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We have measured the rotational spectra of several molecular eigenstates of the cis and gauche asymmetric
hydride stretch in order to determine the nature of the weak vibrational interactions observed in these vibrational
bands. The rotational spectra are measured using an infrared-microwave double resonance technique based
on the Autler-Townes splitting of states in a strong microwave field. From the rotational spectra, we can
detect contribution to the eigenstates from both localized structures (cis and gauche) and states of delocalized
structure, or “isomerization states”. Evidence of rotational transitions assigned to isomerization states are
observed in from the eigenstates prepared in both the cis and gauche vibrational band. Furthermore, detection
of Coriolis interactions in the cis band is observed. However, we do not detect any coupling between states
localized around different wells of the potential (i.e., cis and gauche) suggesting that the molecule is not
undergoing isomerization.

Introduction

Statistical theories of unimolecular reactions are based on the
assumption of rapid and complete redistribution of vibrational
energy.1,2 Experiments using both time-domain3-5 and frequency-
domain6-10 methods have been performed to understand the time
scale of this process. Both high-resolution spectroscopy and
pump-probe spectroscopy can be used to determine the initial
rate of intramolecular vibrational energy redistribution (IVR).
However, a full understanding of the IVR process requires
information about the dynamics following this initial decay. To
elucidate the pathway for energy flow a two-color method is
required. Several techniques capable of following the subsequent
vibrational dynamics have been developed for time-domain
studies.11-13 In the frequency domain, infrared fluorescence14

and photodissociation followed by LIF detection of fragments15

have been used to investigate the long time distribution of
vibrational energy. However, these techniques do not contain
direct dynamical information.

Recently we have developed a new frequency-domain
spectroscopy technique to determine additional dynamical
information about the flow of energy in a single molecule.16-19

In this technique, we measure the rotational spectrum of single
molecular eigenstates in a region of extensive vibrational state
mixing. These spectra contain dynamical information in the line
shape of the rotational spectrum of a single quantum state.16,18

The technique is formally similar to motional narrowing
spectroscopy methods used in nuclear magnetic resonance
spectroscopy.20,21 This technique is applicable to situations
where the coupled vibrational states have different characteristic
rotational frequencies, as occurs for conformational isomeriza-
tion.19,22 Here we use the rotational spectroscopy of single
molecular eigenstates in the high-resolution infrared spectrum
of the asymmetricdCH2 stretch of allyl fluoride (H2Cd
CHCH2F) to determine the origin of the weak vibrational
interactions found in the infrared spectrum.23

The infrared spectrum of allyl fluoride was presented in the

previous paper.23 We have measured the asymmetricdCH2

stretch normal-mode spectrum of both the cis and gauche
conformers of the spectrum. The spectra of these two conformers
have a qualitatively different appearance. The cis spectrum is
characterized by very weak vibrational coupling resulting in very
slow IVR. The gauche spectrum is more typical of the spectra
of large polyatomic molecules in the region of the hydride
stretch.24,25Much broader spectra are observed with a time scale
for initial IVR of 90 ps. We attributed the difference in these
spectra to the fact that the local density of cis vibrational states
is below the threshold for observing extensive IVR. Further,
we proposed that the vibrational interactions that are observed
in the cis spectrum involve the coupling to states with a different
conformer character or to weak Coriolis-type interactions. These
conclusions are verified by probing the composition of the
individual eigenstates using rotational spectroscopy.

Experimental Section

The description of the infrared measurements was presented
in the previous paper.23 We have measured the rotational
spectrum of single molecular eigenstates using a high-power
microwave technique.19 In this measurement, the laser is
frequency stabilized on a single molecular eigenstate transition
through frequency modulation. At another frequency, the laser
output is 100% amplitude modulated. This modulation is used
for phase sensitive detection of the infrared signal strength. The
infrared signal strength is monitored while a high-powered
microwave source is scanned. When the microwave frequency
is resonant with a transition in the excited vibrational state, a
decrease in the infrared signal is observed. These signal dips
are caused by the Autler-Townes splitting of states26 as
presented previously.19

The line width of the double-resonance signals is 5 MHz (full
width at half-maximum). The relatively broad line width of these
signals, compared to the 300 kHz line width we observe in
saturation measurements,17 is beneficiary because we can scan
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relative large spectral regions (a few gigahertz) in a reasonable
amount of time. Using this double-resonance technique we can
measure rotational transitions with a transition moment>0.2
D.19 The important advantage of this method over saturation-
based techniques is that it does not require saturation of the
infrared signal.19 For the allyl fluoride spectrum, we generally
do not have sufficient IR power (12 mW) to saturate the IR
transitions. With the exception of one of the 321 molecular
eigenstates, no saturation is observed for the IR spectrum despite
the limited fragmentation of the spectrum by vibrational
coupling.

