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Fluorescence-dip infrared spectroscopy~FDIRS! is employed to record the infrared spectra of the
isolated, jet-cooled tropolone molecule~TrOH! and its singly deuterated isotopomer TrOD in the
O–H and C–H stretch regions. The ability of the method to monitor a single ground-state level
enables the acquisition of spectra out of the lower and upper levels of the zero-point tunneling
doublet free from interference from one another. The high power of the optical parametric oscillator
used for infrared generation produces FDIR spectra with good signal-to-noise despite the weak
intensity of the C–H and O–H stretch transitions in tropolone. The expectation that both spectra will
exhibit two OH stretch transitions separated by the OH(v51) tunneling splitting is only partially
verified in the present study. The spectra of TrOH are compared with those from deuterated
tropolone~TrOD! to assign transitions due to C–H and O–H, which are in close proximity in TrOH.
The appearance of the spectra out of lower~a1 symmetry! and upper~b2 symmetry! tunneling levels
are surprisingly similar. Two sharp transitions at 3134.9 cm21 ~out of thea1 tunneling level! and
3133.9 cm21 ~out of theb2 tunneling level! are separated by the ground-state tunneling splitting
~0.99 cm21!, and thereby terminate in the same upper state tunneling level. Their similar intensities
relative to the C–H stretch transitions indicate that they- and z-polarized transitions are of
comparable intensity, as predicted byab initio calculations. The corresponding transitions to the
other member of the upper state tunneling doublet are not clearly assigned by the present study, but
the broad absorptions centered about 12 cm21 below the assigned transitions are suggested as the
most likely possibility for the missing transitions. ©1996 American Institute of Physics.
@S0021-9606~96!01731-X#

I. INTRODUCTION

Tropolone ~TrOH! is a seven-membered pseudo-
aromatic notable for its hydrogen-atom tunneling in a sym-
metric double minimum potential well.1–7 The ready wave-
length accessibility, reasonable fluorescence quantum yield,
and low H-atom tunneling barrier of theS1 state of tropolone
producesS1 tunneling splittings which are easily observed
and probed on a single vibronic level basis. In tropolone and
its symmetric derivatives,8–10 tunneling splittings are in-
creased significantly by excitation of vibrations such asn13
and n14 which have significant C–O/CvO in-plane wag
character, while several other modes effectively suppress the
tunneling. Such vibrational mode specificity carries over to
slightly asymmetric derivatives such as
5-hydroxytropolone,11–13 where the localized syn and anti
isomers in the ground state become strongly mixed in theS1
state following excitation of one or more quanta of a C–O/
CvO in-plane wag ‘‘promoter mode.’’ This enhancement
arises because the symmetric C–O in-plane wag modulates
the O–O distance, and the H-atom tunneling rate is sensi-
tively dependent on this distance.

In the search for vibrationally mode-specific effects on
H-atom tunneling, the O–H stretch is anticipated to be of
considerable importance since it, perhaps more than any
other mode, is associated with the tunneling reaction

coordinate.14,15 In theS1←S0 spectroscopy, direct excitation
of the OH stretch inS1 is not easily detected due to the low
fluorescence quantum yield of levels so far above the elec-
tronic origin and/or poor Franck–Condon factors for the
transition. On the other hand, the OH stretch transition is
infrared allowed in the ground state. Its excitation inS0 will
probe regions of the potential energy surface where tunnel-
ing may be facile and where intramolecular couplings will
play a largely unexplored role in the tunneling dynamics.
Such a prospect fuels the present study.

The OH stretch region in tropolone has been studied in
the matrix2 and at room temperature in the gas phase.3 The
OH stretch transition~s! have proven remarkably elusive. As
shown in Fig. 1, a quartet of transitions is predicted, with
spacings determined by the OH(v50) and OH(v51) tun-
neling splittings. The polarization of the bands which make
up the quartet is given in the figure~y or z!. Since the inten-
sity of the bands is related to the component of the dipole
moment derivatives along these axes, intensity differences
are anticipated which could provide a clue to their assign-
ment.

Tentative assignment of a weak, broad band at 3121
cm21 in a neon matrix2 ~3140 cm21 in the room temperature
gas phase spectrum3! to the OH stretch transition of TrOH
has been made, but the second predicted band separated from
the first by the OH(v51) tunneling splitting has not been
observed. When the tunneling hydrogen in tropolone is deu-a!Authors to whom correspondence should be addressed.

2595J. Chem. Phys. 105 (7), 15 August 1996 0021-9606/96/105(7)/2595/10/$10.00 © 1996 American Institute of Physics

Downloaded¬21¬Aug¬2003¬to¬128.210.142.204.¬Redistribution¬subject¬to¬AIP¬license¬or¬copyright,¬see¬http://ojps.aip.org/jcpo/jcpcr.jsp



terated~TrOD! in the matrix studies, a doublet at 2326 and
2345 cm21 is assigned to the OD stretch and serves largely
as the basis for the assignment of the 3121 cm21 band to the
OH stretch. Redington and Redington2 have used the TrOD
matrix data to predict a 50 cm21 OH(v51) tunneling split-
ting in TrOH, but no experimental verification has yet been
made. The present study probes the O–H stretch region of
the jet-cooled, isolated tropolone molecule. Furthermore, by
employing fluorescence-dip infrared spectroscopy,16 infrared
spectra out of the lower and upper tunneling levels can be
recorded free from interference from one another.

