8786 J. Phys. Chem. A998,102,8786-8794
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The high-resolution (6 MHz) infrared spectra of the asymmetric ethylenic hydride stretches of both cis and
gauche allyl fluoride have been measured. Rotational assignments of the eigenstates are made using the ground-
state microwave-infrared double-resonance capabilities of an electric resonance optothermal spectrometer
(EROS). The cis vibrational band near 3114¢ns characterized by sparse, narrow IVR multiplets resulting

from weak Coriolis or cross conformer interactions between the vibrational bath states. The IVR lifetime of
the cis vibrational band is approximately 2 ns (2000 ps). The gauche vibrational band near 3106 cm
qualitatively and quantitatively quite different from the cis band. The gauche band is characterized by
significantly fragmented IVR multiplets with an average IVR lifetime of about 90 ps. The measured anharmonic
state density of the gauche band is about 30 state$/dine disagreement between the measured state densities

of the gauche vibrational band and the calculated values suggest that the gauche vibrational states do not
interact with cis vibrational states. For two IVR multiplets of the gauche band, the transitions were assigned
according to the parity of the rovibrational bright state. The two parity states show roughly the same dynamical
behavior. Also, RRKM calculations of the unimolecular isomerization rate are performed and compared to
experimental results. The RRKM calculations overestimate both the cis and gauche isomerization rates by

orders of magnitude.

Introduction One possibility for determining the typical distribution for
o . . measured IVR rates that might be caused by fluctuations in the
Vibrational energy flow in polyatomic molecules plays & jgentity of the near-resonant vibrational bath, may be found by

fundamental role in chemical kinetiés? Statistical theories of comparing the IVR rates for the same normal-mode vibration

“?aCt"?“ rates, such as .RF\’.KM.theory, assume that |ntramolgcularin different conformers of the same molecule. The rapid cooling
vibrational energy redistribution (IVR) is complete on a time

) resent in the free jet expansion often leads to large populations
scale much faster than the rate of reacfidin the past decade, P J P ge pop

L RO » of two or more conformer¥ The vibrational spectra of both
measurements of the initial rate of energy redistribution using forms can then be investigated to provide two independent
. gt ’ % .
both time-domaif a_nd freque_ncy doma‘?n_ technlqugs have_ spectra where the intramolecular vibrational couplings are
been made to test this und_erlylng assumption. In particular, hlgh'expected to be similar. The previous investigation of the
resolution spectroscopy is capable of testing both aspects of .

) . . . . . acetylenic C-H stretch of 1-pentyne determined that the IVR
this premise. The high-resolution spectrum provides a quantita- rates of the two conformers differ by about a factor &f Rlere
tive measure of the initial IVR rate of the optically active y ’

vibrational mode (often called the bright state) through the line we pres_,ent a high-resolution infrared spectroscopy stgdy of the
shape profile of the spectru#. The issue of whether all ethylenie=CH stretch of two conformers of allyl fluoride (3-

energetically accessible quantum states participate in the dynamiUoropropene: HC=CHCHF). In this case, we find dramatic

ics can be addressed through comparisons of measured andlifferences in the IVR dynamics that we attribute to restricted
calculated state densities. interactions between vibrational states associated with the two

different conformers.

High-resolution spectroscopic studies of IVR in the hydride i ) .
stretch fundamentals and low overtones of polyatomic molecules 1€ study of the high-resolution spectra of different conform-

have found that the time scale for energy localization ranges €S can also provide information about the unimolecular
from tens of picoseconds to a few nanosecdiitise complete conformational isomerization reaction at a well-defined total
set of experimental IVR rate determinations has suggested a€nergy of the moleculé~*” Conformational isomerization about
chemical nature for the IVR rate. For example, it is generally Single bonds plays a key role in the reactivity of small molecules,
found that acetylenic €H stretches show slower initial IVR ~ for example, the DielsAlder reaction, and is fundamental to
rates than other hydride stretches. Also, thetDstretches tend ~ the structure and function of large molecules of biological
to have the fastest rates. These results have led to severainterest. Unimolecular reaction studies generally show excellent
proposed structure correlations for IVR rates that focus on the agreement with RRKM predictioris'® However, the case of
type of hydride stretch (e.g., O-H vs =C—H stretches) or unimolecular isomerization about low barriers appears to be a
on the proximity of the vibrational mode to large amplitude class of unimolecular reactions that are very poorly described
coordinated%1! Although general trends have been observed, by the statistical theor$?~2* We have recently measured the
one problem is that the distribution of measured IVR rates leads isomerization rate of 2-fluoroethanol at 2980 ¢rand find that