The high-power microwave radiation (20 W) is generated by
amplifying the output of a synthesized sweeper (35 mW, HP
8340B) with a traveling wave tube amplifier (Hughes 8000H).
This amplifier operates in the 8-18 GHz frequency range. The
microwave radiation is coupled into the interaction region of
the molecular beam spectrometer using low loss microwave
cables and a microwave horn (to broadcast the power onto the
molecular beam). This limited tuning range restricts the number
of eigenstates we can investigate. Tunable infrared radiation is
provided by a color center laser (Burleigh Instruments) that is
pumped by a Kr+ laser (Spectra Physics Model 171). The output
of the ion laser is stabilized by an electrooptic technique
(ConOptics Model 350-105). Reducing the amplitude noise of
the ion pump laser improves the frequency stability of the color
center laser and, therefore, the noise when monitoring an infrared
signal. In our double-resonance measurements, the noise is
approximately 5% of the infrared signal strength.

Prediction of Rotational Transition Frequencies.Rotational
spectroscopy is particularly well suited to studies of conforma-
tional isomerization.18,19,22The rotational constants of the dif-
ferent conformers can differ significantly so that each conformer
has a characteristic spectrum.27 For studies of vibrational
interactions at high energy, it is necessary to know both the
rotational constants of the different conformers and the rotational
constants for vibrational states above the barrier to conforma-
tional isomerization. Because these free-rotor-like states have
high energies, there have been no previous spectroscopic studies
of their rotational spectra. We have used ab initio calculations28

to estimate the rotational constants of these states.
The potential energy curve for internal rotation about the C-C

single bond in allyl fluoride can be calculated using ab initio
techniques. In this calculation, the torsional angle is scanned
and all other structural parameters are relaxed at each angle in
the calculation of the energy. The results of ab initio calculations
of the torsional potential at two levels of theory29 are compared
to experimentally derived potentials30,31 in Figure 1 of the
previous paper.23 For allyl fluoride, the experimental and
calculated potentials agree to within 1 kcal/mol (350 cm-1).

The wave functions for the torsional energy levels are
calculated using a one-dimensional Hamiltonian.32 For this
calculation, the torsional potential is expanded in the standard
cosine form. The rotational constant for the relative internal
motion of the frame and the top is also expanded in a cosine
Fourier series.33 The angular dependence of this rotational
constant is calculated using the structural parameters obtained
in the ab initio calculations. The Hamiltonian is represented in
a free-rotor basis set and the matrix representation is diagonal-
ized to obtain the torsional energy levels and their wave
functions.32 These wave functions can be characterized as cis,
gauche, or torsionally delocalized. The torsionally delocalized
wave functions are found over the barrier to isomerization and
have significant probability in both the cis and gauche regions
of the potential. At increasing energy, these eigenfunctions more

closely resemble free-rotor wave functions. These types of
torsional eigenfunctions are illustrated in Figure 1. The torsional
potential seen in Figure 1 was calculated via ab initio methods
at the HF/6-311G** level of theory. We have found that this
level of theory accurately predicts the shape of the torsional
potentials, the values of the rotational constants (for both stable
conformers and excited states), and the structures of several
molecular systems that we have investigated.34

We estimate the rotational constants for each of the torsional
eigenfunctions by calculating the expectation value of the
rotational constant. This method corresponds to including the
effects of the angular dependence of the moment of inertia but
neglects any Coriolis-like interactions caused by the internal
angular momentum generated by the internal rotation.30,35 To
perform this calculation, we fit the angular dependence of the
rotational constant to a Fourier cosine series and use this
expansion in the expectation value calculation. We have tested
this method for the low-lying torsional states by comparing the
calculated rotational constants with experimental values.36 In
addition, we scale theV ) 0 results from the ab initio calculation
to the experimental determination. The actual calculated results
(i.e., unscaled) and the experimental results are given in Table
1. The comparison to experiment for the cis and gauche torsional
states is shown in Figure 2. Overall, the agreement is very good
with errors of less than 1% (after scaling). For the cis conformer
we recover all trends in the changes of the rotational constants
with torsional excitation. The agreement for the gauche torsional
states is not as good. The gauche torsional states occur in near-
degenerate pairs of symmetric and antisymmetric states sepa-
rated by the tunneling splitting. These near-degenerate pairs of
states are most susceptible to Coriolis effects and this may be
the origin of the discrepancy.