A second motivation of the present work is to compare
the spectral properties of the intramolecular OH•••O hydro-
gen bond in jet-cooled tropolone with those of intermolecu-
lar OH•••O hydrogen bonds in cold, gas-phase
complexes.17–22 The OH stretch absorption in the infrared
provides an important diagnostic of OH•••X hydrogen bonds.
When the hydrogen bond is intermolecular, the strength of
the hydrogen bond is reflected in~i! the magnitude of the
frequency shift of the OH stretch absorption,~ii ! an increase
in the integrated absorption strength of the band~often by a
factor of 5 or more!, and~iii ! an increase in the breadth of the
O–H stretch absorption, which can often spread over hun-
dreds of wave numbers in the condensed phase.24 Recent
experiments by our group19,20 and others21–23 are providing
O–H stretch infrared spectra of size-selected hydrogen-
bonded clusters in the gas phase. These spectra are bringing

a new perspective to the near-infrared spectra of intermo-
lecularly hydrogen-bonded aggregates.

Molecules which incorporate an intramolecular
O–H•••X hydrogen bond typically show a large red shift in
the O–H stretch frequency~i.e., toward lower frequency!,
but only a modest increase in the intensity of the
transition.24,25By studying the O–H stretch transitions in the
jet-cooled molecule, the similarities and differences of inter-
molecular and intramolecular hydrogen bonds can be probed
under the idealized conditions of supersonic expansion cool-
ing.

Finally, in the two adjoining papers, O–H stretch infra-
red spectra are reported for the tropolone-H2O complex by
our group, while Mitsuzukaet al.26 also explore this com-
plex and extend the data to include tropolone-~H2O!n and
tropolone-~CH3OH!n clusters up ton53.

II. EXPERIMENT

The infrared spectra of TrOH and TrOD are recorded
using the double resonance method called fluorescence-dip
~or fluorescence-detected! infrared spectroscopy~FDIRS!,
the fluorescence-based analog of resonant ion-dip infrared
spectroscopy~RIDIRS!. This method has been recently em-
ployed by Ebataet al.22 in recordingS0 and S1 state OH
stretch infrared spectra of phenol-~H2O!n clusters withn51
and 3. In the case of tropolone, fluorescence-based detection
is used because theS1 state is less than halfway to the ion-
ization potential, requiring two-color methods in a RIDIR
experiment. FDIRS relies on wavelength selectivity alone for
species selection.

The vacuum chamber, excimer-pumped dye laser used
for the fluorescence step,12 and LiNbO3 optical parametric
oscillator~OPO! used as infrared source,19 have all been de-
scribed previously. The present discussion focuses on the
FDIRS implementation itself, which is shown schematically
in Fig. 2. Cold, gas-phase tropolone molecules are formed in
a pulsed supersonic expansion either with gentle heating of
the tropolone sample or at room temperature. The population

FIG. 1. ~a! Schematic energy level diagram for the OH stretch (v50) and
(v51) tunneling levels. The relative frequency and polarization~y or z! of
the quartet of transitions are labelled, whereDv is the tunneling splitting in
the vth OH stretch level.~b! Stick diagram of the qualitative positions and
intensities of the OH(v5021) tunneling quartet. The intensities are taken
from the simple model for the tunneling wave functions outlined in the
discussion section.

FIG. 2. Experimental apparatus used for fluorescence-dip infrared spectros-
copy.
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in a single ground-state vibrational level is monitored by
choice of the appropriate transition in the fluorescence exci-
tation spectrum. The excimer-pumped dye laser operates at
40 Hz with laser pulse energies of;10 mJ/pulse. The OPO
beam ~;1 mJ/pulse delivered to the chamber! is spatially
overlapped with the dye laser and precedes it in time by
about 100 ns. When the infrared radiation is resonant with a
transition out of the same ground-state level as probed by the
monitor transition, population is removed from this level and
is detected as a dip in the fluorescence.

Given the large fluorescence signals possible in these
experiments~105 photons/pulse!, shot noise limitations on
the detectable depletions are quite small~0.3%!. As a result,
the major noise sources present in the experiment are due to
dye laser power fluctuations and fluctuations in the pulsed
valve. Rather than employing a dual beam scheme for such
corrections~as we have implemented in RIDIR spectros-
copy! in the present case such fluctuations are corrected for
by using two boxcar averagers, both operating in the active
baseline subtraction mode.12 In the limit of linear fluores-
cence signal, an ideal power-normalized fluorescence-dip
signal will be

~Si2NPi !2~Sj2NPj !,

whereSi andSj are fluorescence signals from two successive
dye laser pulses, one with the OPO on, the other with it off.
Pi andPj are the laser power photodiode signals for these
pulses, andN is a scaling factor relating the magnitudes of
the fluorescence and laser power signals, chosen so that in
the absence of the OPO, (Si2NPi)50.

Precisely this form can be achieved in hardware by using
two boxcar averagers,~one for signal, and the other for laser
power! in the active baseline subtraction mode, i.e.,

FDIR signal5~Si2Sj !2N~Pi2Pj !,

where the value forN is chosen after-the-fact in software.
Perhaps the greatest advantage of this method is that it very
effectively corrects for any long-term fluctuations in the
fluorescence and laser power signals. Since in the present
case, several of the absorptions are broad and weak, the
elimination of spurious bumps in the spectrum is an impor-
tant factor in the experiment. With this method, depletions of
a few percent can be observed after only modest signal av-
eraging~50–100 laser shots per data point!.

