita- heed for anharmonic potentials to predict the vibrational energy
tion87 In sulfuric acid the electronic excitation was highly levels and nonlinear dipole moment functions to provide even
unlikely as the required high energy UV photons were not qualitatively accurate transition intensities.
present in the atmosphere in sufficient quantities to compete The intensity of vibrational overtone transitions typically falls

with the overtone proce$s 11 by an order of magnitude for each successive overtone, which
Experimental efforts to use overtone excitations to drive means that sensitive spectroscopic techniques must be employed
dissociation processes date back to the 19808.With the in experimental studies. Vibrational overtone spectra are often

rapid progress in laser technology, various kinds of laser-basedmeasured at room temperature using sensitive techniques such
reaction control have been proposed and attemté8 These as photoacoustic and cavity ring-down spectroscopy, but the
attempts have had some success for small molecules; howeverhroad spectrum observed at ambient temperature makes it
difficult to obtain definitive information on dynamic processes
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must be employed because of the low concentration of samplemJ in the 3um region, 1 mJ in the 1.am region, 2.5 mJ in
in jet-cooled conditions. One such technique is nonresonantthe 1um region, and 15 mJ in the 730 nm region. The laser
ionization detected infrared and near-infrared spectroscopy duration is 6 ns, and the typical line width is less than 0.ttm
(NID-IR/NIR).2° The high sensitivity of NID spectroscopy has The output of the third harmonic-pumped dye laser (C540A)
been demonstrated by the measurement of the first, second, anavas frequency doubled by a KDP crystal to produce UV
third overtone OH-stretching transitions in phenol, catechol, and radiation ¢~1 mJ, 6 ns duration). The UV and IR/NIR lasers
aminophenof®32 The advantage of vibrational overtone spec- were coaxially introduced into a vacuum chamber and crossed
troscopy in jet-cooled conditions was demonstrated by the a supersonic jet. The UV laser was delayed 50 ns with respect
resolution of geometrically similar rotational isomers in the to the IR/NIR laser. Molecules vibrationally excited by the IR/
m-aminophenol spectr&. NIR radiation were selectively ionized by the UV laser via a
The infrared spectrum of vapor-phase phenol was studied in nonresonant two-photon excitation. The frequency of the UV
detail by Evan$? Green34 and Bis#® in the 1960s, and recent  laser was fixed to 290 nm (34 483 c#which is slightly higher
ab initio and density-functional theory calculations of the than a half of the ionization potential (IP) of pherul{68 628
harmonic frequencies in phenol and phedp(CsHsOD) have cm 1).#8 The cations produced were pushed into a detector
resolved controversies that remained regarding the assignmentshamber by a repeller at an appropriate voltage (typically 15
of several of the fundamental vibratio#fs38 The vibrational V/cm) and were detected by a channel multiplier (Murata
spectroscopy of phenol in the NIR region has been investigatedCeratron) through a quadrupole mass filter (EXTREL). The
less thoroughly. Ishiuchi et 8t recorded the NID spectra of  signal was amplified by a preamplifier (EG&E PARC 115) and
jet-cooled phenotl in the 3606-14000 cni! region and integrated by a digital boxcar (EG&E PARC 4420/4422). The
assigned the OH-stretching transitions in the regions corre- integrated signal was recorded by a personal computer as a
sponding toAvoy = 1—4. Broad bands due to CH-stretching function of the IR/NIR laser frequency. In NID, the laser power
transitions in the first overtoné\gcy = 2) were also observed,  changes over the wavenumber regions, and consequently, band
and some weaker bands were assigned to combinations involv-intensities are relative and can only be compared in narrow
ing OH-stretching and other fundamental vibrations. The room- wavenumber regions.

temperature overtone spectrum of vapor-phase pheyialthe In the case of phenals, the vapor above crystalline phenol
regions corresponding tdvon = 4 and 5 was recorded with  (99% Junsei Chemical) at room temperature was seeded in He
laser photoacoustic spectroscopy by Davidsson 2ahdthe  gas (3 bar), and the mixture was expanded into the vacuum
integrated cross sections of the vibrational overtone transitions chamber through a solenoid valve. Phedplvas prepared by
were estimated by a comparison with the overtones of*MD. dissolving phenoby in D,O (99.9% Aldrich), followed by
The NIR spectrum of phenol and phertilin the 3806-10500 dehydration under vacuum. The mixture of phedgbnd d;

cm ! region has also been studied in carbon tetrachloride was purified by vacuum sublimation. Similarly, a mixture of
solution#142 |t was found that in solution the bandwidths of phenolds and €ds was prepared from a solution of pherdl-

the CH- and OH-stretching transitions increased with increasing (98% Aldrich) in H,O. The NID spectrum of a specific
vibrational quantum number, and this broadening was attributedjsotopomer is obtained by mass separation of the generated ions
to IVR. In contrast, the NID spectrum of jet-cooled phedgl-  with a quadrupole mass filter. The NID spectra were decon-
showed a narrowing of bandwidth in each successive OH- yolved into Lorentzian peaks with a linear baseline with the
StretChing overtonét Recent'y, the IVR of the OH-stretching |gor Pro (Version 316) Curve_fitting program.