to several counterexamples for the general correlations. the rate is about 3 orders-of-magnitude slower than predietéd.
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Figure 1. Shown here are four torsional potentials for allyl fluoride
as reported from experimental and ab initio studies. Curve 1 is from C-C Torsional Angle
the infrared study of ref 29, curve 2 is from the ab initio computations
of the current study (HF/6-311G**), curve 3 is reported from ab initio
calculations of ref 31 (MP2/6-31G**), and curve 4 is the result of the
microwave and far-infrared work of ref 28.

Figure 2. An adiabatic depiction of vibrational state mixing is shown.
Here, each normal-mode vibrational state has its owrCQorsional
potential energy curve. The infrared spectra originate in the lowest
torsional level of the ground-state potential of either the cis or gauche
. . . . conformer wells. The probabilities of the= 0 wave functions for the

For this class of reactions, the intramolecular dynamics may cjs and gauche states are given for the ground-state potential. The
be sufficiently slow that the fundamental assumption of rapid infrared transition occurs to the lowest torsional level of the asymmetric
and complete IVR is invalid, leading to a case that has been ethylenic hydride stretch near 3114 and 3100 tifior the cis and
called “IVR-limited” reactiong®-2! In this and the following gauche conformers, respectively. This transition is indicated by the
pape?z we demonstrate how high-resolution spectroscopy can vertical arrow for the case of excitation of the cis conformer. In the

. . . . . energy region of the cissCH, bright state, there are other states that
be used to investigate the origin of the slow isomerization rates. have torsional wave functions either localized about the cis conforma-

tion (not shown), delocalized over the isomerization barrier (middle
potential), or localized about the gauche conformation (seen on the
right). The conformational isomerization process involves coupling
between states with different torsional character (e.g., cis and gauche).

Experimental Section

The sample of allyl fluoride (3-fluoropropeneldsF) was
obtained from PCR, Inc. The pure sample is diluted in He to . . .
approximately 3% and the gas mixture is then expanded through™"e stable form of_ the molecule is the cis (_:onformatlon. The
a 50um pinhole nozzle to form the molecular beam. gauche conformer.|s less stable by approximately 3001cm

A detailed description of the electric resonance optothermal There are two equivalent gauche structures that correspond to
spectrometer (EROS) and its double resonance mechanism hathe enantiomers of this structure. The barrier to conversion
been reported previousk:24The original design of Fraser and between the two gauche enantiomers is approximately 456,cm
Pines has been modified to extend the microwave-infrared and the barrier to conformational isomerization between the
double resonance capabilities of the spectrometer. Briefly, a ground cis torsional state and the ground gauche state is 1100
color center laser, pumped by aKlaser, provides about 12 cm ™.

mW of tunable cw infrared radiation in the 3098120 cnt* We discuss the vibrational spectroscopy of allyl fluoride using
frequency range. The laser output makes approximately 14 5 model that separates the large amplitude torsional motion from

crosses with the molecular-beam as it passes through a gold+ne other normal-mode vibratiod&For example, we can define
plated mirror, plane-parallel multipass assembly. The microwave 5 iqrsional potential for the molecule with the asymmetic

coupling assembly is placed under the laser multipass such thaicy, pygride stretch normal-mode vibration excited. Physically,
the infrared and microwave irradiation areas overlap in space.

The available microwave frequency is 100 kH&Z2 GHz with
approximately 30 mW (15 dBm) of power across the full range.
Allinfrared rotational assignments are made using ground-state
microwave-infrared double resonance to ensure that all transi-

tions originate from the ground torsional states of either the cis _ - 7 q t ch the torsional i b that
or gauche conformé¥. Upon exiting the source chamber, the ¢+, does not change the lorsional qguantum numbers so tha

molecular-beam passes thréug 1 mmconical skimmer and the spectroscopy resembles the model used for electronic

into the state-focusing assembly. The detector is a compositesPeCtrOSCOpy- In this case, the torsional wave functions provide
silicon bolometer cooled to 1.5 K. the “Franck-Condon” factors. Because the potentials in the

