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The Stark modulated low resolution microwave spectrum of ethyl cyanoformate between 21.5 and 24.0 GHz
at 210, 300, and 358 K, which shows the- 1 <— J = 8 < 7 bands of three species, is compared to simulations
based on electronic structure calculations at the MP2/6+31G** theory level. Calculations at this theory

level reproduce the relative energies of the syn-anti and syn-gauche conformers, obtained in a previous study,
and indicate that the barrier to conformer exchange3g0 cni?! higher in energy than the syn-anti minimum.
Simulated spectra of the eigenstates of the calcul@tethyl torsional potential function reproduce the relative
intensities and shapes of the lower and higher frequency bands which correspond to transitions of the syn-
anti and syn-gauche conformers, respectively, but fail to reproduce the intense center band in the experimental
spectra. A model incorporating exchange averaging reproduces the intensity of the center band and its
temperature dependence. These simulations indicate that a large fraction of the thermal population at all
three temperatures undergoes conformational exchange with an average energy specific rate [&{Bxiant,

of approximately 25 GHz. This model can explain anomalies present in rotational spectra of many other
compounds composed of mixtures of conformers.

I. Introduction collisions is~107% s, several orders of magnitude longer than
] ] ] , anticipated lifetimes of conformers separated by low barfiéfs,
Analyses of line-shape perturbations in magnetic resonanceg|jowing the exchange process to be studied under collisionless
spectra due to exchange averaging have been performed fogongitions. A thermal sample will have a distribution of
more than 50 years and have provided a wealth of kinetic mjecules with fixed energies on the time scale of the experi-
information about many molecular procesésn vibrational ment. Its spectrum will be sensitive to the fraction of the
spectroscopy, exchange averaging was first reported 25 yearg,opylation which undergoes exchange averaging and the average
agd and has been used to study processes including methylgnergy specific rate constafk(E)[] of the exchanging fraction.
group rotation in solid alkanésintramolecular electron trans- It is not possible to observe exchange averaging of an
5,6 i i ion’ . .. . L. . .
fer>® rapid fluxional motion fast proton transfet, and individual rotational transition in the cluttered thermal micro-
conformer interconversion over low barriers in condensed ;e spectrum of a medium sized asymmetric molecule.

phased. Rotationally resolved spectra of single highly excited yoever, molecules which produce well spaced nearly degener-
eigenstates which show averaging due to conformer exchangeye clysters of rotational transitions can exhibit observable
have been obtained using molecular beam infraretrowave- exchange averaging. Polar, nearly proldte<{ I» ~ I where
microwave triple resonance techniques and analy?€d.To | "\ “and|. are the principal moments of inertia) molecules
this date, the possibility of observing exchange averaging in ,oquce simple R-branch a-type rotational band series with
rotational spectra of thermally equilibrated samples remains frequencies which obey ~ (B + C)(J + 1). The rotational

unexplored. It has, however, been suggested as a pOSSibl‘-’constantsB andC, are defined a8 = h%/872, andC = h%/
mechanism to account for intense bands in the microwave 872,16 Each band is a cluster of nearly degenerate K

spectrum ofp-anisaldehydé! components of each+ 1 < J transition. Many polar prolate

In principle, exchange averaging of rotational transitions can molecules exist as interconverting conformers with diffe@nt
occur if a molecule exists as interconverting conformers or other + C values. If the conformer lifetimes are near or less than the
forms with different rotational constants and the lifetimes of spectral time scale, exchange averaging should result in an
the interconverting forms are comparable to or shorter than the gdditional R-branch a-type band series having # C value
spectral time scale, the reciprocal of the difference in frequency approximately equal to the population weighted average of the
at which each form undergoes the same rotational transttion. B + C values of the exchanging conformational forms. Ethyl
For example, if the frequency of a particular rotational transition esters and formates are polar and prolate and exist as mixtures
of two exchanging species differs by 1 GHz, lifetimes-~ef of conformers separated by low interconversion barriers.
ns will produce a broad line at an intermediate frequency. Obtaining information about conformer lifetimes of ethyl esters
Shorter lifetimes will produce a narrower line. Each molecule under collisionless conditions and at thermal equilibrium is an
has a range of accessible spectral time scales determined byntriguing prospect which is explored in this paper.
the rotational constants of the exchanging species. In a gas Two conformers with nearly equal energies are present in
sample at thermal equilibrium at 100 mTorr, the time between gas phase samples of ethyl formatés fluoroformate?® chlo-
roformate?° cyanoformaté?2! ethyl acetaté? and ethyl tri-
* E-mail: nstrue@ucdavis.edu. fluoroacetat&® The O-C(ethyl) bond is syn to the carbonyl
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Figure 2. Low resolution microwave spectrum of tet 1—J=8

~— 7 transition of ethyl cyanoformate at 210, 300, and 358 K. R-branch

a-type bands of the SA and SG conformers are at 22.0 and 23.6 GHz,

X J respectively. Spectra were acquired using Stark modulation with a 3200
V/cm Stark field.

