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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 previous pape?> We have measured the asymmetsCH,
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?*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

Statistical theories of unimolecular reactions are based on the
assumption of rapid and complete redistribution of vibrational
energy!? Experiments using both time-doméif and frequency-
domairf~1° 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 s pelow the threshold for observing extensive IVR. Further,

elucidate the pathway for energy flow a two-color method is e proposed that the vibrational interactions that are observed
required. Several techniques capable of following the subsequenfy yhe cis spectrum involve the coupling to states with a different

V|bra_1t|olrlz_113dynam|cs have been developed for time-domain .,normer character or to weak Coriolis-type interactions. These
studies:*”** In the frequency domain, infrared fluorescetice  ;cjusions are verified by probing the composition of the
and photodissociation followed by LIF detection of fragmé&hts individual eigenstates using rotational spectroscopy.

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 The description of the infrared measurements was presented
spectroscopy technique to determine additional dynamical in the previous papéf We have measured the rotational
information about the flow of energy in a single molectfie!® spectrum of single molecular eigenstates using a high-power
In this technique, we measure the rotational spectrum of single microwave techniqué In this measurement, the laser is
molecular eigenstates in a region of extensive vibrational state frequency stabilized on a single molecular eigenstate transition
mixing. These spectra contain dynamical information in the line through frequency modulation. At another frequency, the laser
shape of the rotational spectrum of a single quantum &tdfe.  output is 100% amplitude modulated. This modulation is used
The technique is formally similar to motional narrowing for phase sensitive detection of the infrared signal strength. The
spectroscopy methods used in nuclear magnetic resonancénfrared signal strength is monitored while a high-powered
spectroscop¥®?! This technique is applicable to situations microwave source is scanned. When the microwave frequency
where the coupled vibrational states have different characteristicis resonant with a transition in the excited vibrational state, a
rotational frequencies, as occurs for conformational isomeriza- decrease in the infrared signal is observed. These signal dips
tion.1922 Here we use the rotational spectroscopy of single are caused by the AutlelTownes splitting of stat@$ as
molecular eigenstates in the high-resolution infrared spectrum presented previoushy.

Experimental Section

of the asymmetrinCHz stretqh_ of allyl fluoride .(I-iC.= The line width of the double-resonance signals is 5 MHz (full
CHCHyF) to determine the origin of the weak vibrational  width at half-maximum). The relatively broad line width of these
interactions found in the infrared spectrdfn. signals, compared to the 300 kHz line width we observe in

The infrared spectrum of allyl fluoride was presented in the saturation measuremenifsis beneficiary because we can scan
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relative large spectral regions (a few gigahertz) in a reasonable 1800

amount of time. Using this double-resonance technique we can

measure rotational transitions with a transition momegt2 1500 |

D.® The important advantage of this method over saturation-

based techniques is that it does not require saturation of the ~ 1200

infrared signal® 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; 3nolecular § 900
eigenstates, no saturation is observed for the IR spectrum despite2
the limited fragmentation of the spectrum by vibrational 600
coupling.
The high-power microwave radiation (20 W) is generated by 300 1 XA)L

amplifying the output of a synthesized sweeper (35 mwW, HP

8340B) with a traveling wave tube amplifier (Hughes 8000H). 0
This amplifier operates in the-8l8 GHz frequency range. The 0 60 120 180 240 300 360
microwave radiation is coupled into the interaction region of Torsional Angle (degrees)

the molecular beam spectrometer using low loss microwave Figure 1. Superimposed on the torsional potential of allyl fluoride
cables and a microwave horn (to broadcast the power onto theare the wave function probabilities of the three types of states that are
molecular beam). This limited tuning range restricts the number involved in the vibrational energy redistribution dynamics. The lowest
of eigenstates we can investigate. Tunable infrared radiation is€nergy probability curve represents the ground torsional state of the
provided by a color center laser (Burleigh Instruments) that is cis conformer. The ground-state wave function probability of the gauche

- conformer has equal probability in each of the double wells. The
pumped by a Kr laser (Spectra Physics Model 171). The output torsionally delocalized wave function, seen at the top of the figure,

of the ion laser is stabilized by an electrooptic technique has an energy that exceed the barrier to isomerization and has nearly
(ConOptics Model 350-105). Reducing the amplitude noise of equal probability over the entire torsional potential. This torsional
the ion pump laser improves the frequency stability of the color potential was computed at the HF/6-311G** level of theory. The
center laser and, therefore, the noise when monitoring an infraredenergies were calculated at°liicrements except in the region of the
signal. In our double-resonance measurements, the noise iggauche conformer (46-57°) were points were calculated every. 1
approximately 5% of the infrared signal strength. he bottom of the cis wellf = 187) has been set to 0 crh