Torsional Potential for Allyl Fluoride. Internal rotation ~ 9round and=CH; stretch state are expected to be similar, the
about the G-C single bond in allyl fluoride gives rise to two only transitions that will be observed are those between the
stable conformer:27 Spectroscopic studies in the microwave ground torsional states. Experimentally, these transitions are
and far-infrared spectral regions have been used to determineobserved at 3114 cm for the cis conformer and 3100 cth
the potential curve for this motioti. % The two experimentally ~ for the gauché’ The final state for the gauche vibrational
derived potentiaf$2° and potentials calculated by ab initio  transition lies approximately 290 crhhigher in absolute energy
method$! are shown in Figure 1. In general, there is good than the cis final state due to the energy difference between the
agreement between the experimental and ab initio re¥ulise conformers. In terms of the model we have adopted, the

it is reasonable to assume that the torsional potential is relatively
unchanged when this normal mode vibration is excited. This

idea is illustrated in Figure 2. In the molecular beam we populate

both the ground cis and gauche torsional states. The infrared
transition for the asymmetrieCH, stretch vibration, near 3100
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frequency difference is attributed to a 14 thf4.8%) relative 35— 20—
stabilization of the gauche conformer in the excited state. 2| 002 ot

The vibrational spectroscopy of the cis conformer is straight- 21
forward because this conformer corresponds to a single well in
the torsional potential. For the gauche conformer, there are two 5
nearly degenerate “ground” states arising from the symmetric T
and antisymmetric combinations of the= 0 states of each of
the double well2® The tunneling splitting of these states has
been measured by microwave spectroscopy and is#12%
kHz 28 In the molecular beam, both of these states have equal = 1
population. Therefore, the vibrational spectrum of the gauche 10
conformer contains two overlapping spectra. Because the
tunneling splitting is resolvable in the microwave spectrum, it
is possible in some cases to separately assign these spectra usin ]
ground-state microwave-infrared double-resonance spectroscopy. e

|n the energy reg|0n Of the aSymmetH{f:Hz StretChi there 3100.84 3100.69 3100.54 3100.86 3100.71 3100.56
will be many other vibrational quantum states that are overtones
and combination bands of the other lower frequency normal-
mode vibrationg:2 To describe these near-resonant states we 2" | ;

. . . . vibrational bands is shown. The top panels are representative examples
can also adlabat|call_y separate the torsional motion fr(_)m _the of the IVR multiplet structure observed in the cis band. Theadid
other normal-mode vibrations. Each normal-mode combination 4, multiplets are narrow and sparse, containing only 4 and 2 eigenstates,
or overtone state is assigned & C torsional potential. Within respectively. In contrast, the gauche multiplets are much more
this model we can assign the near-resonant vibrational states afragmented and span a larger frequency area (note the frequency scale
3100 cnt!on the basis of the character of their torsional wave here is four times the top frames). Several of the eigenstates inthe 3
function. Some of the nearby states will have torsional wave and 4smultiplets are marked with asterisks in the bottom panels. The
functions that are localized around the cis or gauche Conforma_total nu_mber of eigenstates assigned to these multiplets is 56 and 40,
. . . . respectively.
tions. Others will have torsional wave functions that are above
the barrier to isomerization and are, therefore, delocalized in

1 o .|

T

3115.56 3115.52 3115.48 3115.916 3115.876 3115.836

Intensity (mV)

gauche: 315 gauche: 443

(SRR CH~ R S - )

Frequency (cm'1)

Figure 3. A comparison of IVR multiplets in the cis and gauche

the torsional coordinate. These types of near-resonant states are 8| 1o 91 211
illustrated in Figure 2. 6

These vibrational states will interact through higher order 4 6
terms in the Hamiltonian giving rise to IVR. In the high- » 3

resolution infrared spectrum, the flow of vibrational energy [
between these states is manifested by extensive local perturba- ° = 0
tions in the spectrum giving rise to a “multiplet” structure for ~ 311364~ 311368 311374 311510 3115315 311520
each rovibrational transitioh® Using this separation, the

conformational isomerization process is viewed as the coupling
between states with different torsional character (i.e., cis and 321 12 4p4
gauche) through anharmonic or rotationally mediated interac-

= 6
tions (e.g., Coriolis or centrifugal coupling mechanisms). The i o8
interaction between these different types of states may require 2 3 0.4
the participation of a delocalized torsional state, or isomerization £
Statel41633 0 0.0 -
3115.42 3115.47 311552  3113.65 3113.70 3113.75

