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We have recorded the CH-, OH-, and OD-stretching fundamental and overtone spectra of catechol (1,2-
dihydroxybenzene, pyrocatechol) and selectively deuterated catechol. Conventional and intracavity photo-
acoustic spectroscopy were used to record room temperature spectra of catechol in solution and in the vapor
phase, whereas nonresonant ionization detected spectroscopy was used to study catechol in a supersonic jet.
The spectra can be explained in terms of a local mode model with one oscillator for each of the nonequivalent
CH, OH, or OD bonds. Intensities of the CH-, OH-, and OD-stretching transitions were calculated with an
anharmonic oscillator local mode model and ab initio determined dipole moment functions. Our simple
calculations are in good agreement with the observed intensities. Line widths in the jet-cooled spectra are
discussed in terms of intramolecular vibrational redistribution. The spectroscopic and theoretical results are
in agreement with a relatively weak intramolecular hydrogen bond.

Introduction O/H,,

The structure of the electronic ground state of catechol (1,2- H "'o\
dihydroxybenzene, pyrocatechol) has been determined by vari- : H,
ous methods such as microwave spectroséép¢sray diffrac- - -

b d

tion 34infrared and Raman spectroscdpy? and more recently,
by ab initio and density functional theory calculatid#s!® The H,

consensus of these studies is that the electronic ground state oFigure 1. B3LYP/6-311+G(2d,2p) optimized structure of catechol
catechol has a p|anar geometry(wsymmetry as depicted in is planar with the fO”OWing bond Iengths in A: QH=0.9644, OH=
Figure 1. The two hydroxyl groups in catechol form an 0-9608, CH=1.0808, CH =1.0807, CH=1.0805, CH = 1.0835.
intramolecular hydrogen bond, with one hydroxyl group acting
as the hydrogen donor or bonding group, §)End the other
acting as the acceptor or free group, Ofhe experimental
hydrogen bond energy of catechol is 2.3 kcal/#hwalhereas ab
initio and density functional theory (DFT) calculations yield a
bond energy of approximately 4 kcal/mol at various levels of
theory-12The theoretical hydrogen bond strength is determined
as the energy difference between the conformer in Figure 1,
and the conformer in which the QHiydroxyl group is rotated
by 180 to minimize steric interaction. This intramolecular
hydrogen bond is relatively weak compared to intermoleculal

hydrogen bond¥ For example, in the water dimer the hydrogen local mode parameters can be_ dete_r ”.".”ed from sel_ected
bond energy is about 5 kcal/mé. observed transitions. Combined with ab initio calculated dipole

We have recorded the CH-, OH-, and OD-stretching funda- moment functions (DMFs) the HCAO local mode model has
mental and overtone spectra’of ca{tecﬁpl—dl and 6, in a been successful in the calculation of XH-stretching overtone
supersonic jet, in the vapor phase, and in @,@Sution The intensitiest’2425Recently we have used ab initio determined
vapor pressure of catechol is low (approximately 0.03 Torr at [0cal mode parameters and DMFs with the HCAO local mode

20°C) and overtone transitions in catechol have not previously model to simulate overtone spectrasof species for which the
been recorded. Due to the low vapor pressure, sensitive SPectra have not yet been observed:

spectroscopic techniques have to be used to record the vapor In th,'s paper, we have calculated the CH.". OH-, and OD-
phase overtone spectra of catechol. Room temperature Vapc),stretchlng fundamental and overtone intensities for catechol.
phase overtone spectra have previously been recorded for the>€cause all the CH_’ OH (OD) bonds in _catechol areé nonequiva-
solids phendf and naphthalerdé with intracavity laser pho- €Nt and the coupling between them is expected to be very

25 i
toacoustic spectroscopy (ICL-PAS), and spectra of jet-cooled ;mall, the HCAQ Ipcal mode model reduces to that of a simple
isolated anharmonic oscillator (AO) local mode model for each

*To whom correspondence should be addressed. E-mail: henrik@ Of the nonequivalent bonds. We have compared our theoretical
alkali.otago.ac.nz. Fax:-64-3-479-7906. and experimental intensity results.

phenol have recently been recorded by nonresonant ionization
detected (NID) spectroscop§l® We have used the sensitive
ICL-PAS and NID techniques to record the overtone spectra of
catechol. We compare our present results for catechol with
previous results obtained for pher8/t8.1°

Overtone spectra are successfully explained within the local
mode model of molecular vibratic¥:22 The peak positions in
XH-stretching (where X= C, N, O, etc.) overtone spectra can
be calculated with a harmonically coupled anharmonic oscillator
¢ (HCAO) local mode model with reasonable accuréc3? The
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We have previously found that the overtone transitions of laser was delayed by 50 ns with respect to the-NRR laser.
the hydrogen bonded OH bond in hydrated complexes are The generated cations were pushed into a detector chamber by
sensitive to the choice of ab initio meth&t® However, no a repeller at an appropriate voltage (typically 15 V/cm) and were
overtone spectra of hydrated complexes are available for detected by a channel multiplier (Murata Ceratron) through a
comparison yet. We have considered the internal hydrogen bondquadrupole mass filter (EXTREL). The signal was amplified
in catechol for which we could both measure and calculate the by a preamplifier (EG&G PARC 115) and was integrated by a
overtone transitions in an attempt to improve our understanding digital boxcar (EG&G PARC 4420/4422). The integrated signal

of the hydrogen bond. was recorded as a function of theHRIIR laser wavelength.
Vapor of catechol heated to AT was seeded in He gas (2
Experimental Section atm) and the mixture was expanded into the vacuum chamber

