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Dispersed fluorescence (DF) and stimulated emission pumping (SEP) spectra of DFCO from 9000 to 20 000
cm-1 on S0 are reported. Groups of features in the 215162 DF spectrum are assigned as strongly coupled
members of 266 [ν2(CO stretch)T 2ν6(out-of-plane bend)] polyads of vibrational states. The Franck-
Condon active states in these polyads are primarily the zero-order states 2n6m with values ofn ranging from
0 to 4 and values ofm ranging from 13 to 19. The assignment of the Franck-Condon active states is consistent
with the HFCO experimental results and with Franck-Condon factor calculations. Multiple intramolecular
vibrational energy redistribution (IVR) time scales are evident from the dilution of the Franck-Condon factors
observed in the spectra examined at different resolutions. The fastest IVR results from the low-order (∆V )
3) 266 resonance that couplesν2 andν6. This initial IVR occurs in∼25 fs. Evidence of anharmonic coupling
within the vicinity of single DF features signifies subsequent IVR on the 0.5-4.0 ps time scale. This second
time scale can be understood in terms of further coupling toν3 (HCO bend) andν5 (FCO bend) resulting
from a 3566 Darling-Dennison resonance. Clumps of vibrational lines within individual SEP bands indicate
further anharmonic and weak A-type Coriolis coupling to background levels at times between 3 and 150 ps.
Comparison of the observed and calculated vibrational-state densities indicates that, for many states, IVR
may be nearly complete on the time scale of the measured dissociation rates. The IVR dynamics of DFCO
are in marked contrast to the mode-specific IVR dynamics of HFCO. The quasistability of extreme-motion
out-of-plane vibrations (V6 g 14), in HFCO is destroyed by the strong coupling ofν2 and 2ν6 in DFCO.
Thus, the two isotopomers display qualitatively different IVR dynamics.

I. Introduction

The idea that vibrational energy is randomized rapidly on
the time scale of a chemical reaction is the underlying
assumption of statistical unimolecular reaction rate theories such
as RRKM.1-5 Consequently, these theories give dissociation
rates that are insensitive to the initial vibrational excitation and
depend only on total energy and angular momentum. The
success of these theories at predicting the rates of thermal
reactions supports this assumption,5 yet state-selective studies
of unimolecular dissociation have revealed evidence for incom-
plete intramolecular vibrational energy redistribution (IVR) as
well as for both mode- and state-specific dynamics. Analysis
of statistical properties such as level spacing and dissociation
rate distributions of CH3O below 10 000 cm-1,6 D2CO near
28 000 cm-1,7,8 and C2H2 near 27 900 cm-1 9 do indicate
complete IVR. Nevertheless, the dynamics of D2CO exhibit
state-specific fluctuations resulting from the random distribution
of the wave function coefficients in a strongly mixed system.
Due to Coriolis-induced vibrational coupling, the dissociation
rates of HFCO depend strongly and systematically on the
rotational quantum numbers.10 The relative time scales of IVR
and dissociation are critical factors that determine the relation

between the initially excited state and the reaction outcome.
Thus, it is desirable to understand and be able to predict the
coupling mechanisms responsible for IVR as well as the time
scale and extent of IVR in polyatomic molecules. A thorough
understanding of IVR will allow a prediction of when dynamics
will be statistical vs mode specific and will aid in the
development of reaction rate theories that account for and predict
dissociation dynamics in nonstatistical systems.

Much of the current understanding of IVR is a result of
frequency domain spectral studies. The signature of IVR in
the frequency domain is the perturbation and dilution of zero-
order optically active states that result from anharmonic or
Coriolis coupling to optically dark states.11-13 IVR has been
studied in fundamental vibrations14,15 as well as in highly
vibrationally excited dissociative systems.16 Despite the success
of the normal mode picture of independent harmonic oscillators
for describing vibrations near the bottom of the potential-energy
surface (PES), extensive IVR has been observed for CH-
stretching fundamentals14 and low overtones.15 Additionally,
instances of slow and incomplete IVR have been observed in
highly vibrationally excited systems where the PES is quite
anharmonic and state densities are high. For example, in HFCO
at dissociative energies, states with all of the vibrational energy
in ν6 (see Table 1), so-called extreme-motion states, are
particularly stable against IVR.16 IVR increases, in a mode-
specific way, for isoenergetic states with more excitation inν2

and correspondingly less excitation inν6. Although high state
densities do increase the likelihood of vibrational couplings and
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IVR, evidence suggests that it is the density of low-order
resonances (∆V ) 3-4) that is crucial.13,17-19 For example,
vibrational couplings evident in the 5νOH spectrum of CH3OH
vary by a factor of 5 over only a 50 cm-1 range, suggesting
that specific lower-order resonances, rather than the total state
density, control the vibrational dynamics.19 Additionally, the
stability of extreme-motion states against IVR is predicted due
to the reduced number of low-order couplings between these
states and isoenergetic bath states.20 Low-order resonances
depend on the ratios of the vibrational frequencies, and, thus,
can be turned on and off by isotopic substitution without
changing the PES or significantly affecting the total state density.
Thus, the question of the relative importance of low- vs high-
order resonances is directly addressed by comparison of the IVR
dynamics in HFCO and DFCO.

The spectrum of DFCO at dissociative energies is signifi-
cantly more complex than the HFCO spectrum at comparable
energies. Thus, the DFCO spectrum was first analyzed at S0

energies below 9000 cm-1.21 Spectroscopic constants were
obtained, and several strong anharmonic resonances were
identified that, due to differences in vibrational frequencies, are
not important for HFCO. The current work presents the
continued analysis of the SEP spectra and intramolecular
vibrational dynamics of DFCO between 9000 and 20 000 cm-1.
Characterization of the dissociative states is essential for the
interpretation of state-selective rate measurements currently
underway in this group. Additionally, the results of this analysis
provide a strong test for the quality of ab initio formyl fluoride
force fields.22-28 Experiments and spectra are presented in
sections II and III, respectively. In section IV, Franck-Condon
active zero-order states are identified. Evidence is presented
for anharmonic and Coriolis coupling in DFCO over multiple
time scales in section V. In section VI, experimental and
calculated state densities are compared to determine the extent
of IVR on the time scale of the unimolecular dissociation
reaction.

II. Experimental Section

The experimental procedures have been described previ-
ously21,29 and are reviewed here briefly. Jet-cooled DFCO is
excited to rovibrational levels of S1 with pulses generated by
frequency doubling, in aâ-bariumborate (BBO) crystal, the
output of a dye laser (Lambda Physik Fl2002,∆ν ) 0.15 cm-1)
pumped by the third harmonic of a Nd:YAG laser (Quantel
YG580). There was 99.6% of the fundamental (10-15 mJ/
pulse) separated from the frequency-doubled light (1.0-1.5 mJ/
pulse) by three dichroic mirrors before the UV enters the
molecular beam chamber. The laser crosses the pulsed molec-
ular beam approximately 2 cm from the nozzle. The polariza-
tion of the laser is fixed in the vertical plane formed by the
laser and molecular beam.