fundamental transitions of phend; -dy, and ds (CeDsOH) Vapor-Phase Room-Temperature ExperimentsCrystalline
have been found to rely on doorway states, with congrﬁstmg phenol (99-% redistilled, Aldrich, or ultrapure, ICN) was dried
lifetimes of 80 and 14 ps for phendyand s, respectively: over molecular sieves prior to use. The IR fundamental spectrum
In the present study, we have measured the room-temperaturgy phenol vapor was recorded on a Bruker Equinox 55 FTIR
conventional and intracavity laser photoacoustic spectra of spectrometer equipped with a DTGS detector and KBr beam
vapor-phase phenol and also the NID spectra of jet-cooled gpjitter. A multipass cell fitted with Infrasil quartz windows was
phenol and its deuterated analogues phehophenoles, and used with an optical path length of 4.8 m. The vapor was
phenolds. We interpret the OH(D)- and CH(D)-stretching  transferred to the evacuated cell at"€2 a temperature at which
overtone spectra in terms of a local mode mdé#le calculate the vapor pressure of phenol is 0.27 Torr. The spectrum was
fundamental and overtone stretching frequencies and intensitieS.ecorded at a resolution of 0.5 cirand averaged over 20 scans.
with an anharmonic oscillator (AO) local mode model with a5 noted that for longer scans the signal intensity weakened,
dipole moment functions obtained from ab initio and density- st likely owing to the phenol adsorbing to the cell walls.

functional theory calculation®:4647 The vibrational overtone spectra of phenol vapor in the
regions corresponding Wvoy = 2 and 3 andAvcy = 2 and 3
were recorded with a Cary 5e UWis—NIR spectrometer at
Supersonic Jet ExperimentsThe experimental setup for the ~ the University of Guelph. The wavenumber accuracy of the Cary
NID-IR/NIR spectroscopy has been described elsewhere. 5€ is betweertl and+6 cnr* in the NIR region. The sample
Brieﬂy’ the second and third harmonics of NdYAG lasers cell was a White variable path Iength cell fitted with BK7 Schott
(HOYA-Continuum Powerlite8010; Lumonics YM1200) were ~glass windows, with the path length set to 20.25 m. The spectra
used to pump two dye lasers (Lumonics HD-500). The output Were recorded with a fixed spectral bandwidth of 1 nm at a
of the second harmonic-pumped dye laser was differentially temperature of 19C. At this temperature the vapor pressure
mixed with the fundamental or the second harmonic of the YAG ©f phenol is 0.20 Torr. Background scans were performed with
laser in a LiNDbQ crystal (Inrad) to produce tunable IR laser in an evacuated cell, and these were subtracted from the sample
the 4-1.2 um region. An idler light of an OPO laser (Spectra Scans.
Physics MOPO/Pro230) and the dye laser (LDS765, LDS751) The integrated absorption intensitié&(v)dv of the OH- and
were used for the 12066000 and 796710 nm regions, CH-stretching bands from the conventionally recorded spectra
respectively. The typical power of the IR/NIR laser is-00L5 were obtained using the integration module in Grams/32 (version

Experimental Section
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Figure 1. QCISD/6-311%+G(2d,2p) optimized structure of phenol.
The molecule is plana; symmetry) with bond lengths (in A) of OH
= 0.9574, CH = 1.0829, CH = 1.0809, CH = 1.0801, CH =
1.0810, and CH= 1.0802.

5.03). The integrated intensities were converted to oscillator
strengths by

f=(2.6935x 10°K " Torrm cm);—-l [AG) & (1)

whereT is the temperature in K is the pressure in Torr, and
| is the path length in m.

The room-temperature vapor-phase overtone spectra in the

regions corresponding tdvoy = 3—5 and Avcy = 4 were

recorded with intracavity laser photoacoustic spectroscopy (ICL-
PAS). Our ICL-PAS setup has been described in detail previ-
ously?® The cell was filled with argon buffer gas at pressures
of 180—200 Torr to increase the photoacoustic signal. Absolute
intensities are not determined from our ICL-PAS spectra;

however, accurate relative intensities can be obtained when
several bands are accessible with the same set of optics. In the?l

case of phenol, it was possible to obtain relative intensities of
the Avon = 3 andAwvcy = 4 transitions and also of thvon

= 3 and 4 transitions. Galactic Grams/32 (version 5.03) software

was used for the integration.

Theory and Calculations

The dimensionless oscillator strendtlf a transition from
the ground vibrational state g to an excited vibrational state e
is given by7:50
f= (4.702x 1077 cM D 9)¥g fieg @)
wherefegis the transition frequency in cm andzieq = [&[zi|g0]
is the transition dipole moment in debye (D). The phenol
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by stretching and compressing the bond from its equilibrium
value in steps of 0.05 A to a maximum displacement6f2
52

We have calculated one-dimensional dipole moment functions
for the OH bond in phenol using the self-consistent-field
Hartree-Fock (HF), quadratic configuration interaction in-
cluding single and double excitations (QCISD), and Beeke3
Lee—Yang—Parr (B3LYP) levels of theory all with the
6-311++G(2d,2p) basis set. The QCISD calculations required
read-write files of about 50 Gb. Dipole moment functions for
each of the CH bonds were calculated only with the HF and
B3LYP methods.