Figure 1. Syn-anti (SA, upper) and syn-gauche (SG, lower) conformers

of ethyl cyanoformate. K. Its bands do not show resolvable line structirét was

originally assigned to a third conformational form. The assign-
ment of this series and series with similar characteristics in low
resolution microwave spectra of other esteend thioestes

has evolved over time. An intense series observed in the low
resolution microwave spectra of thioesters was assigned to a
collection of free rotor states above a very low internal rotation
barrier, but assigning it this way requires an unrealistically low
barrier to reproduce the observed intensity. Later it was
suggested that these series were due to pileups of vibrationally
excited states which have the same rotational constant due to
rapid IVR but without considering that the bandwidth may be
determined by the constraints imposed by the exchange averag-
ing procesg?

This paper compares tie-1 — J = 8 <— 7 R-branch a-type
transition of ethyl cyanoformate obtained at 210, 300, and 358
K, shown in Figure 2, to simulations based on electronic
structure calculations and demonstrates that the intermediate
band is not consistent with a third conformer or a pileup of
delocalized or free rotor vibrational states above a low internal
rotation barrier. The experimental spectra are consistent with a
model in which a large fraction of the population undergoes
conformational exchange with lifetimes which are short com-
Pared to the spectral time scale. Section Il discusses results of
electronic structure calculations which were used as a basis for
simulating spectra and calculating state densities and vibrational
energy distribution functions. Section Ill describes spectral
simulation methods. Section IV describes the information
obtained and limitations of the simulation methods used. Section
V compares results with information about conformer exchange
in other systems and with recent theoretical developments.

C=0 bond in both conformers. The-€ bond is anti to the
C(sP)—O(ether) bond in the syn-anti (SA) conformeEs(
symmetry), and the syn-gauche conformer (SGyymmetry)

has the G-C and C(sp)—O(ether) bonds nearly orthogonal. The
SA and SG conformers of ethyl cyanoformate are shown in
Figure 1. Electronic structure calculations at the MP2/6-
311+G** theory level reproduce the geometry of the SA and
SG conformers of ethyl format®e2324and ethyl fluorofor-
maté®23 and the small SASG energy differences observed
experimentally. They also indicate that the -S8G intercon-
version barrier is 350 cm or less. Electronic structure
calculations for ethyl cyanoformate described below and for
ethyl trifluoroacetat® yield similar conformer relative energies
and interconversion barriers, indicating that @ethyl torsional
potential function does not depend strongly on the substituent
attached to the carbonyl carbon. At and even below 300 K, ethyl
esters and formates have large vibrational partition functions,
Quib, and average vibrational energies which exceed the
estimated SA SG interconversion barrier. For example, at 298
K ethyl fluoroformate haf.i, ~ 38 andE,~ 770 cnt?!

and ethyl trifluoroacetate ha®yip, ~ 440 andE,0~ 1260
cm~1.25 Rotational spectra of ethyl formate and fluoroformate
do not show exchange averaged band spectra. The rotationa
constant sumB + C, is 5483 and 7051 MHz for SA and SG
ethyl formate, respectively,and 3869 and 4491 MHz for SA
and SG ethyl fluoroformate, respectivéRThe resulting large
transition frequency differences, even for Idwalues, indicate
that exchange for lifetimes longer than a few picoseconds would
produce extremely broad bands which would be difficult to
detect. The smallest ethyl formate which shows evidence of
conformer exchange averaging in its rotational spectrum is ethyl
cyanoformate.