Prediction of Rotational Transition Frequencies.Rotational closely resemble free-rotor wave functions. These types of

spectroscopy is particularly well suited to studies of conforma- qjona| eigenfunctions are illustrated in Figure 1. The torsional

tional isomerizatiort81922The rotational constants of the dif- . P . .

ferent conformers can differ significantly so that each conformer potential seen in Figure 1 was calculated via ab initio methods

h h L l?m y i ¢ Vibrational at the HF/6-311G** level of theory. We have found that this
as a characteristic spectrumFor studies of vibrational —o\e| of theory accurately predicts the shape of the torsional

mter_actml)ns at high ?”ﬁf%Yf'f Itis nec?ssary to lfjncr’lw both thel potentials, the values of the rotational constants (for both stable
rotational constants of the different conformers and the rotational - \formers and excited states), and the structures of several

constants for vibrational states above the barrier to conforma- ., acular systems that we have investigdted.

tional isomerization. Because these free-rotor-like states have We estimate the rotational constants for each of the torsional
high energies, there have been no previous spectroscopic StUdieéigenfunctions by calculating the expectation value of the
of their rotational spectra. We have used ab initio calculatfons rotational constant. This method corresponds to including the

to estimate the rotational constants of these states. effects of the angular dependence of the moment of inertia but
The potential energy curve for internal rotation about th&lC  neglects any Coriolis-like interactions caused by the internal
Single bond in aIIyI fluoride can be calculated USing ab initio angu|ar momentum generated by the internal rotaf{éhTo
techniques. In this calculation, the torsional angle is scanned perform this calculation, we fit the angular dependence of the
and all other structural parameters are relaxed at each angle inyotational constant to a Fourier cosine series and use this
the calculation of the energy. The results of ab initio calculations expansion in the expectation value calculation. We have tested
of the torsional potential at two levels of the&tare compared  this method for the low-lying torsional states by comparing the
to experimentally derived potentid$! in Figure 1 of the  calculated rotational constants with experimental vakies.
previous papet’ For allyl fluoride, the experimental and  addition, we scale the= 0 results from the ab initio calculation

calculated potentials agree to within 1 kcal/mol (350 &mn to the experimental determination. The actual calculated results
The wave functions for the torsional energy levels are (i.e., unscaled) and the experimental results are given in Table
calculated using a one-dimensional HamiltonfarFor this 1. The comparison to experiment for the cis and gauche torsional

calculation, the torsional potential is expanded in the standard states is shown in Figure 2. Overall, the agreement is very good
cosine form. The rotational constant for the relative internal with errors of less than 1% (after scaling). For the cis conformer
motion of the frame and the top is also expanded in a cosine we recover all trends in the changes of the rotational constants
Fourier serie$® The angular dependence of this rotational with torsional excitation. The agreement for the gauche torsional
constant is calculated using the structural parameters obtainedstates is not as good. The gauche torsional states occur in near-
in the ab initio calculations. The Hamiltonian is represented in degenerate pairs of symmetric and antisymmetric states sepa-
a free-rotor basis set and the matrix representation is diagonal-rated by the tunneling splitting. These near-degenerate pairs of
ized to obtain the torsional energy levels and their wave states are most susceptible to Coriolis effects and this may be
functions32 These wave functions can be characterized as cis, the origin of the discrepancy.

gauche, or torsionally delocalized. The torsionally delocalized  Using this calculational approach we can also estimate the
wave functions are found over the barrier to isomerization and rotational constants of the delocalized torsional states. Addition-
have significant probability in both the cis and gauche regions ally, we calculate the expectation value of the dipole moment
of the potential. At increasing energy, these eigenfunctions more components for each state. Experimental dipole moments are
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TABLE 1: Calculated and Measured Rotational Constants