The wavelength calibration of the OPO is obtained by
recording the photoacoustic absorption spectrum of room
temperature methane and water.

III. DENSITY FUNCTIONAL THEORY CALCULATIONS
ON TROPOLONE AND TROPOLONE-OD

Previous computational studies have used
Hartree–Fock1~c! and Mo” ller–Plesset perturbation theory at
the MP2 level13 to calculate the minimum-energy structure,
vibrational frequencies, and H-atom tunneling transition state
properties of tropolone. Here we apply density functional
theory ~DFT! methods to tropolone, both for comparison of

the method with the previous calculations, and to provide
seamless comparison with the DFT calculations on the
tropolone-H2O complex reported in the following paper. The
DFT calculations employ the Becke3LYP nonlocal
exchange-correlation functional27,28which has been found to
provide results of comparable accuracy to MP2 calculations
with the same basis set for both water clusters and
benzene-~H2O!n clusters.

29 In the Becke3LYP procedure, the
energy contains contributions from local and nonlocal ex-
change and correlation functionals28 as well as from the ex-
act exchange.

Two different basis sets,30 6-311G* and
6-311G8[2d,p], were used, the former for survey calcula-
tions and the latter for more accurate calculations. In both
cases, five-componentd functions were employed. The
6-311G8[2d,p] basis set combines the standard 6-31
1G(2d,p) basis set for the carbon atoms and the 6-31
1G[2d,p] basis set for the O and H atoms. The 6-31
1G[2d,p] basis set is formed by combining the 6-31
1G(2d,p) basis set with polarization functions from the
aug-cc-pVDZ basis set, and has been used previously in
studies of water clusters and benzene-~H2O!n clusters.

29 For
these species, Becke3LYP and MP2 calculations with the
6-311G[2d,p] basis set have been found to give structures,
vibrational frequency shifts, and infrared intensities in good
agreement with experiment.

Table I lists the key structural parameters for TrOH us-
ing the DFT methods. In Table II, the infrared frequencies,
intensities, and approximate normal mode descriptions are
given for TrOH using both the 6-311G* and
6-311G8[2d,p] basis sets and for TrOD using the
6-311G8[2d,p] basis set.

IV. EXPERIMENTAL RESULTS AND ANALYSIS

Figure 3 presents the fluorescence excitation spectrum of
theS1←S0 origin tunneling doublet used to monitor popula-
tion in the lower@00

0(a19)# and upper@00
0(b29)# members of

tropolone’s ground-state tunneling doublet. The double
prime ~9! attached to the symmetry designations denotes the
OH(v50) tunneling levels while a single prime~8! is used
for the OH(v51) tunneling levels. The tunneling splitting at
the zero-point level of the ground-state is known from mi-
crowave studies31 to be 0.99 cm21. Hence, botha19 andb29
levels have significant population even at the low tempera-
tures present in the supersonic free jet. The increase in the
tunneling splitting at theS1 origin to 19 cm21 provides the
means for recording infrared spectra in FDIRS out of the
lower (a19) or upper (b29) members of the ground-state tun-
neling doublet free from interference from one another. In a
sense, the FDIR spectra are ‘‘symmetry labeled’’ in that they
are known to arise exclusively from a single tunneling level
of definite symmetry.

FDIR spectra out of thea19 andb29 levels of TrOH are
shown in Figs. 4~a! and 4~b!, respectively. The two spectra
are surprisingly similar given the expectation that a quartet
of absorptions due to the O–H stretch fundamental should be
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present in this region. The interpretation of the spectrum is
complicated by the proximity of the C–H stretch and O–H
stretch absorptions in tropolone. As is evident from Table II,
the calculations predict a set of five C–H stretch fundamen-
tals all of which carry some intensity. The calculated fre-
quencies separate into two groups, a set of two separated to
lower frequency by about 30 cm21 from the other three.
After shifting the calculated frequencies to match up the
lowest-frequency calculated~3147 cm21! and experimental
C–H stretch bands~3034 cm21!, the correspondence with
experiment suggests that the bands at 3034 and 3040 cm21

are the lower frequency set of two C–H stretches, and the
partially resolved set of bands centered at 3071 cm21 are the
three higher frequency C–H stretches. Such an assignment is
in keeping with the room temperature gas-phase infrared
assignment3 of two peaks at 3030 and 3055 cm21 to the C–H
stretch modes. Of course, Fermi resonance mixing with over-
tones or combination bands~e.g., CC stretch or CH bend!
may effect the positions and intensities of the observed
bands. Nevertheless, the assignment of the bands below 3100
cm21 as CH stretch leaves the other transitions peaked at
3134 cm21 in Figs. 4~a! and 4~b! as O–H stretch absorptions.

In order to test this assignment, the FDIR spectrum of

TrOD was recorded over the same spectral region as previ-
ously. With the present OPO, the O–D stretch of TrOD can-
not be directly probed, since it is at too low a frequency
~;2300 cm21!. Nevertheless, the spectrum of TrOD in the
O–H and C–H stretch region can highlight the O–H stretch
absorptions in TrOH through the transition~s! that disappear
from the spectrum.