S1 f S0 dispersed fluorescence (DF) spectra were recorded
from the rQ subband heads of the 215162 (39 779.2 cm-1) and
5166 (39 952.4 cm-1) vibrational levels of S1. Fluorescence

emitted perpendicular to the plane formed by the laser and
molecular beams is dispersed in a 75 cm monochromator (Spex
1700) with a 1200 groove/mm grating blazed at 500 nm. The
monochromator entrance slit and the grating grooves are oriented
parallel to the polarization of the laser beam. Dispersed
fluorescence is detected with a PMT (Hamamatsu H1161) and
integrated with a boxcar integrator (SRS model 250). The
resolution of the monochromator, operated in first order with a
slit width of 0.5 mm, is∼90 cm-1. The monochromator is
calibrated with a Hg and Kr lamp to(5 cm-1.

Stimulated emission pumping (SEP) spectra were recorded
from the completely resolved 110 rotational levels of the 5164

(39 388.72 cm-1), 66 (39 523.92 cm-1), 22 (39 679.72 cm-1),
215162 (39 780.23 cm-1), 5264 (39 823.40 cm-1), 5166 (39 953.38
cm-1), 2164 (40 006.78 cm-1), and 213162 (40 218.16 cm-1) S1

vibrational states. Pump light is produced as described above
with the exception that the dye laser is fit with an intracavity
Etalon narrowing the bandwidth to∆ν e 0.05 cm-1. The output
(6-20 mJ/pulse) of another Nd:YAG (Quanta Ray DCR 1A)
pumped dye laser (Lambda Physik FL3002,∆ν e 0.15 cm-1

(∆ν e 0.05 cm-1 with intracavity Etalon)) stimulates emission
back to S0 following a 25-100 ns delay, chosen to be
approximately 20% of the S1 fluorescence lifetime. S1 f S0

fluorescence is collected with a PMT (Hamamatsu H1161)
mounted perpendicular to the plane formed by the laser beam
and molecular beam. A color filter (Schott BG-25, transmitsλ
g 280 nm) and a dielectric mirror (Rmax ) 250 nm) are placed
in front of the PMT to reduce the amount of scattered light
detected.

SEP transitions are detected as a decrease in the fluorescence
signal integrated (SRS boxcar integrator model 250) during a
400 ns gate opened immediately after the interaction of the dump
laser with the molecular beam. Spectra are normalized for
fluctuations in the number of excited molecules.16 These
fluctuations are detected as variations in the integrated fluores-
cence signal from an identical boxcar integrator opened during
the 25-100 ns separation between the pump and dump pulses.

Pump frequencies are calibrated to(0.02 cm-1 with a
Burleigh WA-4500 wavemeter. Fe/Ne optogalvanic spectra are
recorded during SEP scans for absolute calibration of dump
frequencies to(0.3 cm-1.30 Absolute S0 frequencies above the
zero-point energy are taken as the difference between the
excitation frequency and the dump frequency and are accurate
to (0.3 cm-1.

DFCO is synthesized from deuterated formic acid and
cyanuric fluoride using the method of Olah et al.31 Following
synthesis, the sample is vacuum distilled from 193 (CO2(s) and
acetone slush) to 77 K (N2(l)) to remove impurities. The sample
is stored at 77 K when not in use.

III. Spectra

DF spectra of DFCO, extending from 9000 to 20 000 cm-1

on S0, are shown in Figure 1. Fluorescence originates from
the rQ subband heads of the 215162 and 5166 vibrational levels
of S1. Several characteristics of the DF spectra are noteworthy.
First, well-resolved transitions to states above the dissociation
barrier (17 200(1400 cm-1 10) are observed in both spectra.
Thus, SEP can be used to excite DFCO to dissociative S0 states.
The 215162 spectrum is fairly congested between 9000 and
10 500 cm-1. At higher energies, groups of DF peaks are
observed that are separated by regions of lesser intensity. These
groups consist of two or three relatively intense DF peaks within
a 200 cm-1 window. For example, the DF peaks near 15 600,
15 700, and 15 800 cm-1 in the 215162 spectrum (Figure 1)

TABLE 1: HFCO and DFCO S0 Fundamental Frequencies
(cm-1)

HFCO16 DFCO21

ν1 A′ (CD stretch) 2981 2262
ν2 A′ (CO stretch) 1837 1797
ν3 A′ (DCO bend) 1343 968
ν4 A′ (CF stretch) 1065 1073
ν5 A′ (FCO bend) 663 658
ν6 A′′ (out-of-plane bend) 1011 857
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comprise a group. Groups form progressions in the CO
stretching frequency,ν2 (1804.23 cm-1 21). This is in accord
with Franck-Condon arguments based on the significant
difference in the length of the CO bond in S0 (1.181 Å) and S1
(1.3442 Å).32 The Franck-Condon intensity is more evenly
distributed in the 5166 spectrum, though progressions inν2 are
still discernible. The dissimilarities in these two spectra may
result from differences in the zero-order Franck-Condon factors
for transitions from these two S1 states or from differences in
the coupling between the Franck-Condon active S0 levels, in
the two spectra, and the optically dark levels. These possibilities
will be considered more fully in sections IV and V.

SEP spectra from the completely resolved 110 lines of the
5164 and 215162 vibrational levels of S1 were recorded from
13 000 to 20 000 cm-1 on S0. Additional SEP spectra were
recorded from 15 500 to 15 900 cm-1 on S0 from the 110 lines
of the 66, 22, 5264, 5166, and 2164 vibrational levels of S1 (Figure
2). For measuring dissociation rates of SEP-prepared states via
a pump-dump-probe scheme, it is advantageous to pump an
S1 level with a short fluorescence lifetime. Therefore, as
preliminary experiments for rate measurements, SEP spectra
were also recorded from 15 650 to 16 690 cm-1 from the short-
lived (τ ) 58 ns) 213162 vibrational level of S1. Vibrational
band energies and symmetries, obtained from these spectra, are
listed in Tables 2 and 3. The energy of the 000 level is listed
for A′ bands. For A′′ bands, the 000 line is not observed and
the energy of the 101 level is listed. This level is approximately
0.7 cm-1 above the vibrational origin. When a Franck-
Condon-allowed line is split into a multiplet, the energy of the
most intense line is given. The dumping efficiency of the
strongest line in each band is also listed. Relative dumping
efficiencies are only accurate in small-energy regions (ap-
proximately 300 cm-1) due to variations in the dump power
over the gain curve of a laser dye and from dye to dye. Over
large regions, dumping efficiencies are only accurate to within
a factor of 3.

Vibrational states containing an even (odd) number of quanta
in ν6 have A′ (A′′) vibrational symmetry. Vibrational symmetry
assignments of SEP spectra were made by examining the
polarization dependence of the rotational fine structure, as
described previously.21 SEP spectra reveal that the majority of

the DF peaks are composed of multiple vibrational bands
(Figures 3 and 4). Thus, following the terminology of Yaman-
ouchi et al., DF peaks are called features.33 In many cases,
vibrational bands having both A′ and A′′ symmetry are observed
under a single DF feature (Figure 3). However, the strongest
transitions under the DF features comprising a given group in
the 215162 DF spectrum have a common symmetry. For
example, the most intense transitions in the group of features
near 15 800 cm-1 in the 215162 DF spectrum are A′′ vibrational
states (Figures 3 and 4). The strongest lines in adjacent groups
of features have opposite symmetries, and groups with A′′
symmetry (e.g., 14 000, 15 800 cm-1) are more intense than A′
groups (e.g., 13 200, 15 000 cm-1) (Figure 1).