- | _ cis Allyl Fluoride gauche Allyl Fluoride
and Dipole Moments for Cis and Gauche Allyl Fluoride 17400 27800 S
States in Ground and Torsionally Excited States (Indicated
by the Number of Quanta in the Torsion Vibration) and the 17350 . .
Rotational Constants and Dipole Moments Calculated for a
Delocalized Staté 17300 . 27700 ~
//
cis ab gauche ab 17250 //
experimental initio® experimenta&! initio® A A
v=0 17200 27600
A 17 236.63 17810 2772034 29121 0 ! 2 e 2z 3
B 6002.91 6025 4263.62 4311 6020 4305
C 4579.82 4632 4131.98 4150 = .
ua(D)  0.742+£0.008  0.697 1.593-0.006  1.596 I 5% 4290
up(D)  1.601+0.011  1.763 0.908 0.012  0.874 3 s970
e (D) 0.623+0.014  0.908 5 .
V= =4 s945 4275 /
A 17 256.69 17866 27 690.86 29 093 w B / B
B 5967.08 5990 4271.79 4328 5820 4260
C 4 580.96 4632 4148.65 4155 0 1 2 0 1 2 3
ua(D) 0.718 1.585 4630 4165
up (D) 1.751 0.797
uc (D) 0 0.921 4605
v=2 4150
A 17 284.73 17927  27702.64 29150 L e J—
B 5930.46 5954 4278.64 4343 4135 | . y
C 4581.28 4628 4162.44 4156 4555
Ua (D) 0.741 1.574 c ¢
up (D) 1.736 0.646 4530 : ; ) 4120 ; ; " s
e (D) 0 0.904
delocalized level ab initio experimental Torsional Quanta
e abinitio (scaled)
A 24 643 . . . .
B 4903 Figure 2. Shown here is the comparison between experimental results
c 4346 and scaled ab initio calculations for the rotational constants of allyl
1ta (D) 1.299 fluoride as the number of quanta of energy in the@torsion increases.
up (D) 1.205
uc (D) 0 21300 A cis
2Values in MHz except where notetiReported in ref 36° Values —a— gauche
- i initi : 20500 1 4
averaged over the torsional wave function. Ab initio calculations were ~__ —a— delocalized
performed at the HF/6-311G** level of theory. £
S 19700 -
available only for the ground torsional state of each confofher, & 18900
and our calculated values are in good agreement. These result: §
are also given in Table 1. From these calculations we can § 18100 |
determine the rotational transition frequency as a function of L
the t.o.rsional quantum state. A palculation .of the—2Lo1 17300 - -
transition frequency is shown in Figure 3. This result demon- (20z-101)
strates the utility of microwave spectroscopy for determining 16500

the torsional character of mixed vibrational states. There is a 0 5 10 15 20 25 30 35

rapid transition between the rotational frequencies characteristic Torsional Quanta

of the two conformers and the values estimated for the Figure 3. From the calculation of the rotational constants of the
torsionally delocalized states. Furthermore, these transition molecule as the torsional excitation increases, we are able to estimate
frequencies are well separated. On the basis of our previousthe rotational transition frequencies expected for different torsional

measurement of the rotational constant distribution of propynol !(evels- thowrr‘] herf _ist_a ;ag}id ttvrva”Sitiop between dt?r? roiatti.ona'l
at 3330 cm,1” we expect that vibrational excitation in normal ; cJuencies characteristic of the two contormers anc the rofationa

. . frequencies expected for the torsionally delocalized states forthe 2
modes other than the torsional mode will produce only small 1 \otational transition.

changes to the characteristic frequencies. In Table 2 we give

the rotational transitions for CiS, gauche, and delocalized these interactions are Weak, with matrix elements of ap-
torsional states near the tuning range of our high-power proximately 80 MHz. By probing eigenstates in the gauche
microwave source. spectrum, we find a similar size for the coupling strength
Rotational Spectroscopy of Single Vibrationally Mixed between gauche states and states with free-rotor torsional
EigenstatesIn the next few sections we present results obtained functions. Searches for the presence of a gauche conformer
for the rotational spectroscopy of single molecular eigenstates contribution to the eigenstates in the cis spectrum or a cis
in the cis and gauche asymmetrCH; stretch spectrum. For  contribution to eigenstates in the gauche spectrum, failed to
the cis conformer, where the intramolecular vibrational coupling detect any evidence for coupling between these types of states.
is sparse, we are able to determine the origin of the weak Transitions Corresponding to the IR Spectrum. To test
interactions for several perturbations. We have identified both the sensitivity of the upper state rotational spectroscopy
perpendicular Coriolis-type interactionsA, = —1) and technique, we have measured transitions between eigenstates
vibrational interactions between the cis bright state and vibra- appearing in the cis and gauche spectra of the asymnsetric
tional states with a free-rotor torsional character. In both cases CH, stretch?® These transitions occur between single eigenstates



8798 J. Phys. Chem. A, Vol. 102, No. 45, 1998 McWhorter and Pate

TABLE 2: Predicted Rotational Transition Frequencies for 35
Cis, Gauche, and Delocalized States of Allyl FluorideJ = 1,
2, or 3) That Fall near the TWTA Range o8 | 312
frequency frequency
conformer transition (MHz)  conformer transition (MHz) 21
cis? delocalized J
J=1 150, 10583 J=1 2111 18030 14
Lio— 101 12 657 210 18 587
210111 19742 2:—1,0 19169 7 1
200—1o1 21039 1,—10n 19275
1,00 21817 o—lon 19844 ol \ 'l | )
211— 110 22 589 31— 000 28 574 T
J=2 21— 202 14 207 10—000 29144 ~ 3115.54 3115.52 3115.50
J=3 453 13250 J=2 21,2, 18718 £
31—4» 15730 2120, 20427 ;
312—30z 16759 J=3 49,31, 15750 ?
2,0—303 16788 35303 17906 o
3043 17576 343 18668 =
3022 21310 3—45 18730 15
313—21, 29537 4,—313 19168 3 *
gauché 31-3z 21323 121 <03
J= 2—1;; 16 660 341, 24363
20— 101 16 791 31—4, 24425 9
21— 10 16923 3321, 27037
1;:—101 23457 33202 27849 6 -
li0—101 23588 3—2,1 27900
J=2 21—29p 23326 3120 27950 3 |
21—20, 23721 3,211 28745
J=3 404—313 10 445 21_312 29 079 *
31533 23131 203> 29092 0 B Senama—
312730 23920 3115.45 3115.43 3115.41
315212 24989
So3—202 25184 Frequency (cm™)
32,1 25188
31—20 25191 Figure 4. Shown here are the;3and 33 IVR multiplets of the cis
31-211 25384 conformer (see ref 23). We measured the rotational spectrum of the