Using this calculational approach we can also estimate the
rotational constants of the delocalized torsional states. Addition-
ally, we calculate the expectation value of the dipole moment
components for each state. Experimental dipole moments are

Figure 1. Superimposed on the torsional potential of allyl fluoride
are the wave function probabilities of the three types of states that are
involved in the vibrational energy redistribution dynamics. The lowest
energy probability curve represents the ground torsional state of the
cis conformer. The ground-state wave function probability of the gauche
conformer has equal probability in each of the double wells. The
torsionally delocalized wave function, seen at the top of the figure,
has an energy that exceed the barrier to isomerization and has nearly
equal probability over the entire torsional potential. This torsional
potential was computed at the HF/6-311G** level of theory. The
energies were calculated at 10° increments except in the region of the
gauche conformer (46°-57°) were points were calculated every 1°.
The bottom of the cis well (φ ) 180°) has been set to 0 cm-1.
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available only for the ground torsional state of each conformer,36

and our calculated values are in good agreement. These results
are also given in Table 1. From these calculations we can
determine the rotational transition frequency as a function of
the torsional quantum state. A calculation of the 202-101

transition frequency is shown in Figure 3. This result demon-
strates the utility of microwave spectroscopy for determining
the torsional character of mixed vibrational states. There is a
rapid transition between the rotational frequencies characteristic
of the two conformers and the values estimated for the
torsionally delocalized states. Furthermore, these transition
frequencies are well separated. On the basis of our previous
measurement of the rotational constant distribution of propynol
at 3330 cm-1,17 we expect that vibrational excitation in normal
modes other than the torsional mode will produce only small
changes to the characteristic frequencies. In Table 2 we give
the rotational transitions for cis, gauche, and delocalized
torsional states near the tuning range of our high-power
microwave source.

Rotational Spectroscopy of Single Vibrationally Mixed
Eigenstates.In the next few sections we present results obtained
for the rotational spectroscopy of single molecular eigenstates
in the cis and gauche asymmetricdCH2 stretch spectrum. For
the cis conformer, where the intramolecular vibrational coupling
is sparse, we are able to determine the origin of the weak
interactions for several perturbations. We have identified both
perpendicular Coriolis-type interactions (∆Ka ) -1) and
vibrational interactions between the cis bright state and vibra-
tional states with a free-rotor torsional character. In both cases

these interactions are weak, with matrix elements of ap-
proximately 80 MHz. By probing eigenstates in the gauche
spectrum, we find a similar size for the coupling strength
between gauche states and states with free-rotor torsional
functions. Searches for the presence of a gauche conformer
contribution to the eigenstates in the cis spectrum or a cis
contribution to eigenstates in the gauche spectrum, failed to
detect any evidence for coupling between these types of states.

Transitions Corresponding to the IR Spectrum. To test
the sensitivity of the upper state rotational spectroscopy
technique, we have measured transitions between eigenstates
appearing in the cis and gauche spectra of the asymmetricd
CH2 stretch.23 These transitions occur between single eigenstates

TABLE 1: Calculated and Measured Rotational Constants
and Dipole Moments for Cis and Gauche Allyl Fluoride
States in Ground and Torsionally Excited States (Indicated
by the Number of Quanta in the Torsion Vibration) and the
Rotational Constants and Dipole Moments Calculated for a
Delocalized Statea

cis
experimentalb

ab
initioc

gauche
experimentalb

ab
initioc

V ) 0
A 17 236.63 17 810 27 720.34 29 121
B 6 002.91 6 025 4 263.62 4 311
C 4 579.82 4 632 4 131.98 4 150
µa (D) 0.742( 0.008 0.697 1.595( 0.006 1.596
µb (D) 1.601( 0.011 1.763 0.908( 0.012 0.874
µc (D) 0.623( 0.014 0.908
V ) 1
A 17 256.69 17 866 27 690.86 29 093
B 5 967.08 5 990 4 271.79 4 328
C 4 580.96 4 632 4 148.65 4 155
µa (D) 0.718 1.585
µb (D) 1.751 0.797
µc (D) 0 0.921
V ) 2
A 17 284.73 17 927 27 702.64 29 150
B 5 930.46 5 954 4 278.64 4 343
C 4 581.28 4 628 4 162.44 4 156
µa (D) 0.741 1.574
µb (D) 1.736 0.646
µc (D) 0 0.904

delocalized level ab initioc

A 24 643
B 4 903
C 4 346
µa (D) 1.299
µb (D) 1.205
µc (D) 0

a Values in MHz except where noted.b Reported in ref 36.c Values
averaged over the torsional wave function. Ab initio calculations were
performed at the HF/6-311G** level of theory.

Figure 2. Shown here is the comparison between experimental results
and scaled ab initio calculations for the rotational constants of allyl
fluoride as the number of quanta of energy in the C-C torsion increases.