) . through a solenoid valve. Catectil-and d, were obtained
Crystalline catechol (Aldrich, 98% or Wako, 99%) was used  from mixing catecholy with D;O. The spectra of catechds;

without any further purification. The room-temperature vapor _q; and d, were separated by the quadrupole mass filter.
phase spectrum of catechol was recorded in\thg, = 3 region Catechol was dissolved in G3o produce a 0.004 59 M
with ICL-PAS at the University of Otago. Our version of ICL-  go|ytion used to record the fundamental CH- and OH-stretching
PAS is similar to other versions that have been described region and a 0.007 23 M solution used to record the overtone
previously?%3°Briefly, a Coherent Innova Sabre argon ion laser regions. Partially deuterated catechet60% atom D) was
running at all lines with 16 W of output power was used 10 gynihesized by adding excessto catechol and stirring for
pump a Coherent 890 broadband titanium:sapphire laser with " gays and the solvent was evaporated. The solution spectra
long-wave optics. The photoacoustic cell contained a Knowles of an approximately 0.0073 M solution of partially deuterated
Electronics, Inc. EK3132 electret microphone, and its S|gna_l catechol in Cswere recorded with a 1-cm quartz cell for the
was sent to a Stanford Research Systems SR830 lock-infngamental region and a 10-cm quartz cell for the overtone
amplifier. The laser was intensity modulated with a Stanford_ regions. Equivalent quartz cells filled with €%ere used in
Research Systems SR540 mechanical chopper, and the lock-ifpe reference beam path for the overtone scans. A Varian Cary
amplifier was referenced to the quulatlon frequency. The laser 5o Uv—visible-NIR spectrophotometer was used to record the
output power was measured with a Coherent LaserMate-Q so|ytion phase spectra. The spectra were recorded with a fixed
power meter fitted with a 1000:1 attenuator. The power meter spectral bandwidth (slit width) of 1.0 nm and at the ambient
output was sent to an Agilent 34401A digital multimeter after temperature of 22C. The fundamental regions were also
voltage integration \{vith a resistﬁcapaciyor (RC) circuit_anql recorded with a Bruker Equinox 55 FTIR fitted with a KBr
was used to normalize the photoacoustic signal. The titanium: paam splitter and a DTGS detector. The FTIR spectra were
sapphire laser was tuned with a three plate birefringent filter (o-orded with a resolution of 1 crhand 128 scans.
rotated by a stepper motor attached to a micrometer screw. The - gjactic Grams/32 (v5.03) software was utilized for spectral
three plate birefringent filter gives a line width of 1 cinOur curve-fitting of ICL-PAS and solution phase spectra. Spectral

pho_toacoustic apparatus _is computer controlled thr_ough 3hands were curve-fitted with Gaussiaorentzian mixture
National Instruments IEEE interface. The wavelength calibration ¢, tions to a linear baseline. and no other constraints were

of the scans was conducted with a Burleigh WA-1000 waveme-
ter. The photoacoustic cell was filled with argon buffer gas at
a pressure of 180 Torr to increase the photoacoustic sigial.
The absolute absorbance of a sample is not known with our
ICL-PAS apparatus; however, relative intensities can be obtained ;
from the ICL-PAS Spectra. Theory and Calculations

The spectrum of jet-cooled catechol was recorded with NID ~ The dimensionless oscillator strendtiof a transition from
Spectroscopy at the Institute for Molecular Science. The the ground vibrational Stat@ to an excited vibrational stae
experimental details of NID spectroscopy have been describedis given by433
in detail elsewheré®19Briefly, NID is a IR—NIR/UV double
resonance spectroscopic technique which selectively detects a f=4.702x 10 "[cm* D_2]1~’e9|ﬁeg|2 1)
vibrationally excited molecule. The UV laser radiation is fixed
to a wavelength such that only vibrationally excited molecules
generated by the IRNIR laser can be ionized by nonresonant
2-photon ionization. In the present study, the second harmonic
of a Nd*":YAG laser (Spectra Physics: GCR-170) was used to b
pump a dye laser (Lumonics: HD-500) which was frequency
doubled to produce 307.5 nm UV radiation. Tunable-NR
radiation was obtained by the differential mixing technique or
from an OPO laser. The second harmonic of the YAG laser
(Continuum:Powerlite 8010) and the output of the dye laser
(620-670 nm) were differentially mixed in a LiNd{crystal
(Inrad: AUTO-TRACKER-II) to give radiation in the 3:m
region. Differential mixing between the fundamental of the YAG
laser and the dye laser produced NIR radiation in the-2.8
um region. The OPO laser (Spectra Physics:MGMB/GCR- 5 B
PRO250) was used to cover the @7 um region. The line (H = Eg/hc= vo — (" + v)dx (2)
width of the IR/NIR laser was less than 0.1 chin all regions.
Both UV and IR-NIR beams were coaxially introduced into a whereE pnis the energy of the vibrational ground state a@nd
vacuum chamber where they crossed a supersonic jet. The UVandax are the local mode frequency and anharmonicity of the

applied to the curve-fitting procedure. The NID spectra were
deconvoluted into Lorentzian peaks with a linear baseline with
the Igor Pro (v. 3.16) curve-fitting program.

whereTggis the transition frequency in crh andzieq = [&[zi|g0
is the transition dipole moment in Debye (D).

The catechol structure in Figure 1 has two nonequivalent OH
onds and four nonequivalent CH bonds. The coupling between
CH- or OH-stretching oscillators is usually only significant if
the oscillators share a common heavy at8#f.Thus, the CH-
stretching overtone vibrations in catechol can to a good
approximation be described by four isolated nonequivalent local
modes and similarly the OH-stretching vibrations as two isolated
nonequivalent local modes. The wave functions of the CH- and
OH-stretching modes are each described by a Morse oscillator
with the Hamiltonian
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TABLE 1: Scaling Factors for Local Mode Parameterst
HF/6-311+G(2d,2p) B3LYP/6-31%+G(2d,2p)

Kjaergaard et al.

TABLE 2: Observed OH-Stretching Peak Positions and
Experimental Local Mode Parameters (in cnrl)a

= p o p method bondAv=1 Av=2 Av=3 Av=4 2} DX
bond sf@ sf wx sfa sf wx
NID OHp, 3611 7063 10318 13406 37887 87.1+1.8
OH 0.912 0.912 0.996 0.872 OH 3668 7188 10512 13679 38398 83.5+2.2
CH 0946 0.909 0.990 0.861 PAS O 10317
aScaling factors were obtained as the ratio of experimental local OH 10511
mode parameters to calculated parameters for the OH bond in phenol 8:b gggi sggg ig%gg g;gﬁ 216 gzgi gg
: ¢ . .
and for the CH bond in benzene. calcb OH, 3617 7066 10346 13457 3786 84.4
OHf 3670 7172 10507 13673 3838 83.9

oscillator, respectively. The associated Morse oscillator eigen-
functions are required to calculate the transition dipole moment.