IVR Dynamics of the cis and gauche ConformersThe
high-resolution infrared spectra of the cis and gauche conformers
of allyl fluoride are qualitatively different as seen in Figure 3.
The spectrum of the cis conformer is relatively unperturbed and &
exhibits only weak interactions with the near-resonant vibra- “ 10
tional states. The IVR rate for this conformer is exceptionally
slow (<1 ns™?). In contrast, the spectrum of the gauche 2
conformer is extensively fragmented through vibrational cou- o J [ o s
pling to the near-resonant states and has an IVR rate atleast an ;i1659  ar1604 311699 3117.62 3117.67 3117.72
order-of-magnitude faster than found for the cis conformer (90
ps 1. These results are presented below along with an analysis
of the types of near-resonant states (i.e., cis, gauche, orFigure 4. Shown here are reproduced (noiseless) spectra of several
delocalized) for the cis and gauche spectra. From this analysisSS VR multiplets. Even over the large range bandK, seen here,

. the IVR multiplets remain narrow and sparse. Therultiplet is the
We_ propose that the d_|fferences b_etw_een these two Spectrdyroadest of all the cis multiplets with the next broadest being ghe 1
indicate that conformational isomerization occurs on a much Typical IVR lifetimes for these multiplets are calculated on the order
slower time scale than IVR between vibrational states of a single of 2 ns.

716 936

Frequency (cm‘1 )

conformert6.17
IVR of the Cis Conformer. We have assigned 25 IVR band. The assigned multiplets range frdrr 0—9 andK, =
multiplets of the asymmetrie=CH, stretch, near 3114 cr, 0—3. A sample of these multiplets is shown in Figure 4. In

using ground-state microwave-infrared double-resonance spec-general, the multiplets are narrow and show only a few closely
troscopy3* This vibrational band is predominantly an a-type spaced transitions. We have calculated the time scale for IVR
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TABLE 1: Spectroscopic and IVR Data for the Asymmetric
Ethylenic Stretch Vibrational Band of cis-Allyl Fluoride
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0Ogo
1.0
0.5
0.0 1 IL JH[ il ]1 "
3098.66 3098.96 3099.26
16
202
12
z
; 8
3
g 4
£
o - k 1, l ul
3098.78 3099.08 3099.38
12
312
9
6
3
O B!
3100.40 3100.70 3101.00

3099.40

3099.37

2.0
To1
1.5
1.0
0.5
0.0 lJ L III l lll
3098.80 3099.10
3
21
2
1 \
L
3098.77 3099.07
6
43
4
2
0 4
3100.41 3100.71

3101.01

IR transition center frequency no. of state density
(I'kyke-J"kgke) (cm™) eigenstates (states/cm?)
Ooo— 101 3114.03 2 63
Lo1—202 3113.69 4 65
11— 21 3113.72 2 109
110211 3113.64 3 175

20— 1 3115.11 1

21313 3113.41 2 409
211—312 3115.15 2 126
21— 3 3113.33 2 295
20— 3 3113.32 6 415
303202 3115.43 2 516
312211 3115.51 4 330
30022 3115.45 5 90
31— 220 3115.47 3 148
4o4—413 3113.70 4 85
413—312 3115.88 2 500
453—32 3115.80 7 137
4,—301 3115.84 5 58
616—515 3116.41 3 102
625—524 3116.33 5 125
716~ 615 3116.94 7 369
T25— 624 3116.98 3 80
817716 3117.28 3 319
826— 725 3117.37 3 264
97—825 3117.75 4 97
936— 835 3117.66 3 179

through the survival probabiliy
P(t) = |W(0) W (I (1)

whereW(0) is a single rotational level of the asymmetsie
CH; stretch of the cis conformer. Because the number of
transitions in the individual multiplets is small, this quantity
does not show smooth decay but instead displays strong
recurrence or “ringing” behavior in many cases. In Table 1 we

report the quantities related to the IVR process. Because the (J'kike-J ki)

IVR multiplets are so sparse, it is difficult to determine a decay
time for the survival probability for the majority of the
multiplets. However, using only the IVR multiplets that contain

5 or more eigenstates, such that a decay time can be ap-

proximated, an estimate of 2 ns for the IVR lifetime is obtained.
We have also investigated th¥t) of all the IVR multiplets
(except 3,) with respect to the averadr{t) at long times, given
by (Nefr) ™ (or the dilution factor8 This analysis results in an
averageryr of approximately 1.6 ns.