For the OH or OD oscillator we have obtained the local mode
parametersy and@x from a least-squares fit of the experimen-
tally observed (NID) local mode peak positiofisto a two-
parameter Morse oscillator energy expression

Y=o — (v+ L)X 3)
In the CH-stretching regions it has not been possible to identify
isolated transitions, and we have determined the local mode
parameters from ab initio calculated anharmonic potential energy
curves along the CH-stretching coordinat®3.o compensate
for deficiencies in the ab initio calculated potentials, we have
scaled the calculated and @x values with scaling factors
determined by a comparison of calculated to experimeantal
andax values in benzen®. We fitted the wavenumbers of the
observed band maxima of the = 1-10 CH-stretching
transitions in benzene to eq 3 and obtéin= 3159.7+ 0.9
cmtand@x = 57.37+ 0.14 cn?, where the uncertainty is 1
standard deviation. With the B3LYP/6-3t#G(2d,2p) method,
this leads to scaling factors of 0.9907 and 0.8661d@oand
X, respectively.

All ab initio and DFT calculations were performed with
Gaussian 98¢ The “tight” convergence criteria were used for
eometry optimizations and self-consistent-field calculations,
nd dipole moments were calculated as analytical derivatives
of the energy. The B3LYP calculations used the default
integration grid size (FineGrid) with the Becke weighting
scheme. Harmonic frequencies were calculated with the HF and
B3LYP methods, and the B3LYP frequencies and oscillator
strengths are given as Supporting Information in Table 1S.

The OD-stretching vibrations in the deuterated phenols are
treated similarly to the OH-stretching vibrations. Within the
Born—Oppenheimer approximation, the calculated DMF is
identical for OH and OD bonds. The change in reduced mass
leads to changes in the local mode parameters and consequently
affects the transition dipole moment matrix elements.

Results and Discussion
Optimized Geometry. A planar geometry for phenol has

molecule, as shown in Figure 1, has one OH oscillator and five been determined experimentally by microwave spectros-
nonequivalent CH oscillators. It has been shown that coupling copy?® rotationally resolved fluorescence spectroscepgnd
between CH-stretching oscillators is generally only significant electron diffractior?’ as well as theoretically with a range of
if the oscillators share a common heavy at#ht therefore, ab initio theories such as HF, MP2, and DFT. The QCISD/6-
the CH- and OH-stretching overtone vibrations in phenol can, 311++G(2d,2p) optimized geometry of phenol in the electronic
to a good approximation, be described as isolated nonequivalentground state is shown in Figure 1 with the calculated bond
local modes. Morse oscillators describe the wave functions of lengths of the CH and OH oscillators given in the caption. The
the XH-stretching modes, each with a local mode frequeéiicy HF, B3LYP, and QCISD calculated CH and OH bond lengths
and anharmonicityox. are given as Supporting Information in Table 2S, and the full
The dipole moment function (DMF) of each of the local QCISD/6-311+G(2d,2p) geometry is given in Table 3S. The
modes is approximated as a series expansion in the internalQCISD calculated OH bond length of 0.957 A compares well
stretching displacement coordinate with expansion coefficients with the experimental values of 0.956 A from microwave data
determined from an ab initio calculated one-dimensional dipole and 0.958 A from electron diffractiot:5” The B3LYP value
moment curve. The dipole moment is calculated at nine points is in reasonable agreement, at 4 mA longer, and not surprisingly
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1> TABLE 1: Observed and Calculated OH-Stretching
op 2>on ¥ Frequencies (cnt) in Phenol-dg
| e 13>0p : @ : observed
PR l v NID ICL-PAS conventional calcd
1 3656 3658 3655.9
g 2 7143 7142 7143.1
@ 3 10461 10461 10460 10461.6
4 13612 13611 13611.4
5 16593 16592.5

aWith the local mode parameters for phembpl-in Table 2.
b Davidsson et al? reported a value of 3655 crh ¢ Davidsson et ai?

12> 0y :
| 125 A OL T Bon
l PN reported values of 13 611 and 16 590 €nfor the Avon = 4 and 5,
]

respectively.

TABLE 2: OH- and OD-Stretching Local Mode Parameters

on ; (in cm-1)a
[1>¢y, T 12>, [2>, Ore®
CH CH OH 5 © &) (Z)X
i l B>cx ~ B>on
R phenoléd, (OH) 3824.6+ 0.3 84.35+ 0.1
3000 4000 5000 6000 7000 8000 9000 10000 phenolds (OH) 3829.2+ 3 85.85+ 1
Wavenumber (cm™) phenold; (OD) 2788.6+ 0.3 44.84+ 0.1
Figure 2. NID-IR/NIR overview spectra of jet-cooled phendy; phenolds (OD) 2792.9+ 2 46.17+ 0.8
phenold;, phenolds, and phenob. aDetermined from a fit of the NID transitions in Tables 1, 3, and 4