The DMF for each of the local modes is approximated as a
series expansion in the internal €Hor OH-stretching displace-
ment coordinateg, and can be written as

5

ae =3 ad (3)
1=
The expansion coefficients
! |I aq' e

are determined from ab initio or density functional theory (DFT)
calculations of the dipole moment at the equilibrium geometry
and at geometries in which the bond is displaced from its
equilibrium. The dipole moment is calculated at nine points
obtained by stretching the bond 0.2 A in steps of 0.05 A.

All ab initio and DFT calculations were performed with
Gaussian 94° The optimized geometry was confirmed by a
frequency calculation that yielded no imaginary eigenvalues.
The calculated harmonic frequencies are given as Supporting
Information in Table 1S. We have used the self-consistent-field
Hartree-Fock (HF) and the B3LYP level of theory both with
the 6-311#+G(2d,2p) basis set.

The OD-stretching vibrations in the deuterated catechol 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 thus in th
transition dipole moment.

Scaling Factors.The local mode parametei®,andx, are
typically obtained from a fit of the experimentally observed local
mode peak position$ to a two-parameter Morse oscillator
energy expression

vy =a — (v + 1)ox (5)
We have used this method to determine the local mode
parameters for the OH- and OD-stretching modes. For the four
CH-stretching modes, it has not been possible to resolve four

€

aUncertainties given are one standard deviatidalculated with
the B3LYP/6-311#+G(2d,2p) method and the scaling factors from
Table 1.

benzene, a molecule for which the experimental vapor phase
local mode parameters have been determffistle have also
determined scaling factors for the OH bonds in catechol from
experimental and calculated local mode parameters of the OH
bond in phenol. The determined scaling factors are given in
Table 1. We have compared our experimentally obtained local
mode parameters of the OH bonds in catechol with the scaled
ab initio calculated values in Table 2.

Results and Discussion

The optimized geometry of catechol is shown in Figure 1
which also shows the labeling used. The B3LYP/6-8%1G-
(2d,2p) calculated CH and OH bond lengths are reported in the
caption to Figure 1. The HF/6-3%HG(2d,2p), B3LYP/6-31G-

(d), and B3LYP/6-311+G(2d,2p) geometry optimized param-
eters are given as Supporting Information in Table 2S. The HF/
6-311++G(2d,2p) calculated bond lengths are all shorter than
those calculated with the B3LYP method; however, the relative
bond lengths are similar between the two methods. Individual
vibrational overtone transitions of nonequivalent bonds are
consistently resolved when the bond lengths differ by as little
as 1 mAl7.21 The three CH bonds labeled GHCHy, and CH
have similar bond lengths, and the three individual CH-stretching
transitions are unlikely to be well resolved experimentally. The
CHg bond is about 3 mA longer and the associated transition is
xpected to be resolved and occur at a lower wavenumber.
Usually, the shorter the bond the higher the vibrational
frequency?! The calculated bond length difference between the
hydrogen-bonded OH bond, @Hand the free OH bond, QH

is 2.4 and 3.6 mA with the HF and B3LYP methods of
calculation, respectively, in good agreement with other recent
theoretical calculations:12 Thus, with an OH bond length
difference of more than 2 mA, we expect a significant splitting
between the observed @Qlnd OH vibrational transitions. The
OH; bond is shorter than the QHond and we expect the @H
stretching transitions to lie at a higher wavenumber. Compared
to our calculated OH bond length in phenol (0.9615 A with

isolated transitions. Thus, it has not been possible to determineB3LYP/6-31H-+G(2d,2p)), the OB bond is significantly

the experimental CH-stretching local mode parameters. How-
ever, the local mode parameters can be obtained from ab initio
calculated anharmonic potential energy curves along the CH-
stretching coordinate®:36 To calculate the local mode param-
eters, both the second and the third-order derivatives of the
potential energy curve are requiré®® Ab initio and DFT
calculations typically overestimate fundamental vibrational
frequencies, so an empirical scaling factor is usually applied to
obtain better agreement with experimental observafibhge

longer and the OHbond is slightly shorter. An NID overview
spectrum of jet-cooled catechol in the region 28a@ 200 cn?

is shown in Figure 2. This spectrum clearly shows the two OH-
stretching transitions. The transitions are well separated and the
splitting increases with increasinvon. The CH-stretching
transitions are not well resolved as predicted. The overview
spectrum also clearly shows the increased dominance of the
CH- and OH-stretching pure local modes as the transition
wavenumber increases.

have used a similar technique to scale the calculated local mode Jet-Cooled and Vapor Phase SpectralThe OH-stretching

parameters. Appropriate scaling factors for the CH bonds were
acquired by comparison of calculatésl and @x values for

overtone spectra of jet-cooled catecligl-in the regions
corresponding td\voy = 2—4 are shown in Figures-35. The
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] Waver_lumber (em™) ) TABLE 3: Observed OD-Stretching Peak Positions and
Figure 3. NID spectrum of jet-cooled catechdd-in the Avoy = 2 Experimental Local Mode Parameters (in cntl)a
region.
g method bond Av=1 Av=2 Av=3 0] X
PAS NID ODy, 2666 5245 7722 27585 46.0+14
OD: 2709 5329 7862 2791 44.2+0.2
CS OD, 2630 5167 7647 270211 40.5+35
OD: 2655 5216 7722 273412 40.5+ 3.8
a Uncertainties given are one standard deviation.
OH, bond in catechol has a lower frequency and a higher
. . . : . . . . anharmonicity as expected with hydrogen bonding. The OH
NID bond is shifted to slightly higher frequency compared to the
OH bond in phenol as expected from the bond lengths.
Comparison of the jet-cooled and the room-temperature vapor
phase spectra in Figure 4 show the expected significant increase
in line width with the increase in temperature. However, the
transition frequencies determined with the two different spec-
. . : ‘ } ‘ ' . . troscopic methods and at different temperatures agree well. The
10200 10300 10400 10500 10600 transition frequencies determined from curve-fitting of the two
Wavenumber (em!) spectra differ by 1 cmt! for both transitions. This difference is
Figure 4. NID spectrum of jet-cooled and room-temperature vapor similar to the line width of the titanium:sapphire laser used in
phase ICL-PAS spectrum of catectulin the Avon = 3 region. ICL-PAS.