Closer inspection of the spectra in Figures 3 and 4 reveals
that many of the SEP bands are comprised of clumps of
vibrational eigenstates. For example, the clumps of lines labeled
101 and 111 in the intense A′′ band in Figure 4 disappear
completely in the parallel polarization scan, indicating that these
states are allJ ) 1 levels. As discussed below, there is no
evidence for Coriolis coupling of the 101 levels to the back-

Figure 1. Dispersed fluorescence spectra of DFCO recorded from the
rQ subband heads of the 215162 and 5166 vibrational levels of S1.
Progressions inν2 are shown for the zero-order states 2n6m for n )
0-4 andm ) 13-19 (top). In the 5166 spectrum, the 2n68, 2n610, and
2n612 progressions are labeled forn ) 2-7, n ) 1-6, andn ) 0-5,
respectively. Polyad numbers,N ) V2 + V6/2, are indicated for several
A′′ polyads.

Figure 2. SEP spectra in the vicinity of the features near 15 800 cm-1

in the 215162 DF spectrum shown in Figure 1. All spectra were recorded
at low (∆ν e 0.15 cm-1) resolution and perpendicular polarization with
the exception of the 215162 spectrum, which was recorded with parallel
polarization. The asterisk in the 5164 spectrum indicates an upward
transition.

Figure 3. S1 ) 215162 SEP spectrum in the vicinity of the DF peak
near 15 700 cm-1 shown in Figure 1. The spectrum was recorded with
perpendicular polarization at low resolution. A strong A′′ band appears
with its origin at 15 700.3 cm-1, and two weaker A′ bands appear at
15 715.8 and 15 724.1 cm-1 (The 000 lines appear in the parallel
polarization scan only). Clumps consist of vibrational eigenstates with
commonJKaKc rotational assignments (as indicated for each band).
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TABLE 2: Vibrational Energies and Dumping Efficienciesa

dumping efficiency (%)
S1 vibrational state

dumping efficiency (%)
S1 vibrational state

dumping efficiency (%)
S1 vibrational stateobsd

(cm-1) sym 5164 215162 213162
obsd

(cm-1) symb 5164 215162 213162
obsd

(cm-1) symb 5164 215162 213162

13 270.0 A′′ 21 15 379.0 A′ 20 17 023.7 ? 9
13 365.9 A′′ 26 15 396.5 A′′ 10 17 053.8 up 68
13 490.5 A′ 40 15 403.1 A′′ 26 17 070.2 A′′ 28
13 507.9 A′′ 15 15 415.3 A′ 13 17 078.0 ? 9
13 540.4 A′′ 18 6 15 462.1 ? 19 17 088.5 A′′ 15
13 650.2 ? 21 15 465.8 A′′ 17 17 111.6 ? 46
13 683.7 A′ 21 15 467.5 ? 22 17 123.1 up 24
13 775.4 A′ 50 10 15 918.9 up 22 17 186.2 ? 49
13 808.0 ? 11 15 934.8 ? 7 17 243.2 up 48
13 849.5 A′ 39 16 15 986.9 A′′ 14 17 278.0 A′′ 33
13 859.4 A′ 10 16 010.0 A′ 15 17 17 279.7 ? 36
13 889.7 ? 13 16 015.4 A′′ 14 18 17 297.0 ? 37
13 900.4 A′′ 40 16 031.0 ? 8 17 325.9 up 34
13 923.9 A′ 23 16 026.5 ? 11 17 364.0 ? 32
13 929.5 A′′ 17 16 037.8 A′′ 8 17 383.1 ? 48
13 973.0 A′ 10 26 16 085.1 A′ 12 17 454.4 A′ 19
13 999.3 A′′ 17 16 087.9 ? 11 17 459.2 A′′ 70
14 012.1 A′′ 16 50 16 097.9 A′ 41 17 17 482.0 ? 19
14 028.8 A′ 18 16 122.6 ? 13 17 482.5 A′ 21
14 050.5 A′′ 10 16 131.3 A′′ 10 17 485.1 A′′ 78
14 099.7 ? 30 16 194.2 A′ 8 21 17 500.0 ? 11
14 112.2 A′′ 50 40 16 207.0 A′ 12 17 516.3 up 19
14 119.6 A′ 20 26 16 217.0 ? 12 17 610.0 up 41
14 134.0 A′′ 9 16 230.2 ? 12 17 640.0 up 12
14 229.8 A′ 6 16 230.6 ? 5 17 698.0 up 27
14 242.0 A′′ 10 16 233.0 ? 11 17 747.5 up 70
14 281.7 A′ 4 16 242.8 ? 5 17 764.3 up 80
14 283.2 A′ 15 16 297.0 ? 9 17 790.0 A′′ 24
14 298.7 A′ 14 16 325.2 A′′ 17 17 794.6 A′ 18
14 314.7 A′ 5 16 325.4 A′′ 19 17 894.5 up 36
14 337.3 A′′ 24 16 333.5 A′ 24 17 908.8 A′ 13
14 394.0 A′ 11 16 351.3 A′ 14 26 17 954.1 up 98
14 401.3 A′ 21 16 348.0 ? 38 17 992.4 ? 9
14 405.4 A′ 10 16 377.1 A′ 10 18 013.0 ? 15
14 430.0 ? 7 16 386.1 A′′ 17 18 060.6 ? 14
14 533.0 A′′ 12 16 386.8 A′′ 9 18 085.8 A′′ 5
14 568.0 ? 21 16 414.2 up 56 18 116.0 ? 12 19
14 658.5 A′′ 4 16 427.8 ? 20 18 149.0 ? 14
14 673.0 A′′ 35 16 427.8 A′′ 18 18 174.0 ? 11
14 684.8 A′ 6 19 16 443.4 ? 22 18 218.8 up 100
14 706.6 A′ 7 16 442.3 A′ 8 18 257.3 up 63
14 707.9 A′′ 9 16 448.0 ? 29 18 300.0 ? 19
14 721.8 A′ 6 16 463.1 A′′ 24 18 332.6 A′ 11 25
14 727.8 A′ 7 4 16 474.5 A′ 20 18 413.7 up 92
14 752.2 A′ 23 26 16 487.3 A′ 24 18 428.1 up 100
14 763.0 ? 10 16 540.2 A′′ 12 18 441.8 A′ 12 10
14 769.8 A′′ 19 16 551.6 A′ 24 18 465.6 ? 9
14 792.9 A′ 29 16 562.2 A′′ 14 18 543.0 ? 14
14 808.2 A′ 15 46 16 557.4 A′′ 41 18 546.4 up 94
14 832.5 A′′ 7 16 606.1 A′ 21 18 571.0 up 23
14 873.0 A′′ 19 16 611.0 A′ 32 18 629.7 up 90
14 874.0 A′ 32 16 612.6 A′′ 44 18 637.2 A′′ 10
14 886.0 A′ 39 16 618.2 A′′ 35 18 730.0 ? 44
14 904.0 A′ 10 16 623.1 A′ 20 18 770.6 up 60
14 930.4 A′ 10 16 647.5 A′ 63 18 886.5 up 86
14 950.1 A′′ 29 16 652.4 A′ 12 18 936.0 up 53
14 963.7 A′ 17 50 16 708.5 ? 14 21 18 958.3 up 29
14 968.6 A′′ 16 17 16 759.0 ? 10 19 001.6 up 23
14 984.3 A′ 14 16 744.3 A′′ 32 19 049.9 A′ 10 10
15 034.8 A′ 17 16 761.1 A′ 48 19 065.5 A′ 5 14
15 055.8 A′′ 4 16 761.8 A′′ 50 19 100.6 up 100
15 101.6 A′ 5 16 772.0 A′ 16 19 148.0 ? 16
15 168.2 A′′ 9 16 810.3 ? 19 19 196.6 up 66
15 179.7 A′ 13 16 833.1 A′ 32 19 215.0 up 34
15 246.4 A′′ 19 16 866.4 ? 27 19 260.8 ? 9
15 255.0 ? 6 16 914.9 ? 18 19 275.4 ? 13
15 266.0 ? 11 8 16 915.8 A′ 18 19 304.5 ? 11
15 285.8 A′ 14 16 947.0 A′′ 50 19 393.3 up 30
15 354.4 A′ 10 16 974.2 A′ 50 19 418.3 up 11
15 358.2 A′′ 15 16 975.6 ? 6 19 783.2 ? 15