to eq 3. Uncertainties shown are 1 standard deviation.
the HF bond length is significantly shorter, by about 20 mA.
The three methods give similar relative bond lengths for the |ocal mode parameters for the OH-stretching vibration given
five CH bonds in phenol with a spread of about 3 mA. The in Table 2. The excellence of the fit shows that the OH-
CH, and CH bonds are of similar length to one another, as are stretching vibration is essentially uncoupled from other vibra-
the CH; and CH, bonds, while the Ci bond is significantly  tions and has a potential that is well described by a Morse
longer. One the basis of the similarity of the calculated CH bond function. The last column in Table 1 shows the calculated Morse
lengths, we would not expect that the five individual CH- oscillator energies based on the determined local mode param-
stretching transitions would be resolved in the room-temperature eters. The maximum discrepancy between the Morse calculated
vapor-phase and jet-cooled spectra. transition wavenumbers and the experimentally observed wave-
Jet-Cooled NID Spectra.In Figure 2 we present the NID  numbers is just 0.6 cm for NID and 2.5 cm? for the ICL-
overview spectrum of each of the jet-cooled phenol isotopomers. PAS.
The spectra were obtained by mass-selecting the specific On the basis of the assignment for phedglthe sharp peaks
isotopomer do, 94; di, 95; ds, 99; ds, 100) produced by the  observed at 3658, 7141, and 10459¢énn the spectrum of
two-photon ionization. All peaks in the NID spectra correspond phenolds are assigned to thAvoy = 1, 2, and 3 transitions,
to vibrational transitions in theo®lectronic ground state. The  respectively. The frequencies of these transitions are shifted by
OH- and CH-stretching pure local mode transitions are increas- at most 2 cm? from their values in phendlo, which provides
ingly dominant as the transition wavenumber increases. It is further experimental evidence that the coupling between the OH-
clear from the NID spectra that the band profile of the CH- stretching and other vibrations is relatively small and supports
stretching transitions is significantly wider than that of the OH- our use of an isolated local mode to describe the OH-stretching
stretching transitions. potential. The cluster of peaks at about 4500 ¢ii8 assigned
The NID spectrum of phenaly has been recorded and to the first overtone of CD-stretching vibratiodd{cp = 2),
assigned previousBE The strong peak at 3656 crhand a based on its vibrational frequency and the similarity of the
cluster of peaks around-3000 cm! are assigned to the  spectral profile to that of thucy = 2 band in the phenaly
fundamental OH- and CH-stretching modes, respectively. In the spectrum.
3700-5500 cm! region, peaks were generally assigned to  The NID spectrum of phenals also shows the cluster of
combination bands involving one quantum of OH stretching and peaks located around 4500 chwhich is assigned thvcp =
another fundamental vibration such as a ring méde. 2, with the structure of this band being similar to that observed
The overtones of the CH- and OH-stretching vibrations are in the phenolds spectrum. The sharp bands at 2701, 5307, and
easily assigned on the basis of vibrational frequency and 7826 cnt! are readily assigned to th&vop = 1, 2, and 3
intensity. The clusters of peaks around 6000 and 9000'cm transitions, respectively.
are assigned to the first overton&:cy = 2) and the second The NID spectrum of phendl; is assigned by comparison
overtone Qucy = 3) of the CH-stretching vibrations. The to the NID spectra of phenaly and €s. The sharp bands at
spectral profile of the CH-stretching regions is complicated both 2699, 5308, and 7828 crhare assigned to thAvop = 1, 2,
by the number of nonequivalent CH oscillators and by resonanceand 3 transitions, respectively, and the clusters of peaks around
coupling to lower frequency modes, in particular Fermi reso- 3000 and 6000 cr# are assigned thucy = 1 and 2 transitions.
nance between the CH stretching and bending modes. The sharfThe observed OH-stretching transition frequencies for phenol-
peaks at 7143, 10 461, and 13 612 énare assigned to the  dy and ds are summarized in Table 3, and the OD-stretching
first, second, and third OH-stretching overtones, respectifely. transitions in phenoth and ds are summarized in Table 4. The
The OH-stretching transition wavenumbers observed in the fitted local mode parameters for the OH- and OD-stretching
NID spectrum compare well with those obtained from room- modes in all isotopomers are given in Table 2.
temperature measurements, as shown in Table 1. A fit of the The ratio of OH- and OD-stretching frequencies and anhar-
observed NID wavenumbers to eq 3 led to the Morse oscillator monicities in the phenatly and €; pair and in the phenals
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TABLE 3: Calculated and Observed OH-Stretching
Frequencies (cn?) and Calculated Oscillator Strengths for 0.1 1 L 0.003
Phenoldy and Phenolds? Jo e
phenold, phenolds 0.08 7 fron =2

v 7 f 7 f £ 0.06 - - 0.002
1 3656 (3656) 7.9% 10°¢ 3657 (3658) 7.9 1078 E Plow e
2 7143 (7143) 6.8% 1077 7143 (7141) 6.9% 1077 2 0044 Bonton T || a3
3 10462 (10461) 2.84 10 10457 (10459) 2.94 1078 Aven = 2 - 0.001
4 13611(13612) 1.5%10° 13600 1.66x 10°° 0.02
5 16593 1.34¢< 1071° 16570 1.4% 10710 /‘

aNID experimental peak positions in parentheses. Oscillator strengths °7 ‘( g 0

are calculated with the QCISD/6-31#G(2d,2p) dipole moment

functions and local mode parameters from Table 2. 6000

7000 8000 9000
Wavenumber (cm™!)