The OD-stretching spectrum of catecliblin the Avop = 1,
room-temperature vapor phase ICL-PAS spectrum of catechol-2 and 3 regions is shown in Figure 6 and the observed
do in the Avoy = 3 region is also shown in Figure 4. The frequencies of the OD-stretching transitions are given in Table
observed OH-stretching band positions are given in Table 2. 3. Detailed spectra of the individual OD-stretching overtones
The observed frequenciéswere fitted to eq 5 to determine  are given as Supporting Information in Figures—135. The
the experimental local mode frequen&and anharmonicity OD-stretching transitions show more structure than the corre-
@x the two nonequivalent OH oscillators in catechol. The sponding OH-stretching transitions and could not be fitted with
experimentally determined local mode parameters are also givensingle Lorentzians. The frequency of each transition was taken
in Table 2 and compared to the calculated values. It is clear as the center of the largest Lorentzian. The OD transition
from the spectra that the two nonequivalent OH bonds are well frequencies were fitted to eq 5, and the experimentally
resolved at each vibrational level. The low uncertainty of the determined local mode parameters are given in Table 3.
local mode parameters indicates a good fit to eq 5 and supportComparison of the overview spectra of catectip(Figure 2)
the assignment. Compared to the experimentally determiined and catechoth, (Figure 6) reveals that there are fewer transitions
andax values for the OH-stretching oscillator in pheldhe to states other than the CH-, OH-, or OD-stretching local modes
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TABLE 5: Calculated Local Mode Parameters in Catechol

~ Avou1 fron=t (in cm-Y)2
E pogye HF/6-311+G(2d,2p) B3LYP/6-312+G(2d,2p)
'g bond 0] X ) X
E OH, 3800 84.2 3786 84.4
3 OHs 3830 84.2 3838 83.9
kS CH, 3173 56.4 3165 57.0
CHp 3166 57.0 3160 57.5
VAR A AUV SN SUA L NI S CH, 3167 57.1 3162 57.6
2600 2800 3000W 3200 - 3400 3600 3800 CHd 3139 57.2 3100 56.8
avenumber {¢cm1)
Figure 7. NID spectrum of jet-cooled catechd}-in the OD-, CH-, aScaled with scaling factors from Table 1.
and OH-stretching fundamental regions. ) - )
TABLE 6: Calculated CH-Stretching Peak Positions (in
TABLE 4: Harmonic Frequencies (in cm™) and Oscillator cm?) in CatechoP
Strengths in Catechot bond Av=1 Av=2 Av=3 Av=4
mode o f e f CHo 3045 5975 8790 11490
Cr oo 2se a0t e 209100 c W s s L
CH 3070 1.18x 10°® 3181 7.42x 1077
CH 3084 3.73x 1078 3194 2.03x 107 a Calculated with the B3LYP/6-311+G(2d,2p) local mode param-
CH 3093 1.84x 10°© 3203 1.25x 1076 eters from Table 5.
OH, 3572 1.45x 1075 3798 1.85x 107
OHi 3626  1.06x10°° 3850 1.50x 10°* Comparison of the HF and B3LYP calculated local mode

a|ntensities from Gaussian94 assume a linear dipole in the normal parameters shows reasonable agreement between the two
coordinates. The intensities are converted to oscillator strengths by methods employed. The main difference is the lower B3LYP
muItipIica_ltion of the factor 1.876< 10-7 mol km2. ® The calculated frequencies of the Cﬁand OH) bonds. Comparison with the
;req”enc!es are scaled by a common factor of 0.9618Unscaled experimental values for the OH bonds in Table 2 shows very
requencies. good agreement for the B3LYP calculated frequencies. The HF
in the catechob, spectrum. This might be due to the higher calculated frequencies are about 10érhigher and lower for
coupling in catechotk, thus spreading the intensity to a larger the OH, and OH bonds, respectively. Neither the HF nor the
number of weak transitions which do not appear in the spectrum. B3LYP method predicts the experimentally observed increase

The OD-, CH-, and OH-stretching fundamental NID spectrum in anharmonicity of the Oklbond. The agreement between
of jet-cooled catechat, is shown in Figure 7. Coupling between calculated and observed OH-stretching transition frequencies
the two nonequivalent hydroxyl bonds would lead to frequency as shown in Table 2 is reasonable. The larger disagreement
shifts between the transitions of the isolated OH bonds in the between calculated and observeddak positions, with both
selectively deuterated molecule and the transitions of the coupledthe HF and the B3LYP methods, is an indication of the
bonds in the nondeuterated molectitittle change in the OH- difficulties associated with electronic structure calculations of
stretching frequencies is observed between the catefzlanid hydrogen bonds. The inadequacy of the B3LYP calculation and
-dy spectra. This absence of frequency shifts provides experi- of DFT calculations in general when applied to strongly
mental evidence that the coupling between the two OH- hydrogen-bonded systems has been noted previdusipw-
stretching vibrations is very small. We have used Gaussian 94ever, for weak hydrogen bonds we have found that B3LYP
to calculate the frequencies and intensities of the vibrational calculations give results similar to calculations with the quadratic
normal modes in catechol. Within Gaussian 94 the intensities configuration interaction including single and double excitations
are calculated with the use of a harmonic oscillator linear dipole (QCISD) method® We have used both the HF and the B3LYP
approximation for each of the normal coordinates. These methods in our calculations on catechol with the knowledge
calculated frequencies and oscillator strengths of the CH- andthat the B3LYP method possibly overestimates the red-shift and
OH-stretching normal modes in catechol are shown in Table 4. the HF method underestimates the red-shift of the hydrogen-
The harmonic frequency calculations show that the two OH- bonded (OH) bond.
stretching normal modes are essentially isolated from each other The CH-stretching transitions corresponding\a-y = 1—3
as well as from the rest of the vibrational modes in the molecule, are observed in the jet-cooled NID spectra of both catedhol-
thus supporting the experimental evidence of little coupling and d, as shown in Figures 2 and 6, respectively. Expanded
between the two OH-stretching bonds. The frequencies calcu-figures of the CH-stretching regions in both the cateahand
lated with the B3LYP/6-31G(d) method and scaled with a -d, NID spectra are given as Supporting Information in Figures
known common scaling factbragree reasonably well with the ~ 4S—-9S. Coupling between the aryl CH-stretching modes causes
observed CH- and OH-stretching transitions seen in Figure 7. deviations from the simple isolated AO local mode model. The
The B3LYP/6-31#+G(2d,2p) calculations are unscaled and calculated fundamental harmonic CH-stretching frequencies
show relatively similar frequencies compared to the B3LYP/ given in Table 4 differ from the AO calculated frequencies in
6-31G(d) calculations, and small variations in intensities between Table 6 due to the neglected coupling in the AO local mode
the two methods are noted. model and the exclusion of anharmonicity in the harmonic