The FDIR spectrum of TrOD is shown in Fig. 5~a!, with
the TrOH(a1) spectrum shown below it for direct compari-
son. Due to the smaller tunneling splitting in theS1←S0
spectrum of TrOD, the FDIR spectrum of Fig. 5~a! includes
contributions from both thea1 and b2 ground-state levels
due to partial overlap of the bands in the electronic spectrum.
As anticipated, the main band at 3134 cm21 is gone from the
TrOD spectrum, though a weak feature at 3105 cm21 re-
mains. The set of C–H stretch bands at 3034 and 3070 cm21

is virtually unchanged.
The assignment of the 3105 cm21 band of TrOD@Fig.

5~a!# is not clear. It may be a dark background state in Fermi
resonance with the C–H stretch, or an overtone or combina-
tion band carrying its own oscillator strength. As is evident
from Table II and from the experimental data of Ikegami3

and Redington,2 several strongly absorbing infrared bands
occur in the 1500–1600 cm21 region, and overtones or com-
binations of these bands are of roughly the right frequency to
produce the 3105 cm21 band.

The comparison of the spectra of TrOD with TrOH pro-
vides strong evidence that the 3134.9 and 3133.9 cm21 bands
in Figs. 4~a! and 4~b!, respectively, are due to the O–H
stretch. Confirming evidence for this assignment comes from
two sources. First, our expectation from the energy level dia-
gram of Fig. 1 is that each transition in thea1 spectrum will
be mirrored by a transition of opposite polarization (y↔z)
out of the upper tunneling level~b2 symmetry!, and that the
corresponding transitions out of theb2 state will differ in
frequency from those in thea1 spectrum by the ground state
tunneling splitting of 0.99 cm21. The observed frequency
difference between the two bands is of this magnitude~1.0
60.4 cm21!, in fortuitously close agreement with the predic-
tion. Given the OPO bandwidth, a splitting of this magnitude
is difficult to quantify. Nevertheless, the difference in peak
frequencies is known to considerably better accuracy than
either absolute frequency, depending only on the repeatabil-
ity of the scanning of the OPO. Based on this assignment, the
3134.9 and 3133.9 cm21 bands originate from the lower and
upper zero-point tunneling states~Fig. 1! and teminate in the
same OH(v51) tunneling level. Second, the tentative as-
signment of the OH stretch in the room temperature infrared
spectrum of Ikegami3 was to a band at 3140 cm21, very close
to the two bands observed here.

Despite the considerable support for the assignment just
given for the 3133.9 and 3134.9 cm21 transitions, other fea-
tures of the spectrum are less well understood. First, one
must explain the remarkable similarity of thea1 andb2 level
spectra, and in particular the reason that the 3133.9 and
3134.9 cm21 transitions are so similar in intensity in the two
spectra~relative to the C–H stretch bands! despite being of
different polarization. Second, the transitions to the other

TABLE I. Key bond lengthsr ~Å! and bond anglesa ~degrees! of tropolone
at the indicated levels of theory.

Becke3LYP
6-311G*

Becke3LYP
6-311G8[2d,p]

MP2
6-311G8[2d,p]

r C1–C2 1.485 1.483 1.471
r C2–C3 1.379 1.377 1.389
r C3–C4 1.413 1.411 1.408
r C4–C5 1.380 1.378 1.389
r C5–C6 1.417 1.415 1.414
r C6–C7 1.377 1.375 1.384
r C7–C1 1.438 1.435 1.438
r C1–O1 1.254 1.249 1.260
r C2–O2 1.337 1.330 1.337
r O2–H2 0.995 0.993 0.995
r O1–O2 2.507 2.486 2.501
r O1–H2 1.828 1.789 1.795
r C3–H 1.088 1.088 1.090
r C4–H 1.088 1.089 1.090
r C5–H 1.087 1.088 1.089
r C6–H 1.089 1.090 1.091
r C7–H 1.088 1.088 1.091
a C1–C2–C3 130.1 130.0 130.3
a C2–C3–C4 129.0 129.0 129.2
a C3–C4–C5 129.4 129.4 129.0
a C4–C5–C6 127.5 127.5 127.7
a C5–C6–C7 130.3 130.3 130.0
a C6–C7–C1 130.4 130.3 130.7
a C7–C1–C2 123.3 123.4 123.1
a C2–C1–O1 114.8 114.6 115.1
a C1–C2–O2 111.6 111.2 111.6
a C2–O2–H2 103.9 103.0 102.1
a O2–H2–O1 122.4 124.1 124.8
a C2–C3–H 114.4 114.5 113.9
a C3–C4–H 114.6 114.6 115.1
a C4–C5–H 116.6 116.6 116.3
a C5–C6–H 114.8 114.8 115.2
a C6–C7–H 117.2 117.3 116.9
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OH(v51) tunneling level are not obviously apparent nor
easily assigned. As shown in Fig. 6, in TrOH(a1), we have
carefully searched the entire region from 2700 to 3450 cm21

for transitions ascribable to the other OH(v51) tunneling
level. This has met without success, despite a signal-to-noise
level sufficient to observe sharp transitions ten times less
intense than the 3135 cm21 band.

In the discussion section, we will take up these unre-
solved issues in the context of a simple model for tunneling
in tropolone in the high barrier limit.