10000

TABLE 4: Calculated and Observed OD-Stretching
Frequencies (cnt!) and Calculated Oscillator Strengths for
Phenold; and Phenoldg?

Figure 3. Conventional vapor-phase NIR spectrum of phemofhe
spectrum was measured with a path length of 20.25 m=at19 °C
where the pressure is0.2 Torr.

phenold; phenolds
v v f v f D
1 2699 (2699) 4.4610°°  2701(2701) 4.3% 10°©
2 5308(5308) 2.6x 1077 5309 (5307) 2.68 107
3 7828(7828) 7.7% 10°  7825(7826) 8.1% 10°
4 10258 3.06< 1071° 10248 3.35x 10710
5 12598 1.8% 10t 12579 2.13x 1071
aNID experimental peak positions in parentheses. Oscillator strengths
are calculated with the QCISD/6-31#G(2d,2p) dipole moment
functions and local mode parameters from Table 2.
and dg pair is very similar. The lack of change in these ratios CLPAS

upon deuteration of the ring supports our assumption that the
OH- and OD-stretching vibrations are essentially uncoupled
from the CH (CD)-stretching and ring modes. The ratio of the
frequencies is 1.3715 (1.3710), slightly lower than the theoretical
expected value of 1.3736. This small difference is possibly due
to the influence of the COH (D) bending modes. Sage has shown
that the change in OH (OD) bond length upon vibrational
excitation changes the zero-point vibrational energy of the
bending mode& This effect would be slightly larger for the
OH-stretching modes than for the OD-stretching modes and thus
lead to a frequency ratio that is slightly smaller than the
theoretically expected ratio is in agreement with our observa-
tions.

Room-Temperature Spectra. We have recorded room-

LI e e L — T T T T T

T

10450
Wavenumber (cm )

Figure 4. Jet cooled NID spectrum and room-temperature vapor-phase

ICL-PAS spectrum of phenal, in the Avoy = 3 region.

I I
10350 10400 10500 10550

and one quantum of another vibrational mode. This other

temperature vapor-phase spectra of phenol imthg, = 1-5 vibrational mode is labeled in Figure 3 using the notation from

regions and\vcy = 1—4 regions with FT-IR, conventional long  Bist et al®® The lowest energy transition of these was previously

path length, and ICL-PAS spectroscopy. The observed OH- observed in the spectrum of pherdplin CCl,.%°

stretching peak positions are listed in Table 1. The OH-stretching transitions show PQR rotational structure
The FT-IR spectrum in the fundamental region is presented in the room-temperature spectrum. In Figure 4 we compare the

in the Supporting Information (Figure 1S). For longer scans, it spectrum of phenadly in the Avoy = 3 region at room

showed a broad feature around 3450 “émindicative of temperature (ICL-PAS) and at jet-cooled conditions (NID). The

hydrogen-bonded OH-stretching transitions and is likely a result full-width at half-maximum (fwhm) is 24 cmt in the ICL-

of a small amount of phenol condensing on the windows. The PAS spectrum and 31 crhin the conventional spectrum (not

photoacoustic spectra in teoy = 4 and 5 regions are similar

shown). The NID spectrum shows an approximately Lorentzian

to those presented previously and are shown in Figures 2S anddand shape with a fwhm of 2.8 cth The mechanisms relating

3839

In Figure 3, we show the conventionally recorded spectrum
of vapor-phase phenaly in the 5506-10700 cn1! region. The
Avon = 2 and 3, andAuvcy = 2 and 3 transitions are the most

to the line widths will be discussed later. The fwhm of the other
OH-stretching transitions at ambient temperature are 27 cm
(von = 2, conventional), 23 cmt (von = 4, ICL-PAS), and 29
cm ! (voy = 5, ICL-PAS).

intense features. Three weaker features are observed on the low- OH- and CH-Stretching Band Intensities. The experimen-

frequency side of th&vcy = 3 band at about 8300, 8480, and

tally determined oscillator strengths of the OH-stretching

8615 cntl. These bands are better resolved in the NID spectrum transitions in phenoth are compared to those calculated with
where it becomes apparent that the feature around 8306 cm our anharmonic oscillator (AO) local mode model in Table 5.

comprises two peaks at 8293 and 8314 énand the other two
bands are observed at 8486 and 8619 krwe assign these
bands to combinations involving two quanta of OH-stretching