We have calculated the local mode parameters for each offrequencies. The fundamental CH-stretching region in the
the nonequivalent CH and OH bonds in catechol from the ab catecholey and d, NID spectra is also somewhat different due
initio calculated anharmonic potential energy curves with both to interaction with other molecular vibrations. We have shown
the HF/6-31#+G(2d,2p) and the B3LYP/6-3#1+G(2d,2p) that the effect of this coupling is negligible in the overtone
methods. The calculated local mode parameters were scaled withregions and that the AO local mode model is suitdbRe The
the scaling factors from Table 1 and are given in Table 5. Avcy = 2 region shows a broad band in the 598060 cnt?!
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region with the strongest band at 6000 drin good agreement
with the AO calculated positions of the GHCHy-, and CH-
stretching transitions (Table 6). In thecy = 3 region the S/N

is about 2, however a broad Lorentzian-like band is visible
centered around 8850 crhin reasonable agreement with the

AO calculation. A lower energy structure is possibly present at

around 8670 cm!t and could be an indication of the GH
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TABLE 7: Calculated CH- and OH-Stretching Absolute
Oscillator Strengths in Catechof

v CH, CHp CHc CHy OH; OHp exp
1 0.079 0.23 0.22 0.30 11 15 -5
2 0.78 0.85 0.84 0.53 7.0 58 -7
3 0.73 0.94 0.93 0.67 3.4 30 -8
4 0.50 0.71 0.67 0.48 17 19 -9

aCalculated with the B3LYP/6-31+G(2d,2p) DMFs and the
experimental local mode parameters from Table 2 for the OH bonds
and the local mode parameters from Table 5 for the CH bonds.

TABLE 8: Calculated OH and OD Peak Positions (in cnt?)
and Oscillator Strengths in Catechold; and -d,?

OHs OHp ODx¢ ODy
v % f % f % f v f  exp
1 3672 11 3614 15 2709 058 2667 0.815
2 7177 7.0 7053 6.0 5329 2.7 5242 2.3 -7
3 10515 3.2 10319 3.2 7861 090 7725 0.878
4 13686 1.7 13410 2.1 10304 0.32 10116 0.419

aCalculated with experimental local mode parameters and the
B3LYP/6-31H-+G(2d,2p) DMF.P Exponential factor for oscillator
strengths.

TABLE 9: Intensity Ratios of OH ,- to OH;-Stretching
Transitions in CatechoP

observed calculated
v NID CS,/PAS HF B3LYP® B3LYPf
1 1.78 1.54 1.27 1.41 1.40
2 1.86 1.99 0.86 0.85 0.83
3 1.08 1.27 1.02 0.95 0.89
4 0.59 1.28 1.21 1.11

a|ntensity of OH-stretching transition set to 2 From CS solution
phase spectrunt.From vapor phase ICL-PAS spectrufrCalculated
with NID experimental local mode parameters from Table 2 and the
HF/6-31H+G(2d,2p) DMF.© Calculated with NID experimental local
mode parameters from Table 2 and the B3LYP/6-B+15(2d,2p)
DMF. f Calculated with the calculated local mode parameters from
Table 5 and the B3LYP/6-311+G(2d,2p) DMF.

transition. It was not possible to observe any transitions in the tions have used the AO local mode model with the experimental

Avcy = 4 region with NID spectroscopy.

Solution Phase SpectraThe spectrum of catechal dis-
solved in Cgis shown in Figure 8 for the fundamental and the
first overtone CH- and OH-stretching regions. The ©End
OHs-stretching transitions are observed in both they = 1
and 2 regions. In thévoy = 3 region, the OlHpeak position

or scaled ab initio local mode parameters and the HF/6-
311++G(2d,2p) and the B3LYP/6-3#1+G(2d,2p) calculated
DMFs. The calculated intensities obtained with the B3LYP/6-
311++G(2d,2p) DMFs are given in Table 7. The intensities of
the CH- and CH-stretching overtones are smaller than the
intensities of the Ck and CH-stretching overtones. The

is not clearly resolved and its assignment is more uncertain. intensity of the CH-stretching transition, which we expect to

The observed OH-stretching frequencies in the catedhGlS;

lie at lower frequency than the other three CH-stretch transitions,

solution phase spectrum and the derived local mode parameterss significantly weaker than the sum of the other three in
are given in Table 2. The spectrum of partially deuterated qualitative agreement with the observed spectrum ofAthg,

(~60% atom D) catechol dissolved in @®as recorded in the
2500-9000 cnt? region. In Figure 9 we show the fundamental
OD-, CH-, and OH-stretching spectrum, which is similar to the
NID spectrum of jet-cooled catechd}-shown in Figure 7. The