V. DISCUSSION

A. Comparison of experiment with the predictions for
TrOH tunneling in the high barrier limit

In this section, a simple model for the OH stretch band
intensities is presented which assumes that the barrier to
H-atom tunneling is high enough that the OH stretch vibra-
tional wave functions are largely localized around the two
minima in the potential energy surface. A primary test of the
model is whether it can successfully account for the similar

TABLE II. Infrared frequencies and intensities for TrOH using both the 6-311G* and 6-311G8[2d,p] basis
sets and for TrOD using the 6-311G8[2d,p] basis set.

TrOHa TrODb

Becke3LYP/6-311G* Becke3LYP/6-311G8[2d,p] Becke3LYP/6-311G8[2d,p]

Frequency
~in cm21!

Intensity
~in km/mol!

Frequency
~in cm21!

Intensity
~in km/mol!

Frequency
~in cm21!

Intensity
~in km/mol!

114.9 1.1 120.6 1.0 120.5 1.0
185.1 0.0 183.8 0.0 182.4 0.0
363.4 6.1 358.6 10.1 341.6 13.3
373.9 4.8 370.4 2.7 368.2 1.5
376.1 0.0 377.8 0.0 377.6 0.0
402.2 1.8 403.9 2.1 401.4 3.1
448.4 15.0 445.6 15.2 439.2 13.3
545.9 1.8 549.8 1.9 547.1 2.0
597.6 0.2 601.9 0.1 598.3 3.5
694.2 7.3 693.8 6.5 692.8 6.6
724.8 19.6 739.5 33.5 740.7 50.2
751.5 14.3 751.9 14.5 748.3 12.2
773.2 79.7 783.0 51.5 785.6 26.2
814.8 76.7 849.7 58.1 622.3 35.2
878.4 10.3 885.1 10.1 882.8 1.2
888.4 10.8 885.3 10.5 884.2 7.4
945.0 11.2 941.7 11.6 941.7 11.9
977.5 10.3 973.2 9.9 964.5 35.4
1014.2 0.3 1012.3 0.2 1012.3 0.3
1030.2 1.1 1028.8 1.1 1028.8 0.8
1080.6 0.4 1077.1 0.4 1000.7c 22.2
1244.6 7.8 1236.8 4.5 1238.9 4.2
1248.9 7.5 1241.9 7.3 1257.2c 77.6
1294.1 44.8 1282.3 32.0 1290.0 32.3
1324.9 223.5 1320.7 203.1 1117.4c 41.7
1349.0 61.3 1343.7 63.7 1341.4 123.4
1454.6 25.5 1442.2 19.0 1442.5 40.9
1479.8 211.8 1470.2 212.4 1432.5 66.0
1523.9 139.4 1515.3 144.4 1511.8 70.9
1540.4 116.5 1533.9 133.8 1525.9 83.6
1618.6 108.1 1612.0 91.9 1602.6 196.0
1664.7 1.6 1655.6 8.5 1652.8 11.3
1675.2 208.7 1672.6 202.7 1663.9 233.1
3163.0 6.4 3147.3 5.7 3147.3 5.7
3172.0 3.7 3156.2 2.9 3156.3 2.5
3186.3 12.2 3171.7 7.7 3171.7 7.7
3193.2 15.2 3176.9 9.7 3176.9 10.0
3198.2 8.3 3184.1 8.2 3184.1 8.3
3331.6 132.8 3337.3 143.5 2427.4 87.0

aThe modes in TrOH are listed in order of increasing frequency.
bThe modes in TrOD are listed in an order which provides one-to-one correspondence with the analogous
modes in TrOH.
cThese modes in TrOD are mixtures of several modes in TrOH.
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experimental intensities of the 3133.9 and 3134.9 cm21 tran-
sitions. The OH stretchv50 andv51 wave functions are
written as simple sums and differences of wave functions
localized in the right- (uRn&) and left-hand wells (uLn&), i.e.,

ua19&5
1

A2
~ uL0&1uR0&), ub29&5

1

A2
~ uL0&2uR0&),

~2!

ua18&5
1

A2
~ uL1&1uR1&),

ub28&5
1

A2
~ uL1&2uR1&).

FIG. 3. Fluorescence excitation spectrum of theS1←S0 origin region of
TrOH. The 00

0(a19) and 00
0(b29) transitions are used to monitor the lower and

upper zero-point tunneling levels in the fluorescence-dip infrared spectros-
copy.

FIG. 4. FDIR spectra out of thea19 andb29 levels of TrOH.

FIG. 5. FDIR spectra of~a! tropolone deuterated in the hydroxy position
~TrOD!, and~b! TrOH(a19) for comparison.

FIG. 6. Overview FDIR spectrum used in searching for the other member of
the OH(v51) tunneling doublet in the TrOH(a19) spectrum.
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Here theG4 symmetry designations for the OH stretch levels
are those in Fig. 1 where H-atom tunneling is feasible. The
single ~double! prime refers to thev50 (v51) tunneling
levels. In order to approximate they- and z-polarized OH
stretch band intensities, they andz components of the dipole
moment function are expanded about the two equilibrium
positions, one in the right-hand and one in the left-hand well:

my5me,y1F S ]my

]QL
D
e

QL2S ]my

]QR
D
e

QRG
and

mz5me,z1F S ]mz

]QL
D
e

QL1S ]mz

]QR
D
e

QRG . ~3!