a For 15500-15900 cm-1, see Table 3.b Up designates upward transitions.
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ground levels. A-type Coriolis coupling of 111 levels is weak
and does not result in an increased number of resolvable lines.
Thus, the vibrational eigenstates comprising clumps in these
figures all have the same rotational wave function.

Dumping efficiencies of greater than 50% were observed for
several strong transitions. The strongest transitions in the SEP
spectrum are under the features near 15 800 and 17 500 cm-1.
The intense A′′ band in Figure 4 saturates at 50% dumping
efficiency, but a dumping efficiency of 78% is achieved for
the intense band in Figure 5. This is possible only if the S0

level is dissociating on the time scale of the 10 ns laser pulse.
The weaker spectrum in Figure 5 was recorded with reduced
laser power to distinguish between saturation and lifetime
broadening. At reduced power, the line widths are still broader
than the laser bandwidth by more than a factor of 2 and no

TABLE 3: SEP Spectrum of the N ) 9.5 Polyad

dumping efficiency (%)
S1 vibrational state pumped

dumping efficiency (%)
S1 vibrational state pumpedobsd

(cm-1) sym 5164 66 22 215162 5264 5166 2164 213162
obsd

(cm-1) sym 5164 66 22 215162 5264 5166 2164 213162

15 499.8 ? 19 15 723.6 A′ 11
15 500.3 A′′ 31 28 32 17 15 724.1 A′ 8 14 27
15 502.8 A′′ 49 27 11 20 17 15 751.1 A′′ 4 12
15 510.8 A′ 10 15 760.0 A′′ 16
15 518.0 ? 16 15 764.4 ? 15
15 518.5 A′′ 7 15 769.0 A′ 16
15 518.9 A′ 37 8 15 778.2 A′′ 3
15 520.4 ? 8 15 784.5 A′′ 7
15 540.2 A′ 18 15 785.4 A′′ 8
15 543.4 A′′ 12 15 790.7 A′′ 32
15 554.0 ? 16 15 798.2 A′ 15
15 559.8 A′ 8 23 15 798.6 ? 17
15 577.9 A′′ 11 19 8 15 803.6 A′′ 43 50 42 14
15 592.3 A′′ 21 15 805.1 ? 5 12
15 592.9 A′′ 17 45 15 812.0 A′ 6 14
15 595.1 A′ 14 15 815.0 A′′ 16
15 595.2 A′′ 49 36 42 15 823.0 ? 3
15 603.0 A′ 9 15 825.7 ? 15
15 603.2 A′ 14 15 826.7 A′′ 35
15 610.3 A′ 17 15 827.3 ? 50
15 612.0 ? 16 15 827.7 A′′ 12
15 618.9 ? 19 15 828.4 ? 19
15 620.4 ? 21 15 832.5 A′′ 27 20
15 631.1 up 27 15 844.6 A′′ 4 13
15 636.4 ? 11 15 852.9 A′ 15
15 642.9 A′′ 7 13 15 15 861.0 ? 6
15 658.8 A′ 13 6 38 15 863.2 A′ 11
15 692.1 A′ 6 6 21 15 863.6 ? 11
15 692.7 A′ 25 15 870.1 A′′ 23
15 694.1 ? 28 15 870.7 ? 23
15 700.3 A′′ 16 28 43 31 20 38 15 873.3 ? 8
15 715.2 A′ 8 15 878.1 ? 3
15 715.7 ? 43 15 881.0 A′ 7
15 715.8 A′ 21 36 15 15 885.1 A′′ 13
15 720.0 A′′ 22 15 889.8 ? 8
15 720.9 A′′ 11

Figure 4. SEP spectra from three S1 vibrational states in the vicinity
of the DF peak near 15 800 cm-1 shown in Figure 1. Spectra were
recorded with perpendicular polarization at low resolution. In all three
spectra the baseline is at 100% fluorescence and ticks indicate
increments of 10% in dumping efficiency. An intense A′′ band appears
in all three spectra at 15 803.6 cm-1.

Figure 5. S1 ) 215162 SEP spectra. Dumping efficiencies greater than
50% (- - -) indicate significant dissociation on the time scale of the 10
ns laser pulse. The same spectrum was recorded with reduced dump
laser power (-) to eliminate saturation broadening effects. The spectral
line widths are larger than the laser bandwidth indicated in the figure
with arrows.
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additional structure appears. Line width broadening,∆ν
(fwhm), is related to the unimolecular dissociation rate,kd, by34

Measured dissociation rates of DFCO near 16 000 cm-1 are
between 1× 107 and 1× 108 s-1, implying a dissociation barrier
between 17 000 and 17 300 cm-1.35 The calculated RRKM
dissociation rate at 17 500 cm-1, assuming a barrier of 17 000
cm-1, is 5 × 109 s-1, corresponding to a line width of only
0.03 cm-1. However, the RRKM rate assuming a barrier of
16 500 cm-1 results in a line width of 0.07 cm-1. Given, the
(1400 cm-1 uncertainty in the barrier height and the question-
able applicability of RRKM theory to formyl fluoride,10 lifetime
broadening cannot be ruled out at 17 500 cm-1.

Upward transitions to higher lying electronic states are also
identified in the SEP spectrum. At longer dumping wavelengths
(lower total energy,Etot ) Epump + Edump), upward transitions
appear more frequently. These are often sharp intense lines in
the spectrum that do not correlate with dispersed fluorescence
intensity. Upward transitions are observed at total energies as
low as 58 489 cm-1. A broad structureless transition, showing
no polarization dependence, appears in the 5164 spectrum near
15 631 cm-1 (Figure 2). A similar band is observed at the same
total energy (63 146 cm-1) in the 215162 SEP spectrum at 16 414
cm-1, suggesting that this is an upward transition.