Figure 3. From the calculation of the rotational constants of the
molecule as the torsional excitation increases, we are able to estimate
the rotational transition frequencies expected for different torsional
levels. Shown here is a rapid transition between the rotational
frequencies characteristic of the two conformers and the rotational
frequencies expected for the torsionally delocalized states for the 202-
101 rotational transition.
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that are known to have bright state character. On the basis of
the dipole moment components along the principal axes and
rotational transitions predicted to lie in the available tuning
range, we have concentrated on the b-typeKa ) 0-1 Q-branch
transitions of the cis conformer and the a-typeJ ) 2-1
transitions of the gauche conformer.

The 303 and 312 IVR multiplets for the cis conformer are
shown in Figure 4. Because this spectrum is so sparse, we expect
that the rotational spectrum of the 303 eigenstate will mimic
the 312 IVR multiplet.37 Stabilizing the laser on the 303

eigenstate, we scanned the region of the 312-303 rotational
transition. We have observed three of the four eigenstates that
appear in the 312 spectrum. The transition frequencies are
reported in Table 3. As expected, the transition at 16844 MHz,
which accesses the strong transition in the 312 spectrum, is
stronger than the other two observed signals. Because the
double-resonance technique does not require IR saturation, we
can also investigate the rotational spectra of the weak transitions
in the 312 multiplet. For the three most intense molecular
eigenstates in the 312 spectrum we observe a single rotational
transition to the most intense 303 state appearing in the infrared
spectrum. We have measured the rotational spectra of a few
molecular eigenstates in the 101 IVR multiplet of the gauche
spectrum. These results will be discussed more fully below,
however, for these eigenstates we observe rotational transitions
near the characteristic frequency for a gauche 202-101 rotational
transition. Furthermore, the eigenstates accessed in the 202 region
of the spectrum also appear in the infrared spectrum. These

preliminary measurements indicate that we have sufficient
sensitivity to observe cis and gauche contributions to single
molecular eigenstates.

Detection of Perpendicular Coriolis Interactions.The slow
IVR rates observed in the cis allyl fluoride spectra are
comparable to the rates of conformational isomerization that
we measured in 2-fluoroethanol19 and to Coriolis-like IVR that
we observed in the O-H stretch of propynol.38 Using microwave
spectroscopy we can probe whether the weak interactions
observed in the cis spectrum are attributable to conformer
coupling or Coriolis interactions. For example, we can probe
for Coriolis interactions using the level scheme depicted in
Figure 5. In this measurement we stabilize the laser on a single
eigenstate of the 321 IVR multiplet of the cis spectrum. This
multiplet is shown in Figure 6. No rotational transitions of the
cis conformer involving the 321 rotational level are predicted to
lie in our microwave tuning range (see Table 2). However, if
the weak interactions involve perpendicular Coriolis coupling
(∆Ka ) (1), then we will observe transitions in the 16759
MHz range (312-303 transitions) or the 17576 MHz region (330-
423 transitions).

We have measured the rotational spectra of the two molecular
eigenstates indicated in Figure 6. We have detected three
rotational transitions for each eigenstate with the frequencies
reported in Table 3. These transitions access the same molecular
eigenstates and from the frequency shifts we can determine that

TABLE 2: Predicted Rotational Transition Frequencies for
Cis, Gauche, and Delocalized States of Allyl Fluoride (J ) 1,
2, or 3) That Fall near the TWTA Range

conformer transition
frequency

(MHz) conformer transition
frequency

(MHz)

cisa delocalizedc

J ) 1 101-000 10 583 J ) 1 212-111 18 030
110-101 12 657 202-101 18 587
212-111 19 742 211-110 19 169
202-101 21 039 111-101 19 275
111-000 21 817 110-101 19 844
211-110 22 589 111-000 28 574

J ) 2 211-202 14 207 110-000 29 144
J ) 3 413-322 13 250 J ) 2 212-202 18 718

331-422 15 730 211-202 20 427
312-303 16 759 J ) 3 404-312 15 750
220-303 16 788 313-303 17 906
330-423 17 576 322-413 18 668
303-212 21 310 321-413 18 730
313-212 29 537 404-313 19 168

gaucheb 312-303 21 323
J ) 1 212-111 16 660 322-414 24 363

202-101 16 791 321-414 24 425
211-110 16 923 313-212 27 037
111-101 23 457 303-202 27 849
110-101 23 588 322-221 27 900

J ) 2 212-202 23 326 321-220 27 950
211-202 23 721 312-211 28 745

J ) 3 404-313 10 445 221-312 29 079
313-303 23 131 220-312 29 092
312-303 23 920
313-212 24 989
303-202 25 184
322-221 25 188
321-220 25 191
312-211 25 384

a µa ) 0.74 D,µb ) 1.6 D (see ref 36).b µa ) 1.59 D,µb ) 0.9 D,
µc ) 0.62 D (see ref 36).c µa ) 1.299 D, µb)0.46 D (rotational
constants and dipole moments calculated from delocalized wave
function expectation value).