The low resolution microwave spectrum of ethyl cyanofor- Ethyl cyanoformate was investigated using molecular orbital
mate, reported nearly 30 years ago, shows three R-branch a-typealculations at the MP2/6-3#H-G** and density functional
band seried? The series with the smalleBt+ C value, 2752(2) calculations at the B3LYP/6-3#1+G** theory levels?® Both
MHz, was assigned to the SA conformer, and the series with theory levels predict minima at the SA and SG conformations
the largesB + C value, 2954(5) MHz, was assigned to the SG shown in Figure 1. In this paper tl@-ethyl torsional angle of
conformer. A later high resolution study confirmed these the SA conformer is defined to lle= 0°. With this definition,
assignments and reported intensity measurements consistent witthe O-ethyl torsional angle of the SG conformer is 99&hd
AE(SG,—p — SA,—g) = 55(27) cn1.21 The third series, which ~ 92.7, at the MP2 and B3LYP theory levels, respectively. The
hasB + C = 2870(2) MHz, is comparable in intensity to the relative energy difference between the conformer minima,
SA and SG series at 210 K and is three times as intense at 300AE(SG—-SA), is 57 cntt and 154 cm! at the MP2 and B3LYP

Il. Electronic Structure Calculations
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theory levels, respectively. The SAG barrier, at a torsional
angle of~60°, is 360 and 280 cmt higher in energy than the
SA minimum, at the MP2 and B3LYP theory levels, respec-
tively. The SG-SG barrier, at a torsional angle of T8@& 2480 The eigensolutions were obtained by diagonalization in the basis
and 2260 cm? higher in energy than the SA minimum at the functions

MP2 and B3LYP theory levels, respectively. Electronic structure ke

calculations for ethyl formate and fluoroformate also reported (AW2m)e*™,  k=0,1, ..., 1000

that the B3LYP method calculates lower barriers and flatter Figure 3 shows the potential energy function and the eigen-

potential e_nergy surfaces tha_n the MP2 met?fod. " functions. Each eigenfunction is plotted at its corresponding
Electronic structure calculations do not predict additional low eigenvalue. The calculated relative energy of the ground

energy conformers of ethyl cyanoformate and indicate that the y;iprational state of the SG conformer compared to the ground
barrier to rotation around the C&p-O(ether) bond is much  yiprational state of the SA conformer is 68 chin excellent
higher than around the ©C(ethyl) bond. Copformatlons of agreement with the experimental value, 55(27) &niThe
ethyl cyanoformate with the ethyl group anti to the carbonyl cajculated torsional fundamental frequencies of the SA and SG
carbon are much higher in energy than the SA and SG conformers are 57.0 and 82.7 cin respectively. Relative
conformers. The anti-anti configuration is 1857 Crhigher in intensity measurements of rotational transitions are consistent
energy at the MP2/6-31+G** theory level. The energy of  \jth torsional frequencies of 90(30) cfand 100(30) cmt
ethyl cyanoformate when the OCOC torsional angle i8i180  for the SA and SG conformers, respectilp vibrational
4194 cn1* higher than the SA minimum at the MP2 theory  study assigned a band at 60 chto the torsional fundament2.
level. Similar results were obtained for ethyl formate. The anti-  Each eigenstate, shown in Figure 3, was assigned to one of
anti conformer of ethyl formate is calculated to be 2100&m  four groups designated SA, SG, T, and D. (The free rotor states
higher in energy than the SA conformer using the Pulay gradient ahove the 2460 cmt SG—SG barrier, off scale in Figure 3,
method and the 6-31G** basis étin that study it was found  form a fifth group but are not significantly populated at the
that the barrier to rotation about the CqspO(ether) bond is  temperatures where experimental data were obtained.) The SA
4200 cnr* and the potential energy rises steeply as the torsional group includes the SA ground state and the 5 excited vibrational
angle changes, increasing by 1050 ¢énfor a 3C° change in  states with eigenfunctions localized in the SA well. The SG
torsional angle relative to the syn position. Because the barrier group includes the 3 degenerate pairs of states with eigenfunc-
to rotation around the C(8p-O(ether) bond is predicted to be  tions localized in the SG wells. The 6 states in the energy range
nearly twice as high as the barrier to rotation around the 330-390 cnr?, near the top of the SASG barrier, have mixed
O—C(ethyl) bond, we considered it a good approximation to SA and SG character and are designated T (transition) states.
treat the SA-SG conformational exchange as a one-dimensional The states above the T states are designated D (delocalized)
problem. Calculations at the MP2/6-3t+G** theory level, states.
which reproduced the experimentally observed conformer The rotational constants, A, B, and C, calculated at the MP2/
relative energy difference for ethyl cyanoformate within the 6-3114+-+G** level at 10° increments of the torsional angle,
experimental uncertainty, were used as the basis for spectralwere fit to functions of the form
simulations. HF/6-31++G** vibrational frequencies, scaled
by 0.88, were used to calculate state densities and thermody- 6
namic properties. R =R+ ) Rycosfr), R=ABC