IV. Vibrational Assignment of Franck -Condon Active
States

Due to the large changes in the equilibrium values of the
CO bond length and the out-of-plane angle between S0 and S1,
ν2 andν6 are predicted to be the most strongly Franck-Condon
active modes of formyl fluoride. This is supported by both
experimental results and calculations.16,21,29 Forty-eight vibra-
tional bands in the 64 SEP spectrum of HFCO were assigned to
2n6m progressions with values ofn ranging from 0 to 5 and
values ofm ranging from 6 to 23.16 The DFCO SEP spectrum
below 9000 cm-1 was also assigned primarily in terms of
progressions inν2 andν6.21

Franck-Condon factors forν2 andν6 progressions originating
from the 215162 and 5166 vibrational levels of S1 were calculated
as described in ref 28. The results are shown in Figures 6 and
7. ν2 progressions originating from 215162 and 5166 peak at

V2 ) 2 and 4, respectively. The pureν2 Franck-Condon factors
from 5166 are up to a factor of 8 larger than those from 215162.
The ν6 progressions from these two S1 levels are significantly
different. The 215162 ν6 progression peaks strongly atV6 ) 15,
with smaller peaks atV6 ) 9 and 3. The 5166 V6 progression is
more diffuse, with several weak peaks atV6 ) 0, 9, and 15.
These differences can be understood by examining the S1 62

and 66 double-well wave functions (see Figure 7, ref 21). In
the lower energy 62 state, the probability density is largest near
the minima along the out-of-plane coordinate. These minima
correspond to large values of the out-of-plane bending angle
and overlap most strongly with highly vibrationally excited S0

ν6 wave functions. The probability density of the higher energy
S1 ) 66 vibration has a maximum at the planar configuration,
and, therefore overlaps more strongly with the S0 V6 ) 0 wave
function.

The energies of the zero-order 2n6m progressions forn ) 0-4
andm ) 13-19 are labeled in Figure 1. Also shown are the
zero-order energies of the 2n68, 2n610, and 2n612 progressions
for n ) 2-7, n ) 1-6, andn ) 0-5, respectively. These
energies are calculated from the Dunham expression using the
experimentally determined spectroscopic constants listed in ref
21 (Table 3, column 2).

In this expression, theωi’s and thexij ’s are the harmonic
frequencies and anharmonic constants and theVi’s are vibrational
quantum numbers. The groups of intense features in the 215162

DF spectrum correlate closely with the energies of the calculated
2n6m (n ) 0-4, m ) 13-19) progressions shown in Figure 1.
As discussed above, these zero-order progressions have the
largest calculated Franck-Condon factors. States with similar
amounts of excitation inν6 are Franck-Condon active in the
HFCO 64 spectrum,16 supporting the assignment of these states
as the Franck-Condon active zero-order states in the DFCO
215162 spectrum. These similarities result from similarities
between the HFCO and DFCO S1 ν6 wave functions. The 5166

DF spectrum is more congested, however, progressions inν2

can be identified and correlate closely with the calculated zero-
order energies of 2n6m (n ) 2-6, m ) 8-12) states. These
are the zero-order states predicted to have the largest Franck-
Condon factors from S1 ) 516.6 The more uniform 5166

Franck-Condon envelope is also predicted by the calculation
shown in Figure 7.

Figure 6. Calculated zero-order Franck-Condon factors for theν2

progression originating from the 215162 and 5166 vibrational levels of
S1. The values of all other S0 vibrational quantum numbers are held
fixed at 0. The scale is the same in the top and bottom. The 215162

Franck-Condon factors are smaller than the 5166 Franck-Condon
factors for states withV6 ) 0 (see Figure 7).

kd ) 2πc∆ν (1)

Figure 7. Calculated zero-order Franck-Condon factors for theν6

progression originating from the 215162 and 5166 vibrational levels of
S1. The values of all other S0 vibrational quantum numbers are held
fixed at 0. The scale is the same in the top and bottom.

E(V1V2V3V4V5V6) ) ∑
i

ωiVi + ∑
i,jgi

xijViVj (2)
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The Franck-Condon factor calculations predict the type of
qualitative differences between 5166 and 215162 spectra that are
observed. However, the agreement between the calculated zero-
order and the experimental spectra does not yield conclusive
assignments. First, short progressions inν5 were observed in
the DFCO spectrum below 9000 cm-1,21 and Franck-Condon
calculations indicate that states with 2-4 quanta inν5 are weakly
Franck-Condon active. This may account for additional
features in the spectra. More important is the strong 266 (ν2 ≈
2ν6) Fermi resonance that was identified in analysis of the low-
energy DFCO spectrum.21 This resonance defines polyads of
approximately isoenergetic-coupled zero-order vibrational states.
For example, the states 22, 2162, and 64 constitute a 266 polyad.
Thus, the zero-order states predicted to carry the oscillator
strength in these SEP experiments are directly coupled by Fermi
resonance. The 266 Fermi resonance destroys the zero-order
ν2 and ν6 quantum numbers but conserves the value of the
polyad numberN defined as

The coupling matrix element,〈H266〉, representing the 266
Fermi interaction between the states 2n6m and 2n-16m+2 is given,
in a harmonic oscillator basis, by36,37

Herek266 is the coefficient of theQ2Q6Q6 term in the expansion
of the potential-energy function in normal coordinates. The
value of k266 is determined experimentally to be between 42
and 44 cm-1.21 The coupling of the zero-order vibrational states
within the polyads can cause significant shifts from the zero-
order energies. Similarly, since the eigenstates of the polyad
can be strongly mixed combinations of the zero-order states,
the observed spectral intensity may differ significantly from the
zero-order Franck-Condon factors. The strength of the reso-
nance is determined by the ratio〈H266〉/∆E, where∆E is the
energy separation between two coupled zero-order states in the
polyad calculated using eq 2.

The two sets of experimentally determined constants21 were
used to predict the strength of the 266 resonance as a function
of the v6 quantum number within a polyad and as a function of
the polyad numberN (Figure 8). For a given polyadN, both

sets of constants predict that the coupling strength is weaker
for the zero-order states 62N than for the states near the middle
of the polyad. The predicted coupling strength either increases
or decreases toward the 2N side of the polyad depending on
which set of constants is used. However, since the states 2N

are not predicted to be FC active, this difference does not affect
the present analysis. These results also indicate that the coupling
strength increases for higher polyads. Comparison of Figures
7 and 8 suggests that, compared to the 215162 spectrum, the
Franck-Condon active states in the 5166 spectrum are more
strongly coupled members of the 266 polyads.

Due to the strong anharmonic mixing caused by the 266
resonance, the zero-order vibrational assignments (Figure 1) are
more appropriately replaced by polyad number assignments (also
shown in Figure 1). For example, in the 215162 spectrum, the
strong A′′ states near 14 000 (near 617, 21615, 22613 in Figure 1)
and 15 800 cm-1 (near 21617, 22615, 23613 in Figure 1) are
members of theN ) 8.5 and 9.5 polyads, respectively. The
weaker A′ states under these same DF features are members of
the N ) 8 and 9 polyads, respectively. The evidence for
vibrational coupling and polyads is explored more fully in the
next section.