= 2 and 3 regions. Within the BotrOppenheimer approxima-
tion the DMF is not affected by deuteration. Thus we have used
the calculated DMF to determine oscillator strengths of OD-
stretching transitions in catechdj- In Table 8 we compare the

OD-stretching overtone regions have broad overlapping peaks,OH- and OD-stretching peak positions and intensities. Not
which have an increased uncertainty in the deconvolution. The surprisingly, the agreement with the experimental peak positions
observed OD-stretching frequencies and the derived local modeis good. The OD-stretching intensities are, as expected, weaker
parameters are given in Table 3. The relatively large uncertainty than the OH-stretching intensities, and the OD-stretching
in the OD local mode parameters are due to a lack of resolution intensities decrease faster with increasing vibrational excitation
in the Avop = 3 region. Similar to the observation in the jet- than do the OH-stretching intensities due to the lower anhar-
cooled NID spectra, the OH-stretching transitions in the monicity of the OD-stretching oscillators.
catechold; spectrum occur at the same frequency as the OH-  The observed and calculated relative intensities of thg-OH
stretching transitions in the catectdlspectrum, indicating that  to OH-stretching transitions are presented in Table 9. The
the coupling between the two hydroxyl groups is small. experimentally determined intensity ratios agree to within
Intensities. We have calculated the oscillator strengths of approximately 20% for each of the overtones, less than the
the CH- and OH-stretching transitions in catechol. The calcula- estimated experimental uncertainty. The NID spectra are not
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TABLE 10: Intensity Ratios of OD- to ODs-Stretching TABLE 11: Calculated and Observed Relative OH- to
Transitions in Catechol-d,? CH-Stretching Intensities in Catechot
observed calculatéd expf calcd

v NID CS, HF B3LYP v CH OH CH OH

1 1.17 1.32 1.26 1.39 1 1.0 13.1 1.0 3.1

2 0.96 1.15 0.86 0.85 2 1.0 4.2 1.0 43

3 0.85 1.03 0.96 3 1.0 2.1 1.0 1.9

4 1.30 1.26 4 1.0 1.5

a|ntensity of OQ-stretching transition set to 2.Calculated with a Calculated with the B3LYP/6-31+G(2d,2p) DMFs and local

the NID experimental local mode parameters from Table 3 and the mode parameters from Table 2 for the OH bonds and Table 5 for the
HF/6-31H-+G(2d,2p) and the B3LYP/6-311+G(2d,2p) DMFs. CH bonds.” From CS solution phase spectra of cateclugl-

TABLE 12: Calculated Total CH- and OH —Stretching

corrected for laser power, so only comparison over small Oscillator Strengths

frequency ranges is reasonable. Paiby = 1 and 2 the Ol - "
transitions are about a factor of 2 stronger than the; OH 2CH Z0H

transitions, forAvony = 3 they are almost equal and fowoy v obs? calc? obs? calc? exp
= 4 the OH transition is about a factor of 2 stronger. This is in 1 0.24 0.83 31 26 5
contrast to other hydrogen-bonded systems. The fundamental 2 1.8 3.0 7.5 13 -7
hydrogen-bonded OH-stretching transition typically has signifi- 2 14 gf 2.9 3664 —g

cantly increased intensityas seen, for example, in the water
dimer?639The OH;-stretching fundamental intensity in catechol 2Sum of intensities for all CH or OH bond3From CS solution

is not significantly greater than the @#stretching fundamental ~ Phase spectra of catechdy-° Calculated with the B3LYP/6-
intensity and the Oistretching intensity of the first overtone 51+t G(2d,2p) DMPs and local mode parameters from Table 2 for

. . . the OH bond d Table 5 for the CH bonds.
is strong; these two observations suggest that the intramolecular © onds and fable > for the onds

hydrogen bond in catechol is weak. In hydrogen-bonded C'“Sters*wavelength. The observed and calculated total CH- and OH-

our calculations predict the intensity of the first overtone of stretching absolute oscillator strengths agree well as seen in
the hydrogen-bonded Qtbond to be very weak due to a Tgple 12.

cancellati_on of the different contributions in the _expans_ion of  Line Widths. The OH-stretching transitions in jet-cooled
the DMF in eq 3528 The c.atechol hygrogen bond is very Illkely. catecholdy shown in Figures 35 can be fitted well with a
V\(ea}ker than the theoretically predicted 4 kcal/mol,.whlch IS single Lorentzian band. As increases from\von = 2 to 4,
similar to the hydrogen-bond energy of the water dimer. The the pandwidth of the Oitransitions increases (4.3, 5.7, 6.0
observed frequency shifts of the catechol®idnd also support cm1) whereas the bandwidth of the @Hansitions remains
the argument for a weak hydrogen bond. relatively unchanged (3.3, 3.7, 3.5 thi

We have previously found that overtone intensities are  We have simulated the rotational band contour for the-OH
relatively insensitive to electron correlation, which also seems and OH-stretching transitions as an asymmetric top. Thg-OH
to be the case for catechtdl.Calculation of intensities with stretching vibration is almost parallel to theprincipal axis,
experimentally or ab initio determined local mode parameters and we get &-type rotational band, whereas the @siretching
differ only slightly as seen in Table 9. The calculated {@d1 vibration lies between tha andb principal axes, and we obtain
OH, intensity ratios agree well with the observed ratiosfoby an a/b-type rotational band. The simulated rotational bands at
= 1 and 3. However ahvoy = 2 the calculation underestimates 10 K and the molecular principal axes are shown in Figure 10.
the ratio by a factor of 2, whereas Avoy = 4 the calculation The band contour showed little change other than an overall
overestimates the ratio by a factor of 2. Perhaps this illustratesincrease in line width from about 2 cthto about 4 cm* in
the difficulty in calculating overtone intensities of hydrogen- the temperature range from 1 to 10 K. Each rotational transition
bonded systems where the increase in fundamental intensity dugvas convoluted with a Gaussian with a fwhm of 0.1°¢nThe
to the increased first dipole moment derivative leads to a larger simulated rotational profiles are clearly not simple Lorentzians,
than usual cancellation of terms for the first and higher SO the observed bands cannot be simple rotational structure. We
overtones. The observed and calculated; @DOD, relative suggest that the observed band contour is due to intramolecular
intensities are given in Table 10. There seems to be goodvibra'[ional energy redistribution (IVR). The ba.lr?dwidth differ-
agreement for both the fundamental transition, where thg OD €Nce between the QHand OH-stretching transitions suggests
transition is slightly larger, and the overtone transitiohsep that the IVR rate is not simply determined by the density of
= 2 and 3, where the relative intensities are close to unity. ~ States. For example, the @istretching transition in thé\von