We have used the local mode parameters from Table 2 and three
different ab initio dipole moment functions to calculate the
transition oscillator strengths.
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TABLE 5: Calculated and Observed Oscillator Strengths of 14>, |
the OH-Stretching Transitions in Phenol-dy {
v experimental HE B3LYPd QCIsP Vas ru
1 71x10% 144x10° 7.85x10° 7.93x 10° 40505 Toem
2 57x107® 6.15x 1077 7.17x 1077 6.87x 1077 13>, | 13>, m 13>, 134 lI
3 22x108  273x10% 3.60x10%® 2.84x 1078 | /] |' i
4 16x10°% 164x10° 233x10° 1.59x 10° A [ I\
5 26x 1019 141x10°1° 158« 1070 1.34x 10710 ey, A o IS R G v T S e sl Claee
6 1.74% 1011 1.65x% 1011 1.66x 1011 A0 -5 0 5 W0 -0 -5 0O 6 10 -0 -5 O 5 10 A0 6 0 510
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In the fundamental region we determined experimental I "\ ),.'l (\ /]
oscillator strengths of 7.2 107% and 7.6x 107 for the OH- — k—m — )\
and CH-stretching bands, respectively. Etzkorn et al. recently llucﬂni.oi{ " ii%:,,u‘;.ofj LR csu';ou o o Esni.o';l’) 10

reported the OH-stretching fundamental intensity of phenol and
other monocyclic aromatic hydrocarbdi¥sTheir integrated
cross section determined for the OH-stretching fundamental ban
in phenol was (6.3 0.22) x 10! cm molecule?, or an
oscillator strength of (7.3 0.25) x 1075, which is in excellent
agreement with our present results, as well as in reasonable
agreement with previous values of (8:10.7) x 10 ¢and 7.8 isolated Morse oscillators to describe the OH- and OD-stretching
x 1076 determined in the 1960s by Brdinand Ingold?? potentials. It is clear that the intensity of the OD-stretching
respectively. Davidsson et #.measured an integrated cross transition drops off faster with increasing overtone com-
section of (6.4+ 1.4) x 10* fm2, with FTIR spectroscopy, which ~ pared to the OH-stretching transition, in agreement with the
corresponds to an oscillator strength of (2.®.6) x 1076 and experimental observation shown in Figure 2 and the lower
is likely an underestimate of the true intensity. Their spectrum anharmonicity of the OD bond compared to the OH bond.
was acquired over a period of 1 h, during which some phenol The individual CH-stretching transitions and intensities have
may have adsorbed to the cell walls, resulting in an under- not been resolved, but we have measured the absolute intensity
estimated oscillator strengfA. of the total CH-stretching region in phendy- These measured
The fundamental intensity has been calculated both with our intensities agree reasonably well with CH-stretching intensities
anharmonic oscillator model, as detailed in the theory section, determined with the ab initio calculated and scaled local mode
and also with the so-called double-harmonic approximation, parameters (Table 4S). Relative intensities are easier to measure
which assumes harmonic potentials and linear dipole momentaccurately than are absolute intensities. The relative intensity
functions, within the Gaussian progré&hAs seen in Table 5,  of the Avoy = 3 to Avey = 4 transition is measured in our
fundamental intensities calculated with the anharmonic oscillator ICL-PAS spectrum to be about 8.4, which compares well with
model and QCISD or B3LYP dipole moment functions are a calculated ratio of 10.7 at the HF level.
within 10% of the experimental intensity. The HF calculated = The agreement between the calculated and experimental
intensity is overestimated by a factor of 2, which shows the intensities is very good for the overtones, which span several
importance of electron correlation for an accurate prediction of orders of magnitude. The addition of electron correlation in the
fundamental intensitié®. The double harmonic intensities are  dipole moment function leads to little or no improvement for
1.88x 10°and 1.16x 10~ for the HF and B3LYP calculation,  the overtone transition intensities. This apparent insensitivity
respectively, or about 40% higher than the AO intensities with of overtone intensities to electron correlation has been noted
both levels of theory. The double harmonic B3LYP intensity is previously for a number of moleculé&%:67
about 50% higher than the experimental value. This shows that  OH- and OD-Stretching Bandwidths. The band profiles of
the use of anharmonic oscillators in the vibrational model and each of the OH- and OD-stretching transitions of phetl-
inclusion of higher than linear terms in the dipole moment -d,, -ds, and €s are shown in Figure 5. The calculated rotational
expansion are both important for the accurate prediction of profiles are shown as the lower curves. The calculation of
fundamental intensities. rotational profiles will be discussed later. Despite the similar
Davidsson et al. determined the experimental intensities of nature of the molecules a wide range of bands are observed
the Avon = 4 and 5 transitions from the photoacoustic spectra with asymmetric profiles and widths in the-10 cnT?! range.
by a comparison with overtone transitions in BDTheir The apparent three-peak structure in theoy = 1 band of
oscillator strength of 1.6< 107° (+25%) for theAvony = 4 phenoldp is an artifact of a broad peak perturbed by IR laser
transition is in good agreement with our estimated oscillator power variations due to the absorption by atmospheric water,
strength of 1.3x 107°. Our estimate was made by comparing which could not be completely accounted for.
the relative intensities of thAvon = 3 andAvon = 4 bands The origin of the bandwidth and shape is determined by a
measured in our ICL-PAS spectrum and the absolute intensity number of factors: the rotational structure (band type); the
of the Avony = 3 transition obtained from our conventional rotational temperatur&. in the jet; the line broadening due to
spectrum. the relaxation such as intramolecular vibrational energy redis-
In Tables 3 and 4 we present the AO calculated frequenciestribution (IVR); and the line width of the IR laser. The line
and intensities of the OH- and OD-stretching transitions in the width of the IR laser is less that 0.1 cfrand thus much smaller
deuterated phenols. The observed and calculated frequencieshan any of the observed bands and is not likely the main factor
agree well for all phenols, which again justifies the use of for the observed widths and shapes.