A. O-Ethyl Torsional Potential Function. The energy of "~
ethyl cyanoformate was calculated at®°liicrements of the  For both conformers, the calculated value8a@ndC are within
COCC torsional angle at the MP2/6-3t+G** theory level 5 MHz of the experimental values ardis within 50 MHz of
allowing for relaxation of all the other degrees of freedom. The the experimental value. Although the agreement is good, it
energies were fit to a periodic potential function of the form results in a 50 MHz discrepancy when calculating the-&

transition frequencies. For this reason, Rgand R; fitting

N d d.1 _
H=—(F+ ZFn cosnt ) -+ 2zvn(l cosnr)

6V, parameters were adjusted to reproduce the experimental values
V(r) = ) —(1 — cosfir)) of the J+1 — J = 8 — 7 transition frequencies of the SA and
=12 SG conformers. Adjustments were-3 MHz for B andC, and

~2 MHz for B; andC;. Expectation values d&, B, andC were
with the torsional angle = 0, corresponding to the planar SA  calculated for each eigenfunction. In the low resolution spectrum
configuration. The fitting parameters, which were used in the band frequencies depend primarily on the rotational constant
subsequent calculations, arg= 1735.1 cnt, V, = —1132.5 sum,B + C. Figure 4 shows the expectation valueBot C as

cm 1, V3 =780.29 cm?, V, = 23.95 cmid, Vs = —64.97 cn'?, a function of torsional quantum number and indicates that the
andVe = —3.16 cnTl. The internal rotation constarft,3° was four different groups of states form distinct rotational species.
calculated from the optimized geometries at fcrements of B. Other Vibrations, State Density, and Energy Distribu-

the torsional angle and fit to a periodic function of the form  tion Functions. State densities and energy distribution functions
were calculated to estimate the thermal populations above the
2 SA—-SG barrier and an upper limit estimate of the conformer
F=F,+ ) F,cosfir) exchange rate constant. Vibrational frequencies calculated at
n= the HF/6-313#+G** level and scaled by a factor of 0.88 were
used to calculate state densities. These frequencies compare well
The fitting parameters argy, = 0.9708 cn?, F; = 0.01792 with reported experimental frequenciéwith the exception of
cm %, andF, = 0.0432 cm™. The potential and internal rotation  the methyl torsion. The methyl top frequency and a skeletal
constant were used to construct a one-dimensional Hamilto- deformation which primarily involves the-&CN group were
nian3! both assigned to a band at 170 ©mBoth the scaled HF
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Figure 3. The MP2/6-31%+G** O-ethyl internal rotation potential
function of ethyl cyanoformate. Eigenfunctions are plotted at their

corresponding eigenvalues. Eigenfunctions are designated SA (six

eigenfunctions localized in the SA well), SG (six eigenfunctions
localized in the equivalent SG wells), T (six eigenfunctions which have

mixed SA and SG character, corresponding to eigenvalues between

320 and 380 cmt, close in energy to the SASG barrier), and D
(delocalized eigenfunctions, above 400¢jn
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Figure 4. Expectation values of the rotational constant sém; C,

for the torsional eigenfunctions shown in Figure 3 as a function of the

vibrational quantum numbep, States with G< v < 11 are either SA

(B + C ~ 2750 MHz) or SGB + C ~ 2950 MHz), states with 1%

v < 17 are designateT , and states with 1& v are designated D in
the text.

3000

frequency for the methyl top, 241.4 ch and the barrier
calculated at the MP2/6-33#HG** level indicate a higher
frequency. State densitig(E), and sumsN(E), were calculated
using the SteirrRabinovitch extension of the BeyeBwinehart
algorithm33:34Troe’s approximatiof? was used to evaluate the
contribution for the methyl top rotor using the barrier calculated
at the MP2/6-31%++G** theory level, 1192 cmt. The C(sp)—
O(ether) torsion was included as a vibration with= 113.9
cm~1. The energies of the ©C(ethyl) torsional states shown
in Figure 3 were used directly. The state density of ethyl

cyanoformate as a function of energy, calculated using a 10
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Figure 5. State density of ethyl cyanoformate evaluated using a 10
cm! energy grain size. The upper trace is the total state density, and
the lower trace is the state density of the SA conformer, only.
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Figure 6. Vibrational energy distribution function of ethyl cyanofor-
mate at (a) 210 K, (b) 300 K, and (c) 358 K calculated using the total
state density.