. . = 3 region lies 194 cm! lower than the OHMstretching
. The_ (_)bservtla_d a(rj\c_j c_?lcblilatleld _:_ilatw? €|Eb (gH-lstr_etchlng transition, and thus the density of states in the bath would be
!nten5|.t|.es are |§te in fable 11. The calcu ated relative pvertopevery similar for the two transitions. However, the bandwidth
intensities are in good agreement with the observed intensity

) . of the OH;-stretching transition is clearly larger than that of
ratios from the Cgsolution phase spectrum of cateciipl+or the OH-stretching transition. The same phenomenon is found

the fundamental region there is _abou_t a_factor of 3 discrepancy. i, the other OH-stretching overtones and thus the bandwidth,
The HF and B3LYP methods give similar results. i.e., the IVR rate, should be discussed in terms of specific “door
We have determined total CHor OH-stretching absolute  way” states.

oscillator strengths from the GSolution phase spectra. The The difference in bandwidth between @Hand OH-
required equation for determining oscillator strengths in solution stretching transitions may be interpreted by the model which
is given elsewherét Correction for the refractive index of the  explains the narrowing of width of CH overtones in benz&he.
solution is necessary and we have used the refractive index ofln benzene, the CH-stretching overtone line width increases with
CS (n = 1.6319¥2 and approximated it to be independent of vibrational level untilAvcy = 5, and then it decreases. The
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Figure 10. Simulation of the rotational contour of the @+and OH-
stretching transitions at 10 K. The principal molecular axes are also
shown.
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the |404n,|Old:| Oga State at 13 406 cmt. Experimental frequen-
cies for modes 8a and 19a were u8édThe other possible
interacting (1:2) states involved CH-stretching vibrations and
lower frequency modes. However, all the normal modes with
frequencies less than 722 cithave been determined from
solid-phase spectra or from ab initio calculatinand have
significant uncertainty associated with them compared to our
resolution in the NID spectra. Many of the possible (1:3) states
also involve combination with these lower frequency normal
modes. Furthermore, the frequencies required are not simply
the fundamental vibrations, as these change slightly with
vibrational excitation. Thus, determination of the exact door way
states is, as mentioned, very difficult. However, we expect the
line width is determined by a few door way or first tier states,
which would couple to the second tier states, etc., and not just
the density of states.

The line width of the OH-stretching transitions in the room-
temperature ICL-PAS spectrum is about 30énT his is similar
to line widths observed in room-temperature vapor phase phenol
spectralf and significantly larger than the line width in the NID
jet-cooled spectra, as expected. The band shape of the ICL-
PAS peaks are not simple Lorentzians. One notable feature is
the low energy shoulder on the @Hansition as seen in Figure
4. We have investigated the effect of out-of-plane hydroxyl
group rotation on the OH bond lengths. Rotation of the,OH
hydroxyl group is restricted by the intramolecular hydrogen-
bonding interaction, whereas rotation of the {(@iidroxyl group
can occur more readily. A partial B3LYP/6-3t#G(2d,2p)
geometry optimization was performed with the Qidnd rotated
out of the plane of the molecule. The @#ihedral angle was
frozen whereas all other degrees of freedom were relaxed. We
found that the Ol bond length increases steadily as the:OH
bond is rotated, from 0.964 A at the minimum energy geometry
t0 0.966 A in the geometry with the GHond rotated 70 degrees
out of the plane. On further rotation the @bbnd length begins
to decrease. This is not surprising, as it is expected that
maximum overlap between the @Hbond and the orbital
corresponding to an oxygen lone pair will occur when thes OH
bond is about 6670 degrees out of the plane of the molecule.
This is similar to the tilt of the hydrogen acceptos®unit in

decrease in bandwidth is explained by the off-resonance betweene ater dime?® The molecular energy increases with the/OH
the CH-stretching overtone and the door way states. Due 10 roiation and is about 1.5 kcal/mol higher than the lowest energy

anharmonicity, the spacing between successive vibrational

energy levels decreases with increasing vibrational quanta an

gap. Thus, the narrower bandwidth of @$fretching transitions

in comparison to that of the Qfbtretching transition suggests
that OH-stretching energy levels are in a relatively off-resonant
condition to the door way states, while the @stretching
overtones always keep some resonant door way states.

The exact location and nature of these door way states and

their coupling to the OH-stretching state determines the overall
width and shape of the OH-stretching transitions. It is difficult

conformer at 70 degrees rotation. At room temperature, there

dyill be a contribution from molecules with the Q@Hydroxyl
3@roup rotation up tak30 degrees from equilibrium geometry.

Within this range the OHbond length changes by about 0.1
mA, whereas the Ofbond length is elongated by up to 1 mA.
Thus, a broader Ofpeak with low energy additional structure
would be predicted, in agreement with the experimental
spectrum.