Figure 4. Shown here are the 312 and 303 IVR multiplets of the cis
conformer (see ref 23). We measured the rotational spectrum of the
three most intense (out of four) 312 eigenstates (the three lower energy
states) and also the most intense 303 eigenstate. The two 303 eigenstates
have been marked for clarity. From each of the three 312 eigenstates,
we observe a rotational transition to the most intense 303 eigenstate
seen in the lower panel. From the 303 eigenstate we observe rotational
transitions to the three lower energy 312 eigenstates seen in the top
panel.
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the transitions reach eigenstates at lower energy. This result and
the fact that the transitions are very close to the predicted 312-
303 cis rotational transition allow us to assign this weak
interaction to a Coriolis-like interaction between two vibrational

states with cis torsional character. From a Lawrance-Knight39,40

analysis of the spectrum, the matrix element for this interaction
is 73 MHz.

The rotational transitions from the weaker infrared transition
are substantially stronger. We can gauge the transition strength
from the fact that Autler-Townes dips are observed for the
eigenstate with a weak IR intensity, but narrow saturation signals
are observed for the eigenstate with the strong IR intensity. To
observe an Autler-Townes double-resonance signal, the rota-

TABLE 3: Observed Rotational Transitions from the Cis and Gauche Eigenstates

IVR multiplet
(JKaKc)

frequencya
(cm-1)

relative
frequency (MHz)

rotational
transitionsb (MHz)

assignment
(J′(KaKc) r J′′(KaKc); conformer)

cis
101 3113.700 0 18 069a 2r1, ∆Ka ) 0; delocalized

3113.689 -329 18 399a 2r1, ∆Ka ) 0; delocalized
111 3113.727 0 17 310b 2r1, ∆Ka ) 0; delocalized

17 807c 2r1, ∆Ka ) 0; delocalized
3113.718 -275 17 585b 2r1, ∆Ka ) 0; delocalized

18 081c 2r1, ∆Ka ) 0; delocalized
110 3113.640 0 17 845d 2r1, ∆Ka ) 0; delocalized

18 213 2r1, ∆Ka ) 0; delocalized
3113.638 -58 17 905d 2r1, ∆Ka ) 0; delocalized

211 3115.153 0 18 025e 1r2, ∆Ka ) 0; delocalized
3115.145 -239 17 783e 1r2, ∆Ka ) 0; delocalized

303 3115.429 - 16 6431 312r303; cis
16 7832 312r303; cis
16 8443 312r303; cis

312 3115.511 0 16 8443 303r312; cis
3115.509 -62 16 7832 303r312; cis
3115.504 -202 16 6431 303r312; cis

321 3115.476 0 16 756f 303r312; cis
16 876g 303r312; cis
17 055h 303r312; cis

3115.468 -238 16 522f 303r312; cis
16 644g 303r312; cis
16 821h 303r312; cis

gauche
101 3099.15 0 16 8071 2r1, ∆Ka ) 0; gauche

17 3462 2r1, ∆Ka ) 0; delocalized
3099.10 -1544 16 983a 2r1, ∆Ka ) 0; gauche

17 994b 2r1, ∆Ka ) 0; delocalized
3099.09 -1702 17 143a 2r1, ∆Ka ) 0; gauche

18 154b 2r1, ∆Ka ) 0; delocalized
202 3099.12 0 17 3462 1r2, ∆Ka ) 0; delocalized

3099.10 -539 16 8071 1r2, ∆Ka ) 0; gauche
17 955 1r2, ∆Ka ) 0; delocalized

a These absolute values are taken as the relative position from the start of an infrared scan. The starting frequency of the scan is given by the
wavemeter (accurate to( 0.01 cm-1). The values in this column are given more significant figures when several lie closer than 0.01 cm-1 apart.
b Common superscript letters indicate that the transitions access the same molecular eigenstate. Common superscript numerals indicate identical
transitions (e.g., two separate transitions assigned to 303f312 and 312f303 would be given the same superscript numeral).

Figure 5. Detection schemes for the observation of Coriolis interaction
and isomerization state interaction are given. For the detection of
Coriolis interaction in the cis vibrational band, we stabilize the laser
to an eigenstate of the 321 IVR multiplet and measure the rotational
spectrum in the frequency range predicted for 312-303 and 330-423

rotational transitions. The idea is the same for detecting isomerization
state interactions. Depicted in the bottom panel is a measurement of
an eigenstate of the 101 IVR multiplet. Any J ) 1 transitions that are
observed in the 18 GHz frequency region can be assigned to transitions
of the state with torsionally delocalized character (see Table 2).