_ _ _ _ three most intense (out of four)seigenstates (the three lower energy
afa =074D,u,=16D (ses ref 36)2 ua __1'59 D,up = 0.9 D, states) and also the most intensge8genstate. The twadeigenstates

#e = 0.62 D (see ref 36fua = 1.299 D, uy=0.46 D (rotational have been marked for clarity. From each of the threeeRjenstates,

constants and dipole moments calculated from delocalized wave ;o ghserve a rotational transition to the most intengeeRjenstate

function expectation value). seen in the lower panel. From thes 8igenstate we observe rotational
transitions to the three lower energy, 2igenstates seen in the top
that are known to have bright state character. On the basis ofpanel.

the dipole moment components along the principal axes and

rotational transitions predicted to lie in the available tuning preliminary measurements indicate that we have sufficient
range, we have concentrated on the b-tige= 0—1 Q-branch sensitivity to observe cis and gauche contributions to single
transitions of the cis conformer and the a-tyfje= 2—1 molecular eigenstates.

transitions of the gauche conformer. Detection of Perpendicular Coriolis Interactions. The slow

The 33 and 3, IVR multiplets for the cis conformer are  IVR rates observed in the cis allyl fluoride spectra are
shown in Figure 4. Because this spectrum is so sparse, we expectomparable to the rates of conformational isomerization that
that the rotational spectrum of thes3eigenstate will mimic we measured in 2-fluoroethad®and to Coriolis-like IVR that
the 3, IVR multiplet3” Stabilizing the laser on the 3 we observed in the ©H stretch of propynot® Using microwave
eigenstate, we scanned the region of the—3p3 rotational spectroscopy we can probe whether the weak interactions
transition. We have observed three of the four eigenstates thatobserved in the cis spectrum are attributable to conformer
appear in the 3 spectrum. The transition frequencies are coupling or Coriolis interactions. For example, we can probe
reported in Table 3. As expected, the transition at 16844 MHz, for Coriolis interactions using the level scheme depicted in
which accesses the strong transition in the $pectrum, is Figure 5. In this measurement we stabilize the laser on a single
stronger than the other two observed signals. Because theeigenstate of the3 IVR multiplet of the cis spectrum. This
double-resonance technique does not require IR saturation, wemultiplet is shown in Figure 6. No rotational transitions of the
can also investigate the rotational spectra of the weak transitionsCis conformer involving the 3 rotational level are predicted to
in the 3, multiplet. For the three most intense molecular lie in our microwave tuning range (see Table 2). However, if
eigenstates in the;3spectrum we observe a single rotational the weak interactions involve perpendicular Coriolis coupling
transition to the most intensgs¥tate appearing in the infrared  (AKa = +1), then we will observe transitions in the 16759
spectrum. We have measured the rotational spectra of a fewMHz range (3—3ps transitions) or the 17576 MHz regions3-
molecular eigenstates in the;1VR multiplet of the gauche 423 transitions).
spectrum. These results will be discussed more fully below, We have measured the rotational spectra of the two molecular
however, for these eigenstates we observe rotational transitionsigenstates indicated in Figure 6. We have detected three
near the characteristic frequency for a gaucke-2q; rotational rotational transitions for each eigenstate with the frequencies
transition. Furthermore, the eigenstates accessed inthegion reported in Table 3. These transitions access the same molecular
of the spectrum also appear in the infrared spectrum. Theseeigenstates and from the frequency shifts we can determine that
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TABLE 3: Observed Rotational Transitions from the Cis and Gauche Eigenstates