IVR of the Gauche Conformer. The asymmetric=CH,
stretch of the gauche conformer is antahybrid band with a
band origin near 3100 cm. We have assigned 10 rotational
levels of this spectruft and some of the IVR multiplets are
shown in Figure 5. This band has a qualitatively different

given in Table 2 along with other IVR quantities. For the
calculation of the state density, we have considered only the
central portions of the multiplets. For the,3and 43 IVR
multiplets, we have taken the central 20 lines and for the
remaining multiplets we have used the central 10 lines for the
calculation of the state density. In this way, we avoid the wings
of the multiplet where lower sensitivity may artificially reduce
the value calculated for the state densityn Table 2 we have
used all transitions appearing in the multiplet even though there

Frequency (cm")

Figure 5. Several reproduced (noiseless) spectra of the gauche
vibrational band are shown. All of these multiplets are actually two
overlapping spectra that result from the nearly degenerate symmetric
and antisymmetric combinations of the= 0 states of each gauche
torsional potential well.

TABLE 2: Spectroscopic and IVR Data for the Asymmetric
Ethylenic Stretch Vibrational Band of gauche-Allyl Fluoride

center
IR transition  frequency no. of TIVR state density

(cm™) eigenstates (ps)  (states/cm?)
Ogo—111 3098.96 18 32.62 29
1o1—210 3099.10 13 65.65 33
20— 303 3099.08 21 81.54 75
21,-313 3099.08 15 83.03 76
211312 3099.06 16 90.65 115
305— 312 3099.12 8 111.04 36
315202 3101.51 12 106.94 47
312303 3100.70 56 71.09 217
414—303 3101.78 15 118.94 102
413—404 3100.71 40 79.02 151

The IVR lifetimes are found to be rotationally independent
as shown in Figure 6. The one exception is that the lifetime for
the rotationless level is about a factor of 2 shorter. A similar
effect has been observed in the dynamics of theHOstretch

appearance from the cis spectra. The individual multiplets are fundamentalgof propynét and in the O-H stretch overtones
considerably broader, reflecting a much faster IVR rate, and Of Mmethanof? This effect is likely related to the finite signal-
contain many more eigenstates. The IVR lifetimes for each [0-noise of our experiment. The spectral state density clearly
rotational level, determined from the survival probability, are increases with total angular momenturas seen in Figure 5.

As the state density increases, the intensity of transitions in the
wings of the spectrum decreases and can drop below the signal-
to-noise threshold. Missing transitions in the wings leads to an
overestimate of the IVR lifetime. The average IVR lifetime
(excluding the @ state) is 90 ps. This lifetime is similar to
other measured hydride stretch lifetird&sand, in particular,
is similar to the lifetime of the asymmetrieCH, stretch of
isobutene (HC=C(CHz),).%”

For the 3, and 43 IVR multiplets we have been able to

are actually two overlapped spectra present, as discussed aboveseparate the two independent spectra for the gauche conformer.



8790 J. Phys. Chem. A, Vol. 102, No. 45, 1998 McWhorter and Pate

1.0 centers-of-gravityand total intensities of each multiplet are
— 0y identical within experimental uncertainties. This result reflects
-------- 101 the fact that the tunneling splitting is largely unchanged in the
——- 2p2 asymmetric=CHj stretch normal-mode vibrational state of the
- 211 gauche conformer. Despite the qualitatively different line shape
- 412 profiles of the separate spectra, the IVR lifetimes of the two

states are similar and within the fluctuations found in the lifetime
determinations over all multiplets.