Figure 6. The 321 IVR multiplet of the cis vibrational band is seen
here. We have measured the rotational spectra of the two eigenstates
marked by asterisks. These eigenstates have rotational transitions in
the 16522-17055 MHz region that we assign to (312-303)-like
transitions resulting from Coriolis coupling between the 321 bright state
and a 312 bath state of the cis conformer (see Figure 5).
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tional transition strength must be∼0.1 D in order to split the
interacting states beyond our infrared resolution of 6 MHz. With
this transition strength, the saturation signals would be strongly
power broadened.41 The observation of narrow saturation signals,
therefore, indicates a much weaker transition moment to the
“dark” eigenstates∼17 GHz lower in energy. This result just
reflects the fact that the eigenstate with strong IR intensity has
a dominant contribution from the cis 321 vibrational bright state.
This contribution is inactive in the rotational spectrum. Con-
versely, the eigenstate that has the weak IR intensity must have
a dominant contribution from the coupled 312 cis bath state.
Because the measurements are obtained through different
double-resonance mechanisms (saturation vs Autler-Townes
dip), it is difficult to quantitatively determine the relative
transition strengths from the two eigenstates.

Detection of Coupling to Torsionally Delocalized States.
To test for the presence of coupling between the cis asymmetric
dCH2 stretch bright state and vibrational states with different
torsional character (either gauche or delocalized torsional wave
functions), we have investigated the rotational spectra of theJ
) 1 andJ ) 2 molecular eigenstates in the cis IR spectrum. A
gauche contribution to the molecular eigenstate is expected to
generate rotational transitions in the 16.6-16.9 GHz region and
a delocalized transition in the 18.0-19.2 GHz region (see Table
2). The level structure for coupling between the cis bright state
and a vibrational state with torsionally delocalized character is
illustrated in Figure 5. TheJ ) 1 andJ ) 2 cis IVR multiplets
that we have used in our study of upper state rotational
transitions are shown in Figure 7. For all three of theJ ) 1
eigenstate sets and the 211 states we observe rotational transitions
characteristic of torsionally delocalized states. The transition
frequencies are reported in Table 3. Because we measure the
transitions from two eigenstates of the IR spectrum, we confirm

that the final states of theJ ) 1 transitions lie higher in energy
and the final states of theJ ) 2 transitions lie lower in energy,
as expected for aJ ) 2-1 rotational transition.

Again, we observe complementarity in the rotational spec-
trum. For example, the double-resonance signals for the two
molecular eigenstates in 211 IVR multiplet are shown in Figure
8. For the Autler-Townes double-resonance mechanism, the
percentage change in the IR signal is proportional to the square
of the rotational transition moment. Also, the intensities in the
IR spectrum are proportional to the magnitude squared of the
cis bright-state contribution.24,25 Therefore, for a simple two-
state interaction, the ratios of the signal decrease in the double-
resonance spectrum should complement the ratio of the IR
intensities. The IR intensity ratio is approximately 1:7 and the
percentage signal decreases are 23% and 3.5% for the weak IR
and strong IR eigenstates, respectively. This result indicates that
the perturbation in the 211 IR spectrum can be treated as a two-
state interaction. The coupling matrix elements that can be
assigned to the cis bright-state/delocalized state interactions in
the J ) 1 andJ ) 2 spectra range from 74 to 157 MHz.

There are two features of these measurements that should be
noted. First of all, many of the observed transition frequencies
that we are assigning to vibrational states with torsionally
delocalized character lie below 18 GHz and are lower than
predicted by our expectation value calculation. In the rotational

Figure 7. The J ) 1 andJ ) 2 IVR multiplets of the cis vibrational
band that we have used for upper state microwave spectroscopy are
shown. For all of theJ ) 1 eigenstate sets and for the 211 states, we
observe rotational transitions characteristic of torsionally delocalized
states. No transitions were observed from the lone 202 eigenstate.

Figure 8. Shown here are the double-resonance signals observed from
the 211 eigenstates seen in Figure 7. The infrared transition to the
eigenstate measured in the top panel is 7 times the intensity of the
infrared transition to the eigenstate measured in the bottom panel. As
seen, the rotational transition of the eigenstate of the top panel is about
6.5 times weaker than the transition seen in the bottom panel.
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spectrum of single eigenstates of 2-fluoroethanol we also found
that the observed frequencies for these transitions were lower
than predicted.19 This result could be caused by a dynamic effect.
In our averaging, we assume that the molecule assumes a
“compact” structure when it is in regions of the conformer
minima. However, these torsionally delocalized states cor-
respond to essentially free-rotor motion. During this motion the
molecule may remain slightly “expanded” during the full
torsional cycle. This effect would decrease the rotational
frequencies for these states.