Figure 5. NID spectra of the OH- and OD-stretching transitions in

djet-cooled phenoth, phenold;, phenolds, and phenobls (black curves).
Calculated band shapes (red curves) at 0.5 K are shown within the
observed spectra.
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Figure 6. Calculated rotational contours for a pure a- and b-type
rotational band in phenalo, simulated afT,, = 1 and 5 K for 0.1
cm ! line widths of the individual rotational lines assuming Lorenztian
line shapes.

We have simulated the theoretically expected rotational
envelope. The andb rotational axes of phenaly are shown
with the molecule in Figure 6 and are very similar for the other
isotopomers. The CO bond is almost parallel with #axis,
whereas the OH bond lies largely along Haxis. The rotational
structure depends on the direction of the transition dipole
moment (TDM) of the vibrational transition. If the TDM was
simply along the OH bond, the rotational structure would be
very close to b-type, in which the Q-branch is very weak and

the band contour is split into separate P- and R-branches.

However if the TDM was along thea-axis the rotational
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A Lorentzian profile of 0.1 cm! width is assumed for each
rotational line. The overall width of the bands increase from
~lcmtatTo=1Kto~3cmtat5K. The rotational bands
are of the a/b hybrid type with more pronounced a-type character
asv increases. This variation is much clearer in the rotational
profile & 1 K rather than that at 5 K. The effect of this rotation
on the band profile is limited, and the direction of the TDM is
difficult to determine from experiment, unless the spectra are
rotationally resolved! The simulated rotational structure for
the other isotopomers is very similar and is not shown. These
simulated bands show rotational structure that is not seen in
the observed transitions shown in Figure 5 exceptIorioy in
phenolds, as we will show.

The lifetime of |1> oy in phenolds has been reported as 80
ps by the picosecond RRUV pump—probe experimerft This
lifetime corresponds to a 0.07 crh broadening of each
rotational line, which is comparable to or narrower than the
resolution of our IR laser. If IVR is ignored, we can simulate
the profile of this band and determine the rotational temperature
Tro. In Figure 8 we compare the calculated band profiles of
|1>on in phenoléds at variousT,o; with the observed band profile.
We find that the band profile calculated féf,; = 0.5 K is a
close match to the observed band. This suggests thét the,
state in phenobs is not coupled to any doorway states or that
the involved doorway states are lying very close.

We know thafT,.; of phenolds is the same as that of phenol-
ds because both were measured in the same supersonic jet
expansion. It is also reasonable to assume Thatwvould be
the same for the other two isotopomers. The band profiles
calculated assuming.: = 0.5 K are shown in Figure 5 for all
four phenol isotopomers and are compared with the observed
bands. The calculated band profiles have a width of less than 1
cm~!and are narrower than the observed band shapes. It is clear
that the observed overtones are broadened by IVR and that is
why we cannot resolve the clear rotational structure.

The broadening due to IVR is consistent with the significantly
shorter lifetime of the phenal, fundamental (14 ps) compared

structure would be a-type and a strong Q-branch would be with that of phenolds. In the statistical limit, without specific

evident. In Figure 6 we show the simulated rotational band

states to which the excited states are strongly coupled, the IVR

structure for an a- and b-type band, respectively, simulated atrate would be proportional to the state density in the bath. The

1 and 5 K with individual rotational transitions having a line
width of 0.1 cnt! and a Lorentzian line shape. None of these
band profiles are similar to the measured profiles shown in
Figure 5.

We have calculated the TDM of the different OH- and OD-
stretching transitions simply as the vector defined fy}z|O0P.

bath density rapidly increases in going from the fundamental
vibrational region to the overtone. If we assume harmonic
frequencies, the state density #8110 states/cmt in the
fundamental region increasing te4 x 10° states/cm! atv =
4. The observed bands in Figure 5 clearly show that the
bandwidth behavior is far from the statistical limit. This strongly