IVR multiplet frequency relative rotational assignment
(Ikko) (cm™ frequency (MHz) transitiong (MHz) (¥ (ko9 — " ky; conformer)
cis
101 3113.700 0 18 069 2—1, AK; = 0; delocalized
3113.689 —-329 18 399 2—1, AKy= 0; delocalized
111 3113.727 0 17 310 2—1, AKy= 0; delocalized
17 807 2—1, AK; = 0; delocalized
3113.718 —275 17 588 2—1, AK;= 0; delocalized
18 08F 2—1, AK; = 0; delocalized
110 3113.640 0 17 845 2—1, AK, = 0; delocalized
18213 2-1, AK; = 0; delocalized
3113.638 —58 17 909 21, AK;= 0; delocalized
211 3115.153 0 18 0% 12, AK, = 0; delocalized
3115.145 —239 17 788 1—2, AKy = 0; delocalized
303 3115.429 - 16 643 312‘_303; cis
16 783 312—303; Cis
16 844 317303 cis
312 3115.511 0 16 844 303312, Cis
3115.509 —62 16 783 303312} Cis
3115.504 —-202 16 643 303—312; Cis
3 3115.476 0 16 756 303312 Cis
16 876 303312 cis
17 059 303312 cis
3115.468 —238 16 529 303312} Cis
16 644 303312 cis
16 821 303—312; Cis
gauche
1oz 3099.15 0 16 807 2—1, AKy= 0; gauche
17 348 21, AKy = 0; delocalized
3099.10 —1544 16 983 2—1, AKy= 0; gauche
17 994 2—1, AKy = 0; delocalized
3099.09 —-1702 17 148 2—1, AKa= 0; gauche
18 154 21, AKy= 0; delocalized
202 3099.12 0 17 345 1—2, AK, = 0; delocalized
3099.10 —539 16 807 1—2, AKa = 0; gauche
17 955 ¥-2, AK,= 0; delocalized

@ 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 th 0.01 cnm?). The values in this column are given more significant figures when several lie closer than 0.Dapart.
b Common superscript letters indicate that the transitions access the same molecular eigenstate. Common superscript numerals indicate identical
transitions (e.g., two separate transitions assignedstoe3®, and 3,33 would be given the same superscript numeral).

A. Coriolis Interaction Detection 10

- 312 8 i
~16 759 MHz .
> ]
E 6
T 30s >
Eigenstates ‘@
5 4
=S
B. Isomerization State Interaction
202 2
cis *
......... 1=2 delocalized L i
~21 000 MHz 0 1 " b

~18 000 MHz T T T
3115.520  3115.495 3115.470  3115.445  3115.420

1
Mixed )

Eigenstates Figure 6. The 3; 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 1§33q3)-like

transitions resulting from Coriolis coupling between thel8ight state

and a 3, bath state of the cis conformer (see Figure 5).

- e §— 1 delocalized
Frequency (cm”

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;3IVR multiplet and measure the rotational
spectrum in the frequency range predicted fer—33 and 3o—423

rotational transitions. The idea is the same for detecting isomerization . . .
39,40
state interactions. Depicted in the bottom panel is a measurement ofStates With cis torsional character. From a Lawraftcaight

an eigenstate of th&)ﬂ.lVR mu|t|p|et AnyJ = 1 transitions that are aﬂa|ySiS Of the Spectrum, the matriX element fOI’ th|S interaCtion
observed in the 18 GHz frequency region can be assigned to transitionsis 73 MHz.
of the state with torsionally delocalized character (see Table 2). The rotational transitions from the weaker infrared transition
are substantially stronger. We can gauge the transition strength
the transitions reach eigenstates at lower energy. This result androm the fact that Autler Townes dips are observed for the
the fact that the transitions are very close to the predicted 3  eigenstate with a weak IR intensity, but narrow saturation signals
33 cis rotational transition allow us to assign this weak are observed for the eigenstate with the strong IR intensity. To
interaction to a Coriolis-like interaction between two vibrational observe an AutlerTownes double-resonance signal, the rota-
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8] 14 1.0
6
4 0.5
2
0 0.0
3113.64 3113.69 3113.74
6 -0.5
61 144 110
s 4
g 4 -1.0
2z
g 2 2
£ [ — -15 — . . ,
o 0 =" z 18010 18020 18030 18040
3113.67 3113.72 311377 311359 3113.64 3113.69 E
©
c
8 12 o
202 21 n
® 8 0.2
4
2 4 0.0
0 0 l
3115.05 3115.10 311515 3115.10 3115.15 3115.20 -0.2
Frequency (cm™) -0.4
Figure 7. TheJ =1 andJ = 2 IVR multiplets of the cis vibrational
band that we have used for upper state microwave spectroscopy are 06
shown. For all of the] = 1 eigenstate sets and for the 8tates, we :
observe rotational transitions characteristic of torsionally delocalized
states. No transitions were observed from the lopeeRenstate. -0.8 .