Second, the fact that we observe coupling to torsionally
delocalized states in 4 of the 5J ) 1 andJ ) 2 IVR multiplets
of the cis conformer is statistically unlikely (no rotational
transitions were observed from the 202 eigenstate we measured).
As reported in the previous study, the density of torsionally
delocalized states is only about 1.5 states/cm-1.23 Because we
expect that there should be no conservation ofKa in this type
of interaction, the rovibrational density of these states atJ ) 1
is 4.5 states/cm-1. Therefore, the mean level spacing is 6662
MHz. The rotational constants for these states are sufficiently
different from the cis bright state constants that each measure-
ment can be treated as statistically independent. With such a
low density, it is unlikely that we would observe this type of
interaction as frequently as we do.

If we assume that the uncoupled vibrational states are
randomly distributed, then we can use Poisson statistics to
estimate the probability of observing this type of interaction.
Since the matrix elements are so weak, we assume that we can
only observe interaction with these states if they lie within(600
MHz of the bright-state. This value is chosen based on intensity
considerations: For a two-state interaction with a coupling
matrix element of 100 MHz, the interaction with a state 600
MHz away produces two eigenstates observable in the infrared
spectrum. The less intense transition will have intensity about
3% of the intensity of the more intense transition. The
probability of having a delocalized state lie within 600 MHz of
the bright state is

where〈s〉 is the mean level spacing of the delocalized levels
andsmax is the window size (600 MHz, here). We predict that
we should only observe a torsionally delocalized state in the
IR spectrum 17% of the time. Even if the actual state density is
a factor of 2 higher due to anharmonic corrections to the state
count, we only expect a 33% chance of observing these states.
A possible alternative explanation is that these transitions are
actually cis-like vibrational states but originating from quantum
states with several quanta of low-lying normal-mode vibrations.
However, estimates of the shift in the transition frequency based
on the average number of quanta in a typical bath state strongly
fail to account for this difference.42 We conclude that these
interactions do originate in coupling to vibrational states with
torsionally delocalized character and that we have been fortunate
to observe so many.

We have also detected the coupling to torsionally delocalized
states in the gauche spectrum of allyl fluoride. A diagram of
this measurement is shown in Figure 9. The observed transition
frequencies are listed in Table 3. We have measured the
rotational spectra of the three 101 eigenstates with the largest
infrared intensity. These eigenstates include the two closely
spaced eigenstates near 0 MHz of the 101 IVR multiplet seen in
Figure 9, as well as the eigenstate that lies approximately 1700
MHz higher in energy. The higher energy 101 eigenstate (near

1700 MHz on this relative scale) has two rotational transitions.
These transitions access the two eigenstates of the 202 multiplet
seen with nearly equal intensity in the infrared spectrum near
19000 MHz and 18500 MHz on the relative frequency scale of
Figure 9. These transition frequencies are consistent with
transitions of states with delocalized character. The fact that
these two eigenstates are accessed from the same initial state
demonstrates that they belong to the same parity component of
the IVR multiplet.23 For each of the two 101 eigenstates near 0
MHz on the relative frequency scale, we observe rotational
transitions to the same two eigenstates. Both of these eigenstates
lie higher in energy. One transition occurs near the expected
202-101 transition frequency of the gauche conformer (16983
MHz and 17143 MHz for the two eigenstates) and one transition
occurs at frequency similar to those assigned to delocalized
torsional state transitions in the cis spectrum (17994 MHz and
18154 MHz).

By calibrating the IR spectra of the 101 and 202 IVR multiplets,
we determine that the lower frequency transitions (16983 MHz
and 17143 MHz) from the two 101 eigenstates near 0 MHz reach
the molecular eigenstate with the strongest intensity in the 202

IVR multiplet. However, the other eigenstate accessed in the
rotational transitions (17994 MHz and 18154 MHz) is unob-
servable in the IR spectrum, as seen in Figure 9. The spacing
between the two equally intense 101 eigenstates is 158 MHz. If
we treat this interaction as an isolated two-state interaction then
the matrix element for this coupling is 79 MHz.43 With such a
weak coupling between the gauche and delocalized states, this
state does not participate in the coupling atJ ) 2 because there
is no nearby gauche state for it to interact with. The matrix
element for this gauche-delocalized interaction is of the same
order as those observed for the cis-delocalized interactions.