V. Vibrational Coupling and IVR in the SEP Spectrum

It is of interest, for understanding the DFCO IVR rates and
mechanisms, to determine if spectral lines derive their intensity
from a common Franck-Condon active vibrational state or from
independently Franck-Condon active vibrational states. The
fastest IVR rates result from the strongest vibrational couplings
and are characterized by the distribution of a single zero-order
Franck-Condon factor over the broadest energy range. Slower
IVR processes, resulting from smaller coupling matrix elements,
are evident in the spectrum at higher resolution. If the intensity
in a portion of the spectrum results from the distribution of a
single zero-order Franck-Condon factor, then the coupled
vibrational states will always appear as a set with the same
relative intensities in SEP spectra from different S1 levels.
However, if there is more than one Franck-Condon active zero-
order state and those states are coupled, interferences may alter
the relative intensities of these states in spectra recorded from
different S1 levels. In extreme cases, strong interferences can
potentially result in the complete disappearance of some
members of the polyad. As discussed, previous results suggest
that a strong 266 resonance couples zero-order vibrational states
into polyads. Additionally, other weaker resonances, identified
in the spectrum below 9000 cm-1, may further couple the
Franck-Condon active states with background states on a
slower time scale.21 This, in combination with the calculations
in the previous section suggest that the groups of features in
the 215162 DF spectrum are polyads of coupled zero-order 2n6m

vibrational states. To test this, SEP spectra were recorded in
the region of the 215162 DF features near 15 800 cm-1 from
several different S1 vibrational levels. Spectra are compared
from the view that coupled states always appear as an indivisible
set (in the absence of interferences). Figure 2 shows the spectra
from 15 500 to 15 900 cm-1 on S0, recorded from the 110 levels
of the 5164, 66, 22, 215162, 5264, 5166, and 2164 vibrational states
of S1.

SEP spectra under adjacent DF peaks are compared to
determine whether large coupling matrix elements exist which
are responsible for rapid IVR. As noted, the strongest transitions
under the features near 15 800 cm-1 in the 215162 DF spectrum
(Figure 2) are the A′′ vibrations at 15 595.2, 15 700.3, and
15 803.6 cm-1. The strong bands with origins at 15 700.3
(Figure 3) and 15803.6 cm-1 (Figure 4) appear in the 5164,

Figure 8. Coupling strength,〈H266〉/|∆E|, between the zero-order states
2n6m and 2n-16m+2. This is plotted as a function of theν6 quantum
number for theN ) V2 + V6/2 polyads withN ) 7-11. Data are
calculated using the spectroscopic constants given in columns 1 (‚‚‚)
and 2 (s) of Table 3 in ref 21.

N ) V2 + V6/2 (3)

〈H266〉 ) 〈V2 - 1, V6 + 2|k266Q2Q6Q6|V2, V6〉 )

(k266/2x2)[V2(V6 + 1)(V6 + 2)]1/2 (4)
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215162, and 5264 SEP spectra. The band at 15 595.2 cm-1

dominates the 5164 spectrum and appears in all three spectra
(Figure 9), although the 215162 spectrum is significantly more
complicated. The 5164 and 5264 spectra have a typical A′′
rotational structure that exhibits the expected polarization
dependence. Polarization experiments in the 215162 spectrum
indicate that the lines appearing on the low-frequency side of
the main band between 15 592 and 15 596 cm-1 in the
perpendicular scan are theJ ) 1 lines from a second clump of
A′′ vibrational states centered near 15 593 cm-1. This second
clump appears to gain intensity from a separate Franck-Condon
factor since none of these lines appear in the other spectra. A
fourth weaker A′′ band also appears in these three spectra at
15 577.9 cm-1. The three A′′ bands at 15 577.9, 15 595.2, and
15 803.6 cm-1 appear as a set in all three spectra, and none of
these bands appear independently in SEP spectra from other S1

levels. This implies that these states are members of theN )
9.5 266 polyad that derive their transition strength from a
common zero-order Franck-Condon active state. Moreover,
the values of the 266 coupling matrix elements in this polyad
are approximately 200 cm-1, resulting in an eigenvalue spacing
equal to the separation between the DF peaks near 15 600 and
15 800 cm-1. The presence of a second coupled level (15 577.9
cm-1), under the DF feature near 15 600 cm-1, reflects an
additional coupling mechanism and is discussed below. The
strong band in Figure 3 at 15 700.3 cm-1 does appear in SEP
spectra from other S1 levels, and its intensity may result from
a separate set of Franck-Condon factors.

The relative intensities of the bands at 15 577.9, 15 595.2,
and 15 803.6 cm-1 in these three SEP spectra are 1:5:4 (5164),
1:2:3 (215162), and 1:5:5 (5264). The 215162 ratio differs slightly
from the relative intensity of the corresponding DF features for
several reasons. First, although these are the strongest transi-
tions under the DF peaks, additional bands contribute to the
fluorescence intensity. Second, relative SEP intensities are not
accurate over long wavelength scans due to variations in the
dump power over the gain curve of the dye. Third, saturation
of the band at 15 803.6 cm-1 in the 215162 spectrum results in
a smaller observed intensity ratio for the bands at 15 595.2 and
15 803.6 cm-1. The variation of the relative intensities in the
three spectra nevertheless supports the notion that there is more
than one Franck-Condon active state per polyad.

The distribution of Franck-Condon intensity among the
eigenstates comprising a group of features in the 215162 DF

spectrum, implies values for the IVR coupling matrix elements
that are on the order of the 200 cm-1 group width and translates
to an IVR time of 25 fs. The 266 resonance, proposed to
account for this rapid coupling, causes vibrational energy
transfer from the out-of-plane bend to the CO stretching
vibration. For example, the Franck-Condon active state 619

rapidly couples to the states 21617, 22615, and so on via sequential
∆V ) 3 transitions. Thus, zero-order, extreme-motion, out-of-
plane bending vibrations that exhibit stability against IVR in
HFCO are not observed in DFCO. The 266 resonance removes
the bottleneck to IVR out ofν6 in DFCO, and this rapid initial
mixing facilitates further coupling to the background states.
These dynamical differences between HFCO and DFCO indicate
the relative importance of low-order (∆V ) 3,4) and high-order
(∆V g 5) resonances at these energies and state densities. Since
the magnitude of the coupling matrix elements decreases with
increasing∆V,13 low-order resonances are often implicated in
the fastest time scales of IVR.

Figure 10 shows histograms of the quantum-number changes
between zero-order states in theN ) 9.5 polyad and the zero-
order background states in an energy window of(100 cm-1.
The number of states that are potentially coupled to the 2569

state via low-order resonances is significantly larger than for
the 619 state. Thus, the 266 resonance brings the extreme-
motion, Franck-Condon active, zero-order states closer in
quantum-number space to the bath of background states.
Weaker 233 (ν2 ≈ 2ν3, k233 ) 23-27 cm-1) and 3566 (2ν6 ≈
ν3 + ν5, k3566 ) 5-11 cm-1) resonances were also identified
in the analysis of the DFCO spectrum below 9000 cm-1 21 and

Figure 9. SEP spectra in the vicinity of the DF feature near 15 600
cm-1. Spectra recorded with perpendicular (‚‚‚) and parallel (s)
polarization are overlaid in the 215162 and 5264 spectra. In all three
spectra the baseline is at 100% fluorescence and ticks indicate
increments of 10% in dumping efficiency.