. iy _ ) 17770 17780 17790 17800
tional transition strength must be0.1 D in order to split the

interacting states beyond our infrared resolution of 6 MHz. With Frequency (MHz)

this transition strength, the saturation signals would be strongly Figure 8. Shown here are the double-resonance signals observed from

power broadenet!. The observation of narrow saturation signals, the 2 eigenstates seen in Figure 7. The infrared transition to the

therefore, indicates a much weaker transition moment to the €igenstate measured in the top panel is 7 times the intensity of the

“dark” eigenstates-17 GHz lower in energy. This result just infrared transition to the eigenstate measured in the bottom panel. As
flects the fact that the ei tate with st ) IR intensity h seen, the rotational transition of the eigenstate of the top panel is about

re ec§ elac . a . € eigensta ,e W', S rong ,'n ensity Nas g 5 times weaker than the transition seen in the bottom panel.

a dominant contribution from the ciss3vibrational bright state.

This contribution is inactive in the rotational spectrum. Con- ihat the final states of th&= 1 transitions lie higher in energy
versely, the eigenstate that has the weak IR intensity must havegq the final states of the= 2 transitions lie lower in energy,
a dominant contribution from the coupled,Xis bath state. as expected for 4 = 2—1 rotational transition.
Because the measurements are obtained through different Again, we observe complementarity in the rotational spec-
double-resonance mechanisms (saturation vs Auflewnes  tym. For example, the double-resonance signals for the two
dip), it is difficult to quantitatively determine the relative  molecular eigenstates in@VR multiplet are shown in Figure
transition strengths from the two eigenstates. 8. For the Autler-Townes double-resonance mechanism, the
Detection of Coupling to Torsionally Delocalized States.  percentage change in the IR signal is proportional to the square
To test for the presence of coupling between the cis asymmetricof the rotational transition moment. Also, the intensities in the
=CH, stretch bright state and vibrational states with different IR spectrum are proportional to the magnitude squared of the
torsional character (either gauche or delocalized torsional wavecis bright-state contributio?f:25> Therefore, for a simple two-
functions), we have investigated the rotational spectra ofthe state interaction, the ratios of the signal decrease in the double-
= 1 andJ = 2 molecular eigenstates in the cis IR spectrum. A resonance spectrum should complement the ratio of the IR
gauche contribution to the molecular eigenstate is expected tointensities. The IR intensity ratio is approximately 1:7 and the
generate rotational transitions in the 16365.9 GHz regionand ~ percentage signal decreases are 23% and 3.5% for the weak IR
a delocalized transition in the 18-09.2 GHz region (see Table  and strong IR eigenstates, respectively. This result indicates that
2). The level structure for coupling between the cis bright state the perturbation in the;2 IR spectrum can be treated as a two-
and a vibrational state with torsionally delocalized character is state interaction. The coupling matrix elements that can be
illustrated in Figure 5. Thé = 1 andJ = 2 cis IVR multiplets assigned to the cis bright-state/delocalized state interactions in
that we have used in our study of upper state rotational theJ = 1 andJ = 2 spectra range from 74 to 157 MHz.
transitions are shown in Figure 7. For all three of thes 1 There are two features of these measurements that should be
eigenstate sets and thg &tates we observe rotational transitions noted. First of all, many of the observed transition frequencies
characteristic of torsionally delocalized states. The transition that we are assigning to vibrational states with torsionally
frequencies are reported in Table 3. Because we measure thelelocalized character lie below 18 GHz and are lower than
transitions from two eigenstates of the IR spectrum, we confirm predicted by our expectation value calculation. In the rotational
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spectrum of single eigenstates of 2-fluoroethanol we also found 21000 205 IVR Rotati 21000
. - 02 otational Spectrum
that the observed frequencies for these transitions were lower Multiplet of 191 Eigenstate
than predicted?® 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 L
minima. However, these torsionally delocalized states cor- 17000 1 = 17000
respond to essentially free-rotor motion. During this motion the i
molecule may remain slightly “expanded” during the full 15000
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 thels= 1 andJ = 2 IVR multiplets
of the cis conformer is statistically unlikely (no rotational
transitions were observed from thg 2igenstate we measured).
As reported in the previous study, the density of torsionally
delocalized states is only about 1.5 states/c# Because we
expect that there should be no conservatioiKgin this type
of interaction, the rovibrational density of these state$atl
is 4.5 states/crmt. Therefore, the mean level spacing is 6662 -2000
MHz. The rotational constants for these states are sufficiently
different from the cis bright state constants that each measure-
ment Can. be, tr.eatecli as statistically independent. \.Nith such aFi ure 9. Shown here is a relative ener lot of the gaucheahd
!OW denSIty’ it is unlikely that we would observe this type of 2029|VR multiplets. Also seen is the rotatiogn):alpspectrum gf thcflindicated
interaction as frequently as we do. L 1o; eigenstate, also on the same relative energy scale. The lower
If we assume that the uncoupled vibrational states are frequency transition accessesq @igenstate observed in the infrared
randomly distributed, then we can use Poisson statistics tospectrum. The higher frequency transition is assigned to a delocalized
estimate the probability of observing this type of interaction. state transition. Thé = 2 final state of the transition does not appear
Since the matrix elements are so weak, we assume that we carf! the infrared spectrum.
only observe interaction with these states if they lie withB00 ) ) ) N
MHz of the bright-state. This value is chosen based on intensity 1700 MHz on this relative scale) ha}s two rotational transitions.
considerations: For a two-state interaction with a coupling These transitions access the two eigenstates ofpthva@tiplet
matrix element of 100 MHz, the interaction with a state 600 S€en with nearly equal intensity in the mfrared spectrum near
MHz away produces two eigenstates observable in the infrared 19000 MHz and 18500 MHz on the relative frequency scale of
spectrum. The less intense transition will have intensity about Figure 9. These transition frequencies are consistent with
3% of the intensity of the more intense transition. The transitions o_f states with delocalized character. The_f'c_lg:t that
probability of having a delocalized state lie within 600 MHz of these two eigenstates are accessed from the same initial state
the bright state is demonstrates that they belong to the same parity component of
the IVR multiplet2® For each of the two gk eigenstates near 0
» 2Sax MHz on the relative frequency scale, we observe rotational
P=2Z/ e-gBEds~ Tk (Shax<B0 (D) transitions to the same two eigenstates. Both of these eigenstates
lie higher in energy. One transition occurs near the expected
where [80is the mean level spacing of the delocalized levels 202—1o: transition frequency of the gauche conformer (16983
andsmax is the window size (600 MHz, here). We predict that MHz and 17143 MHz for the two eigenstates) and one transition
we should only observe a torsionally delocalized state in the occurs at frequency similar to those assigned to delocalized
IR spectrum 17% of the time. Even if the actual state density is torsional state transitions in the cis spectrum (17994 MHz and
a factor of 2 higher due to anharmonic corrections to the state 18154 MHz).
count, we only expect a 33% chance of observing these states. By calibrating the IR spectra of thg:dand 2, [IVR multiplets,
A possible alternative explanation is that these transitions are we determine that the lower frequency transitions (16983 MHz
actually cis-like vibrational states but originating from quantum and 17143 MHz) from the twogl eigenstates near 0 MHz reach
states with several quanta of low-lying normal-mode vibrations. the molecular eigenstate with the strongest intensity in the 2
However, estimates of the shift in the transition frequency based IVR multiplet. However, the other eigenstate accessed in the
on the average number of quanta in a typical bath state stronglyrotational transitions (17994 MHz and 18154 MHz) is unob-
fail to account for this differenc# We conclude that these  servable in the IR spectrum, as seen in Figure 9. The spacing
interactions do originate in coupling to vibrational states with between the two equally intensg; Bigenstates is 158 MHz. If
torsionally delocalized character and that we have been fortunatewe treat this interaction as an isolated two-state interaction then
to observe so many. the matrix element for this coupling is 79 MMZWith such a
We have also detected the coupling to torsionally delocalized weak coupling between the gauche and delocalized states, this
states in the gauche spectrum of allyl fluoride. A diagram of state does not participate in the coupling at 2 because there
this measurement is shown in Figure 9. The observed transitionis no nearby gauche state for it to interact with. The matrix
frequencies are listed in Table 3. We have measured theelement for this gauche-delocalized interaction is of the same
rotational spectra of the threg,leigenstates with the largest order as those observed for the cis-delocalized interactions.
infrared intensity. These eigenstates include the two closely Detection of Coupling to Vibrational States of the Other
spaced eigenstates near 0 MHz of thel¥YR multiplet seen in Conformer. We have looked for evidence of coupling between
Figure 9, as well as the eigenstate that lies approximately 1700states with gauche and cis torsional character in both the IR
MHz higher in energy. The higher energy; kigenstate (near  spectrum of the cis and gauche conformé/. For the cis
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L 15000