In the jet-cooled NID spectrum we observe a significant
difference between the line width of the CH- and OH-stretching

to ascertain the exact door way states. The likely door way statestransitions. The OH-stretching transitions are all less than® cm
are states that have one fewer quanta in the OH-stretchingWide. As mentioned the CH-stretching region is a relatively

vibrations |z — 1[dy combined with other vibrational modes.

broad band. In thé\ucy = 3 region, it is close to a Lorentzian

We attempted to investigate possible door way states of the formwith a fwhm of about 80 cm. The larger line width of the

lv — 1dnlvalo[X1:2) and|v — 1yl v10v.0us[(1:3) whereu,
v, andus are the quantum numbers of other vibrational modes

CH-stretching band is also likely the reason we could not detect
the transitions in theAucy 4 region, despite the similar

in catechol. Comparison of the energy gap between successivecalculated intensity of the CH- and OH-stretching transitions.
overtones and the observed fundamental vibrational frequenciesThe larger line width of the CH-stretching regions can be

indicate that only very feww — 1lgn|v10vo[states are likely to
act as door way states. The stE8®&,| 144 1eahas a predicted
frequency of 13 404 crt and is likely to strongly interact with

understood in terms of an increased number of possible door
way states with larger coupling. There are more CH-stretching
vibrations that couple with each other and with a larger number
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of CH-bending modes. The CH bonds are also part of the  (2) Onda, M.; Hasunuma, K.; Hashimoto, T.; Yamaguchi].IMol.
aromatic ring, thus there will be additional coupling to the ring Struct. 1987 159 243.

d 9 piing 9 (3) Brown, C. JActa Crystallogr.1966 21, 170.
modades. (4) Wunderlich, V. H.; Mootz, DActa Crystallogr. BL971, 27, 1684.
) (5) Wilson, H. W.Spectrochim. Actd974 30A 2141.
Conclusion (6) Greaves, S. J.; Griffith, W. FSpectrochim. Actd991, 47A 133.

. (7) Ranirez, F. J.; Lpez Navarette, J. Wib. Spectroscl993 4, 321.
We have measured the OD-, CH-, and OH-stretching  (g) Tyili, H.; Konschin, H.J. Mol. Struct.1979 57, 13.

fundamental and overtone spectra of catechpkd;, and 4,. (9) Konschin, H.; Tylli, H.J. Mol. Struct.1982 95, 151.
We have used FT-IR and conventional absorption spectroscopy_ (10) Fateley, W. G.; Carlson, G. L.; Bentley, F.FPhys. Chenl975
to measure the spectra of catechol dissolved in && NID 79, 199.

. (11) Chung, G.; Kwon, O.; Kwon, YJ. Phys. Chem. A997 101, 9415.
spectroscopy to measure the spectra of jet-cooled catechol. ICL- (15 vedernikova, I.; Proynov, E.; Salahub, D.; Haemers, k. J.

PAS was used to measure the room-temperature vapor phas@uantum Chem200Q 77, 161.

spectrum of catechal in the Avon = 3 region. The spectra (13 Gerhards, M., Perl, W., gggulrgzn,ggngenrichs, U.; Jacoby, C.;
. . . . einermanns, . em. Y. 1 .

obtained from different experimental methods agree well with (14) Dietrich, S. W.: Jorgensen, E. C.. Kollman, P. A.; Rothenberg, S.

each other. J. Am. Chem. Sod976 98, 8310.

The overtone spectra clearly show that the two OH bonds  (15) Theoretical Treatments of Hydrogen Bondikadzi, D., Ed.; John
are nonequivalent, in agreement with the suggeStesymmetry Wiley & Sons: Ltd.: Chichester, 1997.

of catechol. One OH bond forms a weak intramolecular 40&,@ Davidsson, J.; Gutow, J. H.; Zare, R. N.Phys. Cheml99Q 94,

hydrqgen bond_to the _other oxygen atom. The OH-stret_ching (17) Kjaergaard, H. G.; Henry, B. R. Phys. Chem1995 99, 899.
transition associated with the hydrogen-bonded OH bond is red- (18) Omi, T.; Shitomi, H.; Sekiya, N.; Takazawa, K.; Fujii, @hem.
shifted and the other OH bond transition is slightly blue-shifted Phys. Lett1996 252, 287.

compared to the OH-stretching frequency in phenol. Spectra of 195%9)2§§hi2uf3hi’ S.; Shitomi, H.; Takazawa, K.; Fujii, I8hem. Phys. Lett.

catechole and ab initio frequency calculations indicate aweak  (20) Hayward, R. J.; Henry, B. R.. Mol. Spectroscl975 57, 221.
coupling between the two OH bonds. Intensities of the transi-  (21) Henry, B. RAcc. Chem. Res.987, 20, 429.

tions are calculated with an anharmonic oscillator local mode ~ (22) Child, M. S.; Halonen, LAdv. Chem. Phys1984 57, 1.

model and ab initio calculated dipole moment functions. The 195(;213)75'\"2588_58”' O.S.; Henry, B. R.; Mohammadi, M.JAChem. Phys.
calculated and observed results agree well. Both the size of the ™ (24 Kjaergaard, H. G.; Yu, H.; Schattka, B. J.; Henry, B. R.; Tarr, A.
red shift and the intensity pattern of the hydrogen-bonded OH W. J. Chem. Phys199Q 93, 6239.

bond suggest that catechol has a weak intramolecular hydrogen (25) Kjaergaard, H. G.; Turnbull, D. M.; Henry, B. R. Chem. Phys.
bond. 1993 99, 9438.

. . (26) Low, G. R.; Kjaergaard, H. Gl. Chem. Phys1999 110, 9104.

difficulties with hydrogen bonds. The results obtained from the A 200Q 104, 11 297.

HF and the B3LYP methods are similar, indicating that B3LYP ~ (28) Kjaergaard, H. G.; Low, G. R.; Robinson, T. W., unpublished
appears appropriate to use for weak hydrogen bonds. The line gg; :gmy' BB' RF'Q’ _Sﬁ‘fvai'r'\ga?;m'_?' g”_alNi?:f"gs_dggﬁaﬁaug' iy
width in the NID spectra of jet-cooled catechol is explained in  Tymbull, D. KA Can. J. pfppLgspec'tros'aggg 38 42. o
terms of IVR and suggests a door way state model. The band (31) Thomas, L. J., lil.; Kelly, M. J.; Amer, N. MAppl. Phys. Lett.
shape in the room-temperature ICL-PAS spectrum suggests!978 32 736.

. - B . . (32) Schattka, B. J.; Turnbull, D. M.; Kjaergaard, H. G.; Henry, B. R.
interaction between OH-stretching and OH rotation. J. Phys. Chem1995 99, 6327.
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