The form of the terms in brackets produces a nonzero dipole
moment derivative along either they or z axes, respectively.
The intensity of the four OH stretch (v50–1) transitions is
then given by

I ~a19→a18!5US ]mz

]QL
D ^a19u@QL1QR#ua18&U2,

I ~b29→b28!5US ]mz

]QL
D ^b29u@QL1QR#ub28&U2,

~4!

I ~a19→b28!5US ]my

]QL
D ^a19u@QL2QR#ub28&U2,

I ~b29→a18!5US ]my

]QL
D ^b29u@QL2QR#ua18&U2,

where we have made use of the fact that
u(]my/]QR)u5u(]my/]QL)u. If the barrier to tunneling is
quite high, we can assume negligible overlap between the
wave functions in the left-hand and right-hand wells even in
the OH(v51) state. This assumption has some basis in the
approximately correct CH stretch/OH stretch intensity ratio
predicted by theab initio calculation, which is inherently a
small-amplitude calculation. In this limit, the ratio of inten-
sities of they- andz-polarized transitions is just

I ~y!

I ~z!
5S ~]my /]QL!

~]mz /]QL! D
2

. ~5!

The magnitude of they and z components of the dipole
moment derivatives are determined from a series of single
point calculations of the dipole moment as a function of
displacement along the OH stretch normal mode. The slope
of this plot was very nearly linear over a range of OH bond
lengths bounded by the classical turning points at the zero-
point level. The calculation yields a value of 1.18 for the
[( ]my/]QL)/(]mz/]QL)] ratio, in close correspondence with
the ratio of projections of the OH stretch normal mode onto
the y andz axes. Substituting this ratio into Eq.~5! yields a
ratio of y- to z-polarized transition intensities of 1.4, a value
close enough to 1.0 to account satisfactorily for the similar
intensities of the 3133.9 and 3134.9 cm21 bands in the ex-
perimental spectra.

The qualitative form of the spectrum predicted by this
model is shown in Fig. 1. The intensity ratio is close to 1.0
partly because the OH stretch mode does not oscillate di-
rectly along the OH bond axis, but at an angle of 15° to it, as
shown in Fig. 7. This is a consequence of the highly nonlin-
ear H bond in TrOH in which the O–O separation is only
2.50 Å. It would appear that the OH is riding up against the
keto oxygen in such a way that as it stretches, it is forced
away from the keto oxygen. This effectively introduces a
component of OH bend to the normal mode, and more nearly
equalizes they andz components of the hydrogen’s motion.

As shown in Fig. 1, the prediction of the model is that
the FDIR spectra out of thea19 and b29 levels should each
support another transition of comparable intensity to the
3133.9 and 3134.9 cm21 transitions, yet no such transitions
are readily apparent. Several possible explanations can be
given. First, the OH(v51) tunneling splitting could be small
enough that the other transitions are unresolved. This would
seem unlikely given the zero-point level tunneling splitting
of 1.0 cm21 in TrOH and the neon matrix data2 on TrOD
which gives a 19 cm21 splitting for OD(v51). This latter
value is likely influenced by matrix effects, but is neverthe-
less qualitatively larger than that required for resolution in
our spectra. Second, the other transitions may be obscured by
the C–H stretch bands. To test this possibility clearly, FDIR
spectra of C7D5OH will need to be taken in the future. Third,
the comparison between the TrOH and TrOD spectra~Fig. 5!
suggests that at least part of the intensity in the broad shoul-
der to the low-frequency side of the 3133.9 and 3134.9 cm21

bands is due to the OH stretch, and could be ascribed to
transitions to the other tunneling level. This seems the most
likely possibility at present. If true, it would mean that the
3133.9 and 3134.9 cm21 transitions terminate in theb28 level,
and that thea18 level is broadened by state mixing with back-
ground states.

Assuming that the entire broad shoulder can be ascribed
to the transition to thea18 level, the TrOH(b29) 3100–3150
cm21 region has been fit as the sum of two Gaussians. A
reasonable fit to the spectrum in this region is achieved with
Gaussians centered at 3122 and 3133.9 cm21, giving a 12

FIG. 7. The OH stretch normal mode calculated at the
Becke3LYP/6-311G8[2d,p] level of theory. Note the 15° rotation of the
displacement vector from the OH bond axis.
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cm21 OH(v51) splitting. The full-widths of the Gaussians
are 30 and 4 cm21, respectively, while the relative intensities
of the bands areI shoulder/I 3134'5, a value significantly greater
than that predicted by our simple model~1.4!. Thus, the data
is suggestive but not definitive in its support of the assign-
ment of the broad shoulder as the transition to the other
member of the OH(v51) tunneling doublet.

Recently, Smedarchinaet al.32 reported results of a full
multidimensional instanton calculation of vibrationally
mode-specific tunneling splittings in tropolone. This promis-
ing approach yieldsS1 tunneling splittings which for totally
symmetric modes match experimental observations to re-
markable accuracy. When applied to theS0 OH(v51)
level,33 the calculated tunneling splittings are 15.5/0.8 cm21

for TrOH/TrOD using their model potential, and 12.9/0.7
cm21 with a numerical potential. The close correspondence
with the 12 cm21 splitting suggested above provides con-
firming evidence for the proposed assignment.