The Nature of the Near-Resonant Vibrational States.
Using the model where the torsional motion is adiabatically

> \ separated from the normal-mode vibrations, we can determine

3_—5 \ the local density of cis, gauche, and delocalized torsional states

8 05 1 1\'\\\\ using direct state-count methotfs'!In this calculation, we use

09_ E‘X\\\ the normal-mode frequencies that have been previously as-
\

signed® All normal-mode vibrational states are assumed to have
the same torsional potential and the torsional states are calculated
by diagonalizing the one-dimensional hindered rotation Hamil-
tonian using a free-rotor basis $&fThe torsional characteriza-
tion of the vibrational states in the energy regions of the cis
and gauche asymmetrieCH, stretch normal-mode vibrational
states (3114 and 3410 chh with respect to the ground
vibrational state (cis)) are given in Table 4. When considering
the IVR dynamics of a given bright-state with no rotation (i.e.,
the Oy rotational state of the asymmetric rotor), intramolecular
interactions can occur only for states that have the same
Y 100 200 300 400 500 vibrational symmetry as the bright state. The values of state
ps density given in Table 4 are the full density of states of both

Figure 6. The survival probabilities of the gauche IVR multiplets are symmetries (Aand A" of the planaiCs point group); however,

shown. With the exception of the@VR multiplet, the initial decays & Single-symmetry bright state only interacts with half of these
of the survival probabilities are largely independent of the total angular states. For higher rotational levels, parity restrictions still permit

momentumJ. coupling to only half of the total states through anharmonic and
rotationally mediated (e.g., Coriolis and centrifugal) interactions.
In the experimental spectra of the gauche conformer, both

8 4 symmetry species (parities) of the bright state are present (i.e.,
there are two overlapped spectra) and thus we expect to see the

/e —— — -

0.0

12 6

4 2 full state density (given in Table 4) in the infrared spectra.
z ol 1 ol J I,,}l, ||| | Jl L For the cis conformer, the full density of vibrational states
~§ 5 of the same symmetry as theCH, stretch bright state is
E ¢ approximately 10 states/cth For polyatomic molecules, there

s . is critical state density required to observe extensive IVR. High-

resolution infrared spectroscopy studies of other molecules
(=C—H hydride stretch of propynd® 19 states/cm!, —CHjs
” L hydride stretch of 1-butyn®, 9 (A symmetry) and 18 (E
' : symmetry) states/cnd, and propargylamint’ 16 states/cmt)
suggest that this full state density of proper symmetry is
Frequency (cm™) sufficient to observe extensive IVR. On the basis of the studies
Figure 7. The two overlapping spectra that originate from the nearly of other hydride stretches, an IVR lifetime of-2600 ps might

degenerate symmetric and antisymmetric combinations ot tie0 e expecte@1® Instead, we observe very slow IVR with little
states of each gauche torsional potential well, have been Separate#’ragmentation '

through ground-state microwave-infrared double resonance. The 3 ) ]
spectra are shown on the left and the @re on the right. Some of the For the gauche conformer, with a total state density of about
spectral properties of the separated multiplets shown here, are givenl7 states/cm of the same symmetry as the bright-state, a
in Table 3. The top panels of the figure show the transitions of the “typjical” hydride stretch spectrum is observed. We attribute the
“full” multiplets that are in double-resonance with the lower frequency different dynamics of these two conformers to the local density
component of the c-type microwave transition used for assignment. . . . .
of vibrational states of the same conformation. For the cis

The c-type pure rotational transitions occur between rotational conformer, the state density for othés-like states of proper
levels of the symmetric4) and antisymmetric) torsional symmetry is only 3.5 states/cthand is well below the threshold
tunneling state For allyl fluoride the tunneling splitting is ~ for observing extensive IVR:4> However, for the gauche
large enough (125 15 MHz) for us to resolve the two different ~ conformer, the density of gauche-like states of proper symmetry
c-type transitions (i.e., the 1Z+)—3p3(—) and the is 8.5 states/cmt placing near the critical state-density thresh-
312(—)—303(+) are split by twice the tunneling splitting). The  old#445If the coupling between vibrational states of the same
separate IVR multiplets are shown in Figure 7. The IVR conformation is significantly stronger than the coupling between
lifetimes, center frequencies, total intensities, and state densitiesstates of different conformation, then these conformers would
of the separate spectra are given in Table 3. As expected, thebe expected to show different behavior.