Detection of Coupling to Vibrational States of the Other
Conformer. We have looked for evidence of coupling between
states with gauche and cis torsional character in both the IR
spectrum of the cis and gauche conformers.19,22 For the cis

P ) Z∫0

Smaxe -s/〈s〉 ds≈ 2smax

〈s〉
; (smax , 〈s〉) (1)

Figure 9. Shown here is a relative energy plot of the gauche 101 and
202 IVR multiplets. Also seen is the rotational spectrum of the indicated
101 eigenstate, also on the same relative energy scale. The lower
frequency transition accesses a 202 eigenstate observed in the infrared
spectrum. The higher frequency transition is assigned to a delocalized
state transition. TheJ ) 2 final state of the transition does not appear
in the infrared spectrum.
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spectrum, we expect that coupling to a state with gauche
character would have produced rotational transitions near 16.8
GHz for theJ ) 2-1 rotational spectrum. Although we found
several instances of coupling to delocalized torsional states in
these measurements, we were unable to detect any gauche-like
transitions. For the gauche IR spectrum, we have looked forKa

) 1-0 b-type Q-branch transitions at the characteristic cis
rotational frequencies. We have investigated eigenstates in the
J ) 0-3, Ka ) 0,1 IVR multiplets of the gauche conformer. A
summary of these searches is given in Table 4. Again, we have
found no evidence of coupling to states of the other conformer.
For the level densities found in this spectrum we expect that
the rotational spectra will show complementarity and that the
eigenstates with weak IR intensity are most likely to show
rotational transitions of the other conformer.18 The weakness
of the gauche IR spectrum has prevented us from measuring
the rotational spectra of these eigenstates.44 We conclude that
“isomerization” does not occur in the cis spectrum and is at
best a slow, local phenomenon in the gauche spectrum. Similar
conclusions were drawn about the lack of significant direct
gauche-cis coupling from the analysis of the calculated versus
observed state density of the gauche infrared spectrum.23

Conclusions

By measuring the rotational spectra of single molecular
eigenstates in the asymmetricdCH2 stretch spectrum of the
cis and gauche allyl fluoride conformers we have been able to
characterize the weak vibrational coupling mechanisms. In the
analysis of the cis IR spectrum, we proposed that the weak
interactions found in the spectrum were caused by either Coriolis
interactions or coupling to vibrational states with either gauche
or delocalized torsional character.23 For all of the cis spectra
we have investigated we are able to demonstrate that these weak
interactions are caused by Coriolis coupling (the 321 IVR
multiplet) or coupling to torsionally delocalized states (theJ )
1 andJ ) 2 IVR multiplets). In both cases, the matrix elements
are weak and on the order of 80 MHz. This similarity of the
matrix elements suggests a common origin for these interactions.
The presence of an internal rotor in the molecule generates terms
in the Hamiltonian that can be interpreted as Coriolis-like
interactions30,35,45,46(additionally there are centrifugal terms that
can be attributed to “axis switching” effects45). Therefore, the
coupling to the torsionally delocalized states may also be caused
by a Coriolis mechanism.

In the gauche IR spectrum, we have also observed interactions
with torsionally delocalized states. The interaction matrix
element for the gauche-delocalized coupling is of the same
magnitude as found for the cis-delocalized interactions. In

neither the cis nor the gauche spectrum have we found evidence
for direct coupling between the two conformers. We believe
this result indicates that conformational isomerization, defined
as coupling between states with cis and gauche torsional
character, is mediated by the delocalized torsional states (also
called “isomerization states”).19,47 For example, in the region
of the cis asymmetricdCH2 stretch, the density of gauche-like
states is 3.6 times greater than the density of delocalized states.23

If the direct interaction between the cis bright-state and the
gauche bath states were as strong as the cis-delocalized
interactions, then we would have been about four times more
likely to observe gauche rotational transitions. The torsionally
delocalized states behave as “doorway” states to the isomer-
ization process.47 The weak coupling to these isomerization
states, compared to coupling between vibrational states of the
same torsional character, leads to a situation where the IVR
dynamics are expected to show two distinct time scales: rapid
IVR with retention of conformation followed by a slower
conformational isomerization process. As was pointed out in
the previous paper, the isomerization rates are orders-of-
magnitude slower than predicted by RRKM theory.23 The
bottleneck to the isomerization process appears to be the slow
rate for reaching the torsionally delocalized states.48,49

Finally, we note that the highly torsionally excited states do
not appear to show significantly faster IVR. This conclusion is
inferred from the simplicity of the rotational spectra that we
observe. For example, in the cis spectrum, the rotational spectra
of the torsionally delocalized states show either one or two
transitions. This observation indicates limited IVR of this
coupled state. Similarly, a simple rotational spectrum is observed
for the torsionally delocalized state in the gauche spectrum. The
weak coupling of these free-rotor-like states to the states of well-
defined conformational character (e.g., cis or gauche) may have
a similar origin as the narrowing found in the spectra of
“extreme motion” vibrational states.50,51If the weak interactions
persist to higher energies, then it will be generally true that
conformational isomerization is a slow dynamical process in
large polyatomic molecules.
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