Regarding the breadths of the bands, it is not surprising
that significant state mixing is present in tropolone at this
energy. Elegant experiments34–40 employing high-resolution
spectroscopy and/or multiresonant excitation have provided
a detailed picture of state mixing in hydride stretch funda-
mentals and overtones of molecules of widely varying com-
plexity. Even within the more restrictive category of aromat-
ics, the coupling is seen to range over several orders-of-
magnitude. In naphthalene, the C–H stretch fundamental is
coupled with background states with an average coupling
matrix element of only 0.0016 cm21. In pyrazine, the analo-
gous coupling bears a coupling matrix element of 0.36 cm21,
while in benzene and fluorobenzene, coupling matrix ele-
ments of the C–H stretch with the overtones and combina-
tions of the ring CC stretch vibrations are of order 10 cm21.
In TrOH, the large number of vibrational modes~39!, the
relative floppiness of the ring, the presence of several poten-
tial 2–1 Fermi resonances, and the large-amplitude H-atom
tunneling motion all might suggest that state mixing in OH
~and CH! v51 would be large.

What is perhaps more surprising, in light of the tentative
OH stretch assignments given, is the mode-specific nature of
the state mixing. Accepting the assignment of the broad
shoulders at 3120 cm21 ~Fig. 4! as OH stretch transitions
terminating in thea18 level ~Fig. 1! necessitates coupling ma-
trix elements fora18 and b28 OH stretch (v51) levels with
the background states which differ by about an order-of-
magnitude. The source of these differences will need to be
explored further if the assignments of thea18←a19 and
a18←b29 transitions stand up to future tests.

B. Tropolone and its intramolecular hydrogen bond

One of the anomalies of the IR spectrum of tropolone is
that the large frequency shift of the OH stretch is accompa-
nied by no corresponding intensity increase of the OH stretch
infrared absorption. In intermolecularly hydrogen-bonded
systems, the strength of the hydrogen bond is correlated with
three features of the X–H stretch infrared absorption: the
magnitude of the frequency shift, the integrated absorption
intensity, and the breadth of the transition.24 In these sys-

tems, the formation of the hydrogen bond both lowers the
frequency of the OH stretch and enhances the dipole moment
derivative ~]m/]QOH! which determines the infrared inten-
sity. This enhancement can lead to OH stretch intensity in-
creases of a factor of 5 or more over the unhydrogen-bonded
intensity. For example, in the phenol-H2O complex, the
hydrogen-bonded OH stretch is six times more intense than
the free OH in phenol monomer.21~c!

In the case of tropolone, the frequency shift of the ob-
served OH stretch absorption~3134 cm21! relative to a typi-
cal free OH stretch absorption~;3710 cm21! is about 580
cm21, extremely large for an O•••HO hydrogen bond. At the
same time, the experimental intensity is only about two to
three times the total integrated intensity of the C–H stretch-
ing modes. In keeping with this, theab initio calculation
~Table II! predicts a tropolone OH stretch intensity four
times the total intensity of the five C–H stretch absorptions
and less than a factor of 2 larger than that of a free OH~using
the same basis set!.

The large frequency shift and small intensity of intramo-
lecularly H-bonded OH stretch vibrations has been the sub-
ject of previous studies in the condensed phase.2,24,25 Here
we comment on this issue from the perspective of the cold,
isolated molecule. One suggestion which has been made is
that the intensity weakness is a consequence of the delocal-
ization of the OH(v51) levels due to facile tunneling in
those levels.2 However, as we will see in the adjoining paper,
the intensity of the TrOH OH stretch remains relatively con-
stant in going from TrOH to TrOH–H2O, despite the local-
ization which accompanies the asymmetrization of the
double minimum well upon complexation of water. Further-
more, the qualitative intensity trends are correctly repro-
duced by theab initio calculations, which are inherently
small-amplitude harmonic calculations. Thus, one is inclined
to look for explanations for the large frequency shift and
small intensity increase which are independent of the tunnel-
ing process, and more generally characteristic of intramo-
lecular H bonds.

The intramolecular H bond of tropolone is atypical in
that it is strongly bent, with the O–H bond at a 38° angle
relative to a line joining the oxygen atoms. At the same time,
the O–O separation in TrOH is only 2.50 Å~Table I!, much
shorter than a typical O–H•••O intermolecular H bond~2.98
Å in the water dimer!.17 The results of a series of calcula-
tions designed to test the effect of the intramolecular H bond
on the OH stretch vibrational frequencies and intensities are
summarized in Table III. The table draws a first comparison
between the structures and OH stretch infrared spectra of
cis-tropolone~i.e., in its minimum energy intramolecularly
H-bonded configuration! with trans-tropolone, the secondary
minimum structure in which the OH bond points away from
the keto oxygen in a non H-bonded configuration. From a
structural viewpoint, the intramolecular H bond lengthens
the OH bond~DrOH5.024 Å!, draws the two oxygens .061 Å
closer together, and bends the OH bond toward the keto oxy-
gen~DuCOH5103.9°–110.2°526.3°!. As expected, the spec-
tral consequences of the intramolecular H bond are a large
decrease in the OH stretch frequency~by 355 cm21!, but an
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OH stretch intensity increase of only about a factor of 2.
The tropolone-H2O complex provides a second compari-

son. As we shall show in more detail in the succeeding pa-
per, there are several structural conformers calculated for
tropolone-H2O. One of these, the ‘‘exterior’’ isomer, the wa-
ter acts as hydrogen donor to the exterior side of the keto
oxygen, leaving the intramolecular H bond of tropolone rela-
tively undisturbed. As a result, the exterior isomer incorpo-
rates a free OH, an intermolecular OH•••OvC hydrogen
bond, and an intramolecular OH•••OvC hydrogen bond in
the same complex, facilitating direct comparison between the
three types of OH groups. As seen in Table III, the frequency
shift of the OH involved in an intermolecular H bond is
almost a factor of 2 smaller than the intramolecularly
H-bonded OH, yet the intensity of the former is almost four
times the latter.