>
~

T [T

3100.5 31006 3100.7 3100.8 3100.9 3100.51 3100.61 3100.71 3100.81 3100.91
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TABLE 3: Spectroscopic and IVR Data for the Separated 3, and 4,3 Multiplets of gauche-Allyl Fluoride

double-resonance

IR transition center frequency-transition total no. of state density
(IkakeJ kgker) frequency (cm?) (MHZz-J'« ik~ kgker) intensity (mV) eigenstates Tivr (PS) (states/cm?)
312—303 3100.69095 23 130.764313—303) 48.02 23 99.93 109
312—303 3100.70885 23 130.9553135—303) 53.76 33 61.73 104
413—4o4 3101.71230 22 872.365414—404) 18.38 18 101.88 77
413—404 3100.71282 22 872.615414—404) 20.87 22 68.55 73
TABLE 4: Torsional Characterization of Quantum States in 250

the Energy Regions of the cis and gauche Asymmetric
Ethylenic Hydride Stretches

energy . b
region (cn?) Ncis Ngauche Naelocalized Niotal

3060-3160 722 1012 280 2014 200 A

3360-3460 1163 1692 498 3353

In principle, the value of the observed state density can -~
provide information about the extent of IVR between states of
different conformerg? For the cis spectrum, there are large
fluctuations in the observed state densities, as seen in Table 1.
This may be expected because the weak couplings that
characterize this spectrum permit the observation of only the
nearest vibrational states. We note that the state densities found
for the cis spectrum are much higher than predicted, even if
states of all three types of states (cis, gauche, and delocalized)
are considered. However, this just reflects the fact that we only
sample the smaller level spacings. For the gauche spectrum,
the IVR width covers a larger energy region so that the statistics
are expected to be more representative of the actual level density. 50 1
In Figure 8 we show the full state density observed for both of
the overlapping gauche spectra. Also shown in Figure 8 are ®
predictions for the state density if only gauche-like states are
coupled, if gauche and delocalized are coupled, and if all states

150

100J

State Density (states/cm

(cis, gauche, and delocalized) states are coupled.JAH2A) 0 T T — T
growth of the state density is assumed. This figure illustrates 0 1 2 3 4
the difficulties associated with this type of analysis. The J

differences between these cases are less than the spread cI):fi ure 8. Given here is the state density of both of the overlappin
observed measurements. Fu'rthermore, our lack of knowledge a?uche spectra as a function of total aﬁgular momentum. Tthstgte
about the anharmonic corrections to the calculated state dens'ty?jensity is calculated from the central 10 or 20 transition lines of the
and the effects of limited signal-to-noise ratios in the data make multiplet, as described in the text. The lines on the figure represent a
any conclusions tenuod&.However, the lack of agreement (2] + 1)-growth in the state density calculated when considering (a)
between the observed state density and the expected state densig}l states (cis, gauche and delocalized), (b) only gauche and delocalized
ol states (cs, gauche, and delocalized)were involved n the s, 270 6 ol geis sucs, (oo o, rearen e e
VIbr_atlonaI coupling, suggests th_at Fhe full state dgnsny IS not a), suggests that theyfull density (?f states is not available aF:1d that,
available and that, possibly, the cis-like states remain uncoupledyossiply, the cis states are not involved in the vibrational coupling to
from the gauche states. gauche states.

Weak Vibrational Interactions and the Rate of Isomer-
ization. We attribute the slow IVR, or equivalently the weak impossible to determine the actual origin (isomerization vs
vibrational coupling, in the cis conformer to the fact that the Coriolis) of these weak interactions
density of the more strongly coupled cis-like vibrational states ~ We have examined the matrix element distribution for the
are too sparse for extensive coupling. Because the rotationalweak interactions found in the cis spectrum by performing a
constants of the vibrationally excited cis states are expected toLawrance-Knight deconvolutiof’48 of the spectrum. This
have rotational constants that are close to the bright-state valuesanalysis provides effective interaction matrix elements between
the absence of this type of interactions will persist at all values the bright-state and a set of “prediagonalized” bath states. This
of the rotational quantum numbers. Therefore, the observed distribution is shown in Figure 9 and is approximately Gaussian
coupling is assumed to only reflect the weaker vibrational with a mean of zero and width of 106 MHz. We have also
interactions. The slow IVR rates measured for the cis bright examined thel- and K,-dependence of these matrix elements
states are similar to the rate of isomerization we have measuredas shown in Figure 10. Overall, we observe no increase with
in 2-fluoroethandf® (2 ns ™) and to weaker “Coriolis” dynamics  the total angular momentuth Also, the distribution is roughly
we have observed in the-@H stretch of propyndf (1 ns™1). independent oK, and, if anything, decreases with increasing
The Coriolis coupling includes the interaction between rovi- values of this near quantum number. This result suggests that
brational states with differett, values, which is known to occur  rovibrational interactions between quantum states of different
from the observation of a (2+ 1) increase in the measured Kjvalues are not direct Coriolis interactions which should scale
state density. From the single-photon infrared spectrum it is with J (for perpendicular Coriolis interactions) or wiky, (for
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Figure 10. The interaction matrix elements of the cis vibrational band
are examined as a function df(top) andK, (bottom). As seen in the

top panel, the matrix elements are independent of the total angular
momentum. The bottom panel shows that the matrix elements are
largely independent df, as well. As discussed in the text, this indicates
that the interactions between quantum states of difféfgntlues are

not direct Coriolis interactions.