13000 13000

Relative Frequency (MHz)
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-4000
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TABLE 4: Summary of Microwave Scans of the Gauche Allyl Fluoride Eigenstates of the Asymmetric ChlEthylenic Stretch
Vibrational Band

IVR Multiplet frequency frequency rotational transitions attemped observation
(Ikako) (cm™) searched (GHz) observed (MHA Ik e — Ik CONfOrmer)
1oz 3099.15 15.318.5 16807/17346 02— 1o1, gauche
3099.10 12-18.3 16983/17994 18— 101, Cis; 2,— 103, gauche
3099.09 9.6-18.5 17143/18154 13— 101, Cis; 22— 101, gauche
202 3099.12 15.318.5 17346 2— 10, gauche
3099.10 13.318.5 16807/17955 12—202 CiS; 25— 101 gauche
3099.05 13.714.7 none observed 12202, CiS
303 3098.82 15-18.2 none observed 13303, CiS
3098.79 15-18.3 none observed 183303, CiS
3P 3100.70 15.3-18.5 none observed 13- 303, CiS
3100.69 15.3-18.5 none observed 183303, CiS
3100.69 15.3-18.5 none observed 13- 303, CiS
3100.67 15.3-18.5 none observed 183303, CiS

a Assignments are given in Table 8The + or — designates the parity of the eigenstate.