Finally, we have tested the generality of the effects of
intramolecular H-bond formation on the OH stretch absorp-
tion by carrying out calculations on hydroxyacetaldehyde
~HOAA!, shown below. Experimentally, the OH stretch fun-
damental in HOAA is at 3549 cm21, almost 400 cm21 less
red shifted than in tropolone.41 It is thus of interest to see the
structural and spectroscopic changes computed for HOAA
by comparison to tropolone.

In HOAA, the unconjugated C–C single bond joining
the keto and OH groups lengthens the O–O separation,rOO,
to 2.706 Å, suggesting a weaker intramolecular H bond than
in TrOH. Consistent with this conclusion, the OH bond
length ~0.977 Å! in HOAA is significantly shorter than in
TrOH ~0.995 Å!. Furthermore, the structural differences be-
tween cis ~H-bonded OH! and trans ~free OH! forms of
HOAA are also significantly less than the analogous differ-
ences in TrOH, most notably in the change in the OH bond

length ~DrOH510.008 Å!, O–O separation~DrOO520.039
Å!, and COH bond angle~DuCOH522.9°! upon H-bond for-
mation. In keeping with experiment, theab initio calculation
predicts that the OH stretch frequency shift between the
H-bondedcis and unhydrogen-bondedtrans forms is only
120 cm21, while the intensity increase so produced is only
1.5 times.

One surmises based on the calculations on TrOH,
TrOH–H2O, and HOAA that the OH stretch intensity in a
bent intramolecular H bond is a weak function of the O–O
separation, while the OH stretch frequency depends very
sensitively on this distance. Whether it is the frequency shift
or the lack of intensity increase which is unusual by com-
parison to intermolecular hydrogen bonds is still an open
question.

VI. CONCLUSION

FDIR spectroscopy has been used to record near-infrared
spectra of tropolone out of the lower and upper levels of the
H-atom tunneling doublet free from interference from one
another. Assignments of two of the four bands expected for
the OH (v50–1) spectrum have been made. These bands,
at 3133.9 and 3134.9 cm21, have a large frequency shift
from free OH, but exhibit little of the intensity increase an-
ticipated if the H bond were intermolecular rather than in-
tramolecular. The narrowness of these bands~4 cm21

FWHM! in the cold, isolated molecule is in striking contrast
to the broad bands~400 cm21 FWHM! often observed for
intramolecularly H-bonded OH groups in the room tempera-
ture gas phase spectrum.31

Unfortunately, the present results do not determine with
certainty the OH(v51) tunneling splitting. The interpreta-
tion favored by the present results suggests an OH(v51)
tunneling splitting of only 12 cm21, with the 3133.9 and
3134.9 cm21 transitions terminating in the upper tunneling
level of OH(v51). The correctness of this assignment
would require the lower tunneling level of OH(v51) to be
5–10 times broader than their observed counterparts termi-
nating in the upper tunneling level. The tantalizing conclu-
sion presented by this tentative assignment is that the OH(v
51) tunneling splitting is not particularly large, despite the

TABLE III. Key calculated spectroscopic and structural parameters ofcisandtransTrOH, TrOH-H2O,
a andcis

and transhydroxyacetaldehyde~HOAA! calculated at the Becke3LYP/6-311G* level of theory.

Frequency
~in cm21!

Frequency shift
relative to H2O

b

~in cm21!

Frequency shift
relative totrans
species~in cm21!

Intensity
~in km/mol!

rO•••H

~Å!
rO–O
~Å!

aO–O•••H

~deg!
aC•••O•••H

~deg!

cis TrOH 3331.6 2457.5 2391.9 132.8 0.995 2.507 38.0 103.9
transTrOH 3723.5 265.5 0.0 65.6 0.972 2.568 N/A 110.2

3368.0 2421.0 2355.4 165.2
TrOH•H2O

a 3556.7 2232.3 2166.8 607.1 0.993 2.502 N/A 104.2
3825.2 36.2 101.7 106.9

cis HOAA 3640.9 2148.1 2120.2 60.6 0.977 2.706 45.3 107.1
transHOAA 3761.2 227.9 0.0 40.0 0.969 2.745 N/A 109.1

aConformational isomer with water hydrogen bonded to the exterior side of the keto-oxygen on tropolone.
bThe shift is reported relative to the average of the symmetric and asymmetric OH stretches in H2O calculated
at the same level of theory.

2603Frost et al.: Spectroscopy of tropolone

J. Chem. Phys., Vol. 105, No. 7, 15 August 1996

Downloaded¬21¬Aug¬2003¬to¬128.210.142.204.¬Redistribution¬subject¬to¬AIP¬license¬or¬copyright,¬see¬http://ojps.aip.org/jcpo/jcpcr.jsp



anticipated strong coupling of the OH stretch mode with the
H-atom tunneling coordinate. If this assignment holds up to
future tests, it would suggest that the significant nonlinearity
of the intramolecular H bond in tropolone reduces the impor-
tance of the OH stretch in promoting H-atom tunneling.
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