The TDM shows significant change in its direction with suggests that the band shapes are distorted by the line broadening
vibrational excitation, as also observed in a few other from relaxation and that the different band shape reflects the
molecules$® 71 The TDM is not located along the OH bond, difference of the IVR processes including selected resonances
as one might expect, but for the fundamental transition it is which would give rise to multipeak shapes. Page et al. showed

located approximately between tle and b-axis. For the
vibrational overtones it rotates toward thexis asv increases.
The rotation of the TDM in phenaly with vibrational excitation

that the IVR processes in a typical large molecule, such as
benzene, are not at the statistical limit, and specific doorway
states in the so-called “tier-model” are importahThey found

is illustrated in Figure 7. Thus the rotational bands are of the bandwidths in benzene of about-40 cn1?, similar to those

a/b hybrid type with more pronounced a-type character as
increases. It is not surprising that the TDM has a different
direction for the various transitions as the intensity of these

we find for phenol. More recently, it was found that the IVR of
the fundamental transitions of pherl--di;, and ds relied on
doorway states and that the widths were dependent also on the

transitions depends on different derivatives of the dipole moment strength of the coupling to these doorway stdé€éin the tier-

function, whose components along tlee and b-axis are
different?’2 The rotation of the TDM is very similar for phenol-
ds and for OD-stretching vibrations in the other isotopomers.

model, the initially prepared state strongly couples with specific
doorway states in the bath. These doorway states subsequently
couple with other bath states. We consider this IVR tier-model

In Figure 7, we also show the rotational band structure for the with regard to our recorded OH- and OD-stretching overtone

OH-stretching transition in phenadly simulated with the cal-

culated TDM of the fundamental and three vibrational overtones.

spectra and try to explain qualitatively the observed change of
bandwidth.
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Figure 8. Observed NID spectrum of the OH-stretching fundamental
in phenolds (top trace) and simulated rotational contours Ta =
0.3,0.5,0.7, 0.9, 1, a2 K with 0.1 cn7! line widths of the individual
rotational lines.

vibration. The combination state of CH stretchinrg3000 cnt?)

and one of the numerous CC skeletal modes00 cnr?t) would
have a vibrational frequency e£3600 cnt?, which can be
resonant with the OH-stretching state. Then, the OH-stretching
state can be relaxed quickly through this doorway state. This
accidental resonance will be less likely the higher the overtone
as the OH-stretching vibration has a high anharmonicity and
the frequency difference between subsequent OH-stretching
transitions decreases. Thus the coupling will be weaker, the IVR
rate slower, and the bandwidth narrower. The same explanation
is applicable to the IVR in phenals and is in agreement with
the observed decrease in bandwidth with increased vibrational
excitation.

On the other hand, the same accidental resonances are not
nearly as likely for the partially deuterated phenols, phehol-
and ds. In the former, the CH-stretching states lie higher than
the OD-stretching state (Figure 2), and in phedglthe energy
gap between the CD- and OH-stretching vibrations-i00
cm™t, which is an infrequent frequency in pherdl-In these
two molecules the IVR from the OH- or OD-stretching state
might be driven mainly by a number of weakly coupled doorway
and/or bath states, and its rate will simply increase with
vibrational excitation according to the increase of the density

An interesting point is that the bandwidth changes somewhat of the states in the bath. Our argument is quite qualitative but

regularly with the vibrational quantum number. In phedgl-

does offer an explanation for the systematic change of the

and ds, the bandwidths decrease with increasing vibrational bandwidth of phenol and its deuterated isotopomers.

quantum number, whereas in phewiland ds, an increasing

We have attempted to find specific doorway states by looking

bandwidth is observed as the quantum number increases. In bottat combinations of all the vibrational mod&sHowever, at
phenold, and ds the same trend is observed despite the bands present, it is quite difficult to specify the doorway state on the

arising from OH- and OD-stretching transitions, respectively,
and a similar trend is observed for phemigland €;. This
suggests that the CH(CD) vibrations are critical to the IVR in

basis of the theoretical calculations because we cannot calculate

these accurately enough. Recall that the bandwidths are at most

10 cnt! and the vibrational states would have to be calculated

OH(OD)-stretching overtones and that the energy separationwith sub-cnT! accuracy. This is not possible for molecules of
between the OH(OD)-stretching and CH(CD)-stretching vibra- this size, not even for the fundamental harmonic frequencies.
tions plays an important role. The significant difference in Another complication is that vibrational frequencies change with
lifetimes of the fundamental OH-stretching state observed for OH-vibrational excitation. The B3LYP calculated harmonic

phenold, and s also strongly suggests involvement of CH-
stretching state®

frequencies for the phendl and phenolp in which the OH

bond was stretched by an amount equivalent to the average OH

Let us assume that the OH-stretching vibration is strongly bond length displacement at they = 3 vibrationally excited
coupled with a doorway state that includes the CH-stretching state ¢0.11A) are compared in Table 3S. Relatively small
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We have measured the fundamental and first two OH- and  gphorting Information Available:  Two tables with B3LYP/
OD-stretching overtone transitions in phenol and its deuterated 6-311+-+G(2d,2p) calculated harmonic frequencies, one table
isotopomers phenaly, -ds, and ds in a supersonic jet by non-  \ith CH and OH bond lengths, one table with the QCISD
resonant ionization detected spectroscopy. The room-temperaturgstimized geometry, one table with calculated CH-stretching
vapor-phase IR and NIR spectra of phenol are also recordedintensities; three figures with the room-temperature IR and the
using conventional and photoacoustic spectroscopy. The posi-y R spectra in theAvoy = 4 and 5 regions. This material is

tions and intensities of the OH-, OD- and CH-overtone gyaijable free of charge via the Internet at http:/pubs.acs.org.
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