Figure 9. The distribution of the matrix elements that describe the
interaction of the bright state to the “prediagonalized” bath states is
given for the cis (top) and gauche (bottom) vibrational bands. From
the analysis of the cis multiplets, we see that the distribution is Gaussian
with zero mean and a width of 106 MHz (= 4.7 MHz). The
distribution of the gauche matrix elements (here only from the separated
312 and 45 multiplets) shows different behavior. Here, there is an
increase in the number of “large” matrix elements that give rise to the

faster IVR observed in the gauche vibrational band. values that are typically found in IVR studies of polyatomic
molecules of this sizé.
parallel Coriolis interactions! This result is consistent with It is interesting to note that the origin of the large density of

previous IVR studies where a strong increase in the state densitynear-resonant gauche-like states, compared to the sparse set of
is observed with increasing total angular momentum, but there Cis-like states found near the cis bright state, is the lower

is no corresponding increase in the initial IVR ré&feFor torsional frequency of the gauche conformer (108 tfor the
example, in the acetylenic-H stretch of propynol, the IVR ~ gauches = 0—v = 1 energy difference vs 164 crh for the
rate remains nearly constant frah= 0 to J = 9.38 The origin cis)??30 If just the normal-mode frequencies are considered,

of these rovibrational couplings may lie in the nonorthogonality Neglecting the torsional motion, then cis and gauche near-
of the rotational wave functiofis of the different vibrational resonant state densities are essentially identical. This comparison

states as described by Li, Ezra, and Philips, for exaffole. ?mplies that the torsionally excited states that remain localized
y P Hip in the gauche well are strongly coupled to the bright state.

We have also analyzed the matrix element distribution for However, from the cis spectrum, we find that the coupling
the gauche conformer spectrum. To use the Lawrance-Knight petyeen cis-like and delocalized (or gauche-like) states is weaker
deconvolution, the spectra from the two nearly degenerate py approximately a factor of 5. This type of level structure leads
torsional ground states must first be separated. We have beeng VR dynamics with two separate time scales: a fast
able to assign the separate spectra for the 3oz and 43—404 vibrational energy redistribution that retains the conformational
IVR multiplets of the gauche spectrum using ground-state structure followed by isomerization on a slower time scale, as
microwave-infrared double-resonance technidddhe matrix observed in 2-fluoroethand$:l”
element distribution is also shown in Figure 9. One clear  Although the infrared spectrum does not provide direct
difference between the cis and gauche distributions is an increasgnformation about the conformational isomerization rate, it does
in the number of “large” matrix elements that give rise to the allow us to calculate the upper limit to the rate following
fast IVR. There is also an indication of a bimodal matrix element coherent excitation of the asymmetrieCH, stretch bright
distribution composed of a set of weak matrix elements, of statel” From the infrared spectrum we can calculate the survival
magnitude similar to those of the cis spectrum, and the larger probability3® This quantity provides the time scale for energy
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TABLE 5: RRKM Parameters and Results for the to make from the single-photon infrared spectrum alone. For
Unimolecular Isomerization Calculated for cis and gauche example, previous work on propyfdland 2-fluoroethand$
éllyI_FIuorlde in the Asymmetric Ethylenic Hydride Stretch show that the weaker interactions are consistent with both
egions -~ )
9 _ " “Coriolis” and cross-conformer coupling strengths. In the
cis—gauche Ecritical = E*cis — Ecrical ~ following paper we use microwave spectroscopy of the eigen-

% o 1 1 1 .
(E*es ~ 3110 cnr?) 1120 cm 1990 cm states of these spectra to show that the conclusions presented
Protal Peis o N* TRRKM TivR here are justified?
20 7.2 2 121 1ps ~2000 ps )
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