spectrum, we expect that coupling to a state with gauche neither the cis nor the gauche spectrum have we found evidence
character would have produced rotational transitions near 16.8for direct coupling between the two conformers. We believe
GHz for theJ = 2—1 rotational spectrum. Although we found this result indicates that conformational isomerization, defined
several instances of coupling to delocalized torsional states inas coupling between states with cis and gauche torsional
these measurements, we were unable to detect any gauche-likeharacter, is mediated by the delocalized torsional states (also
transitions. For the gauche IR spectrum, we have looked for  called “isomerization statesy:4” For example, in the region

= 1-0 b-type Q-branch transitions at the characteristic cis of the cis asymmetrie=CHj, stretch, the density of gauche-like
rotational frequencies. We have investigated eigenstates in thestates is 3.6 times greater than the density of delocalized States.
J=0-3,K;= 0,1 IVR multiplets of the gauche conformer. A If the direct interaction between the cis bright-state and the
summary of these searches is given in Table 4. Again, we havegauche bath states were as strong as the cis-delocalized
found no evidence of coupling to states of the other conformer. interactions, then we would have been about four times more
For the level densities found in this spectrum we expect that likely to observe gauche rotational transitions. The torsionally
the rotational spectra will show complementarity and that the delocalized states behave as “doorway” states to the isomer-
eigenstates with weak IR intensity are most likely to show ization proces4’ The weak coupling to these isomerization
rotational transitions of the other conforni€The weakness  states, compared to coupling between vibrational states of the
of the gauche IR spectrum has prevented us from measuringsame torsional character, leads to a situation where the IVR
the rotational spectra of these eigenstatésle conclude that dynamics are expected to show two distinct time scales: rapid
“isomerization” does not occur in the cis spectrum and is at IVR with retention of conformation followed by a slower
best a slow, local phenomenon in the gauche spectrum. Similarconformational isomerization process. As was pointed out in
conclusions were drawn about the lack of significant direct the previous paper, the isomerization rates are orders-of-
gauche-cis coupling from the analysis of the calculated versusmagnitude slower than predicted by RRKM theétyThe

observed state density of the gauche infrared specttum. bottleneck to the isomerization process appears to be the slow
_ rate for reaching the torsionally delocalized stf&s.
Conclusions Finally, we note that the highly torsionally excited states do

By measuring the rotational spectra of single molecular not appear to show_sigr)if_icantly faster I\_/R. This conclusion is
eigenstates in the asymmetreCH, stretch spectrum of the inferred from the simplicity of the rotational spectra that we
cis and gauche allyl fluoride conformers we have been able to OPServe. For example, in the cis spectrum, the rotational spectra
characterize the weak vibrational coupling mechanisms. In the ©f the torsionally delocalized states show either one or two
analysis of the cis IR spectrum, we proposed that the weak transitions. This observation indicates limited IVR of this
interactions found in the spectrum were caused by either Coriolis €oupPled state. Similarly, a simple rotational spectrum is observed
interactions or coupling to vibrational states with either gauche for the torsionally delocalized state in the gauche spectrum. The
or delocalized torsional charactFor all of the cis spectra weak coupling of these free-rotor-like states to the states of well-
we have investigated we are able to demonstrate that these weaf€fined conformational character (e.g., cis or gauche) may have
interactions are caused by Coriolis coupling (tha B/R a similar origin as the narrowing found in the spectra of
multiplet) or coupling to torsionally delocalized states (fhe “extreme motion” vibrational staté8:51f the weak interactions
1 andJ = 2 IVR multiplets). In both cases, the matrix elements Persist to higher energies, then it will be generally true that
are weak and on the order of 80 MHz. This similarity of the conformational isomerization is a slow dynamical process in
matrix elements suggests a common origin for these interactions /arge polyatomic molecules.

The presence of an internal rotor in the molecule generates terms .

in the Hamiltonian that can be interpreted as Coriolis-like  Acknowledgment. This work has been supported by the
interaction&35:454additionally there are centrifugal terms that National Science Foundation through_ CAREER Award CHE-
can be attributed to “axis switching” effeé®s Therefore, the 9624_1850. Support has also been provided by the Jeffre_ss Tr_ust.
coupling to the torsionally delocalized states may also be caused®avid A. McWhorter acknowledges support from a Presidential
by a Coriolis mechanism. Fellowship from the University of Virginia.
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