Figure 10. Histograms of the quantum-number changes between the
zero-order states 619 and 2569 and the bath states. 619 is far away in
vibrational quantum-number space from most isoenergetic bath states.
The average (over all modes of all bath states) vibrational quantum
number for a mode of the bath is 3.
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may result in further coupling of the 2n6m states to background
states with excitation inν3 andν5. Figure 11 shows the strength
of the 3566 resonance, calculated from the data in Table 4 of
ref 21, as a function ofV6 for polyadsN ) 7-11. Both sets of
constants predict that this resonance is strong for states in these
polyads with values ofV6 between 4 and 15. These additional
resonances result in expanded polyads. Since the coupling
constants are smaller than those for the 266 resonance, these
interactions result in IVR on a slower time scale. Due to high
state densities, the large number of interacting levels, and
multiple interfering Franck-Condon active states, exact spec-
troscopic deperturbation and assignment are not feasible.
Dynamics on the next slower time scale are reflected by the
spectral characteristics evident at the next higher level of
resolution. To understand these processes, SEP spectra from
different S1 levels are compared in the vicinity of a single DF
peak. As mentioned above, two coupled A′′ peaks (15 577.9
and 15 595.2 cm-1) appear under the DF feature near 15 600
cm-1. Another weak A′′ band (15 592.3 cm-1) appears only
in the 215162 spectrum (Figure 9). This band may disappear in
the 5164 and 5264 spectra as a result of interferences. Similarly,
five A′′ bands appear under the 215162 DF feature near 15 800
cm-1. Since four of these bands are weak, interferences may
also cause these to disappear in the SEP from the other two S1

levels. Interestingly, the calculated eigenstates near 15 600 and
15 800 cm-1, in the 266 polyad, are split into a triplet and a
quintet, respectively, by inclusion of the 233 and 3566 reso-
nances. Additionally, the level spacings between these calcu-
lated states (10-30 cm-1) are the same as those observed in
the experimental spectrum. This suggests that the structure

under individual DF peaks reflects the coupling via the 233 and
3566 resonances on a 500 fs time scale. Thus, the definition
of the polyad is expanding with time. For example, by 500 fs,
the 266 polyad numberN is no longer conserved as vibrational
energy couples fromν2 andν6 into ν3 (HCO bend) andν5 (FCO
bend).

The spectrum in Figure 12 shows two A′ vibrational bands
in the 66 spectrum. The lower energy band (15 715.8 cm-1) is
an A′ C-type band with rotational fine structure resembling that
of vibrational states lying 10 000 cm-1 lower on the S0 potential-
energy surface.21 A second A′ vibrational band is also observed
at (15 724.1 cm-1). Both states appear in the S1 ) 66, 215162,
and 5166 SEP spectra and neither appears independently in the
other spectra, indicating that these states are anharmonically
coupled. If only one state carries oscillator strength, the value
of the anharmonic coupling matrix element, calculated from the
relative intensities and energy separation of the 202 levels, is
3.74 cm-1. The zero-order states are separated by 3.55 cm-1.
Thus, vibrational energy oscillates between these two states with
a period of 4 ps. The 220 line of the lower frequency band is
broadened, and the 220 line of the higher frequency band is split
into a doublet with a splitting of 0.87 cm-1. The increased
coupling of the bright and dark states withKa is indicative of
A-type Coriolis coupling. Additionally, the apparent rotational
constant of the lower energy vibrational band is smaller (2.0
cm-1) than that of the higher energy band (2.2 cm-1). This
also argues that in addition to the anharmonic coupling of the
two A′ vibrations, there is a weaker A-type Coriolis-coupling
mechanism.

The slowest IVR processes are reflected in the high-resolution
spectrum. Several SEP spectra, in the vicinity of the 215162

DF line near 15 800 cm-1, are shown in Figure 4. The strong
A′′ vibrational band at 15 803.6 cm-1 appears in the SEP spectra
from these three S1 levels. Another A′′ vibrational band appears
at 15 832.5 cm-1 in the 215162 and 5164 spectra but is not
observed in the 5264 spectrum. Differences in the relative
intensities of the rotational lines in the 15 803.6 cm-1 band in
the three spectra result from partial saturation of the transitions
in the 215162 and to a lesser degree the 5164 spectra. Figure 13
shows a higher resolution (∆ν ) 0.05 cm-1) close up of the
215162 spectrum recorded with reduced dump laser power. The
intensities in this spectrum match those of the 5264 spectrum
more closely. The splitting of each rotational state in this band
is reproduced, line for line, in all three spectra. This suggests
that a single Franck-Condon active level is coupled to a

Figure 11. Coupling strength,〈H3566〉/|∆E|, between the zero-order
states 2n6m and 2n31516m-2. Coupling strength is plotted as a function
of the V6 quantum number for theN ) V2 + V6/2 polyads withN )
7-11. Data are calculated using the spectroscopic constants given in
columns 1 (top) and 2 (bottom) of Table 3 in ref 21.

Figure 12. SEP spectra from the 66 vibrational level of S1. Spectra
recorded with parallel (‚‚‚) and perpendicular (s) relative polarization
are overlaid. Rotational assignments (JKaKc) are indicated. Two anhar-
monically coupled A′ vibrational bands are observed. The increased
line width and splitting of the 220 rotational levels, compared to theKa

) 0 levels, suggests A-type Coriolis coupling to an A′′ vibrational level.
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background of dark levels. The hybrid A/B-type rotational
structure is still resolved, implying coupling matrix elements
〈H〉 that are smaller than the separation between the rotational
lines (〈H〉 e 1.5 cm-1). The fwhm of the three strongest lines
in this band are 0.15 (101), 0.12 (111), and 0.19 cm-1 (211). These
line widths are larger than the dump laser bandwidth. This is
true even for the weakest transitions, where there is little chance
of saturation broadening. Moreover, the fwhm of the 111 line
is narrower than that of the weaker 101 line. The measured
dissociation rates of states at this energy (approximately 1×
107 to 1× 108 s-1 35) are too slow to cause a lifetime broadening
of 0.12 cm-1. Thus, it is likely that there is unresolved
vibrational structure under many of these SEP transitions. The
coupling of nearby levels evident in these spectra indicate IVR
between a Franck-Condon active state and a bath of back-
ground states on the time scale of approximately 4-44 ps (1.5-
0.12 cm-1).

A small number of lines show no evidence of weak anhar-
monic coupling. For example, the 101 line of the A′′ band in
Figure 14 is laser bandwidth limited. As in the A′ bands shown
in Figure 12, the line widths in this spectrum increase withKa,
indicating A-type Coriolis coupling. The 211 line is twice the
laser bandwidth, and the 221 line is split into three resolvable
states. The coupling matrix element inferred from the width
and intensity distribution of the 211 line is approximately 0.11
cm-1, corresponding to a two-state oscillation period of 150
ps. Although there is no evidence of weak anharmonic coupling
to the background levels, this state may be mixed with other
A′′ vibrational states in the 266 polyad.

VI. State Densities and IVR

Although several states show no evidence of weak anhar-
monic couplings (Figures 12 and 14), the majority (>99%) of
the vibrational bands consist of clumps of vibrational eigenstates.
Clump width is a measure of the IVR rate and varies from clump
to clump. The distribution of clump widths for states with S0

energies between 15 200 and 16 200 cm-1 is given in Figure
15. Clump widths are taken as the fwhm of the 000 clumps (A′
bands) or 101 clumps (A′′ bands). For clump widths that are
larger than the rotational-level spacing, the width is taken as
twice the hwhm to the low-frequency half of the clump. Clump
widths range from 0.11 to greater than 2 cm-1, with a peak in
the distribution between 0.25 and 0.35 cm-1. The minimum
observable width is given by the laser bandwidth (0.05 cm-1).
The range of observed widths corresponds to IVR times between
3 and 50 ps.

Comparison of the calculated and experimental state densities
within these clumps measures the extent of IVR during the time
period between 1 and 50 ps. State densities are calculated as
the number of detectable lines,W, divided by the energy
separation between the lowest and highest energy lines in the
clump. The factor of 1/(W - 1) overestimate, introduced by
this method, is typically less than 10%. As discussed above,
most of the lines in the spectra are broader than the laser
bandwidth. Below 17 000 cm-1, the effects of saturation and
lifetime broadening can be ruled out, suggesting unresolved
vibrational structure. In many cases, this is supported by
asymmetric line shapes. Thus, states are counted twice if the
fwhm is greater than the laser bandwidth. A fwhm that is
greater than twice the laser bandwidth is counted as three states.
Due to unresolved structure, measured state densities represent
a lower limit. At 10/cm-1, equally spaced states with a Gaussian
distribution of intensities are all resolvable at their fwhm.
Weaker lines could remain undetected if occurring between two
stronger lines or due to finite S/N. Increasing the density to
15/cm-1 results in a continuous intensity profile. At 8/cm-1,
equally spaced states are resolvable at 30% of their full intensity.
At this density, only very weak peaks would remain undetected
due to the finite S/N ratio or close proximity to a strong peak.
State densities of A′ and A′′ vibrational states are shown in
Figure 16. Also shown are the calculated state densities (total
and symmetry specific) based on an anharmonic direct count
using eq 2 and the experimental spectroscopic constants listed
in ref 21 (Table 3, column 2). The observed vibrational state
densities approach the full calculated symmetry-specific vibra-
tional state densities. Although there is some evidence for weak
A-type Coriolis coupling, the state densities forJ ) 2, Ka ) 2
states typically increase by no more than 25% over 000 and 101

Figure 13. High-resolution (0.05 cm-1) SEP scan from S1 ) 215162.
Observed line widths are larger than the laser bandwidth by as much
as a factor of 4, implying unresolved vibrational structure.

Figure 14. S1 ) 215162 SEP spectrum of the A′′ band at 15 246.4
cm-1. The 101 level appears stable against IVR. The increased line width
(Ka ) 1) and appearance of additional resolved lines (Ka ) 2) compared
to the 101 line indicates weak A-type Coriolis coupling to background
levels.

Figure 15. Distribution of clump widths (fwhm) for S0 states (81%
of symmetry assigned states) between 15 200 and 16 200 cm-1.
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states (filled symbols in Figure 16), much less than the factor
of (2J + 1) expected for complete K mixing. Thus, by 50 ps
(approximately 103-104 times faster than measured dissociation
rates at this energy), the IVR of many states appears to be nearly
complete. Few states appear to samplee50% of the available
vibrational-phase space during this same time period. This is
in strong contrast to the mode-specific behavior of HFCO, where
many states show little or no evidence for anharmonic mixing
of the bright state with background levels, while several levels
exhibit state densities that are 4-5 times the symmetry-specific
direct count.10 Most of the HFCO levels with high state
densities areJ ) 2, Ka ) 2 levels, and the state densities are
not higher than the rovibrational state densities (Frovib ) Fvib(2J
+ 1)). However, a few HFCO 000 levels do have state densities
that are at least 2 times the average (over 100 cm-1 intervals)
symmetry-specific direct count (FHFCO(A′) ) 2.8/cm-1 at 15 000
cm-1). This is consistent with the local fluctuations in the
calculated state densities (2σ ) 3.6/cm-1 for densities averaged
over 1 cm-1 intervals) of HFCO A′ states at 15 000 cm-1.
Alternatively, the calculated average state densities may un-
derestimate the true state densities by a factor of 2 for HFCO.

Comparison of the clump structure in the A′′ states at 15 700.3
(Figure 3) and 15 803.6 cm-1 (Figure 13) suggests qualitatively
different IVR to the background states. This is not reflected in
the state densities of 5.6 and 5.7/cm-1, however. The dilution
factor, discussed by Perry et al.,38-40 provides additional insight.
The dilution factor is defined asφd ) ΣIi

2/(ΣIi)2 whereIi are
the intensities of the individual lines in a clump. The inverse
of the dilution factor is interpreted as the effective number of
coupled levels. For two coupled states with equal intensity,φd

) 0.5 and the effective number of coupled levels is 2. For two
coupled lines with an intensity ratio of 3:1,φd ) 0.625 and the
effective number of coupled levels is only 1.6, reflecting weaker
coupling. The effective number of coupled levels in these two
spectra is 14 (φd ) 0.07) and 9 (φd ) 0.11), respectively. It is
also apparent that the interaction width is larger for the spectrum
in Figure 3. Thus, although the state densities are similar and
in both cases less than the symmetry-specific state density, the
state at 15 700 cm-1 is coupled more strongly to a larger number
of background states.

VII. Conclusions

Features in the 215162 DF spectrum are assigned as strongly
coupled members of a 266 polyad of vibrational states. The
Franck-Condon active states in these polyads are primarily the

zero-order states 2n6m with values ofn ranging from 0 to 4 and
values ofm ranging from 13 to 19. The Franck-Condon active
states in the 5166 spectrum are more strongly coupled members
of the 266 polyad, as evidenced by the significantly more
complicated Franck-Condon envelope. The assignment of the
Franck-Condon active states is consistent with the HFCO
experimental results and Franck-Condon factor calculations.

Multiple IVR time scales are evident in the spectra examined
at different resolutions. The fastest IVR results from the low-
order 266 resonance that couples the out-of-plane bending
vibration and the CO stretching vibration. This resonance acts
to distribute the zero-order Franck-Condon factors among the
vibrational states comprising the groups of features observed
in the 215162 DF spectrum. This initial IVR occurs in 25 fs,
effectively removing the bottleneck to IVR that results in the
stability of the extreme-motion out-of-plane bending vibrations
in HFCO. Eigenstates of the 266 polyad are then coupled to
states with excitation inν3 and ν5 via the 233 and 3566
resonances. This second step is slower (0.5 ps) and results in
further dilution of the Franck-Condon factors in the vicinity
of a single DF feature. Observed level spacings, both across a
group of DF features and under a single feature, are consistent
with the calculated spacings of eigenstates in a 266-233-3566
polyad. Clumps of vibrational lines within individual SEP bands
indicate further anharmonic and weak A-type Coriolis coupling
to background levels at times between 3 and 150 ps. Com-
parison of the observed and calculated vibrational state densities
indicates that, on these time scales, IVR may be nearly complete
for many dissociative vibrational states of DFCO. The IVR
dynamics of DFCO are in marked contrast to the mode-specific
IVR dynamics of HFCO. The quasistability of extreme-motion
out-of-plane vibrations in HFCO is destroyed by the presence
of the strong low-order resonance betweenν2 and 2ν6 in DFCO.

Multiple time scales were also observed in the IVR dynamics
of CH3OH in the vicinity of the 5νOH band. The fastest IVR
results from a strong, low-order resonance between the OH and
CH stretches. Subsequent IVR from the OH/CH stretching
vibrations to background levels varies by a factor of 5 in rate
over an energy window of only 50 cm-1; this highlights the
importance of the density of specific, low-order resonances over
the total state density for determining the extent and rate of
IVR. Comparison of the HFCO/DFCO and CH3OH dynamics
is striking and emphasizes the importance of specific, low-order
resonances in determining intramolecular vibrational dynamics.
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