cm! energy grain size, is shown in Figure 5. The lower line
shows the state density of the vibrational states with SA
conformer character, i.e., only the pure and combination states
with values ofy = 0, 1, 4, 7, 8, or 11 for the ©C(ethyl)
torsional vibration were included in the count. These states have
eigenfunctions for the torsional vibration which have amplitude
exclusively in the SA well (see Figure 3). The state density
near the barrier height is only 0.5 state/édmThe vibrational
energy distribution functions, shown in Figure 6, were calculated
at 210, 300, and 358 K by multiplying the total state density
by the appropriate Boltzmann factor. The average vibrational
energy is 537.0 cmt at 210 K, 1073 cm! at 300 K, and 1508
cm at 358 K. The fraction of the population with vibrational
energy greater than 360 ci the calculated SASG barrier
height, is 0.63 at 210 K, 0.89 at 300 K, and 0.95 at 358 K. The
average energy of this fraction is 759 chat 210 K, 1195 cm!
at 300 K, and 1586 cnt at 358 K.

To serve as an upper limit guide for the SBG exchange
of ethyl cyanoformate, the RRKM rate constants

oN(E)

K(BE)rrkm = o(B)h
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1000 require a calculation at zero field and at the electric field used
for Stark modulation. Rotational transitions of an asymmetric
top are designated hy(Ky' ,Ko') — J'(K," Ko'") whereK, and

Ko take values), J — 1, ..., 0. R-branch a-type transitions of a
nearly prolate top havAJ = +1, AK, = 0, andAK, = +1,

+3, ...38 Previous simulations of low resolution microwave
spectra have shown that, for a nearly prolate rotor, acceptable

800 -

g 600 - agreement can be obtained by neglecting theKgwransitions

o which have a predominantly second-order Stark shift when the
= predominant dipole is along tteeaxis. These lines are displaced
£ from the main pileups of the high&t, transitions that form the

g 4007 main spectral band¥.Despite the fact that the lo¥, lines are

more intense than the higK, lines they are generally not
observed under the rapid frequency scan and long detector time
200 A constant used to acquire low resolution spectra due to insuf-
ficient Stark modulation. The Stark shifts of the transitions with
higherKp, indices are much larger and are adequately represented
by the first-order Stark shift of a symmetric top,

0 T T T T T

0 500 1000 1500 2000 2500 3000 2u,EKM
-1 Av=—r——

Efem hJ(J+ 1) + 2)
Figure 7. RRKM rate constant for the SA> TS process of ethyl
cyanoformate as a function of energy. with relative intensity dependent on the faéfor
for the SA— TS process were calculated and are shown in Q-+ 1)2 — M2
Figure 7. Transition state sums were calculated, using the same
vibrational frequencies as the SA conformer, omitting the @+ 1)@ +2)(21+3)

O-ethyl torsion. The den.siti.es shown in Figure 5 were used for | jnes not expected to have a first-order Stark effect were not
the SA conformer. A statistical factas, of 1 was used in these  j, | ded in the following simulations, and the Stark lobes of

a3 . .
calculations? Figure 7 shows both a gradual increase in rate | the included lines were calculated assuming a first-order Stark
constants with energy and a wide variation in rates due to the g¢act

irregular variation of the state densities at low energies. The
separation between thk+ 1 <— J = 8 — 7 bands of the SA
and SG conformers of ethyl cyanoformate is 1.615 GHz. Using
NMR terminology, coalescence for simple S5G exchange

A. No Exchange Averaging.To simulate spectra without
exchange averaging it was assumed that the rotational constants
of all the vibrationally excited states are determined by the
. > A number of quanta in thé-ethyl torsional vibration. The
will occur when the rate constark(k = 7Av/2'%),is 3.6 GHz. | ational constant changes due to excitation in other vibrational
An exchange rate constant of 3.6 GHz will produce maximum 1,45 are estimated to be much smaller than those associated
broadening. Faster rate constants will cause the band to narrow it yiprational excitation in the©-ethy! torsion. The potential
and reach the extreme narrowing limit at rate constar800 function for the C(sp—O(ether) torsion, previously described,

GHz. The calculated RRKM rate constants are in the fast g qominated by a large 2-fold term symmetric about the planar
exchange region. If S&SG exchange were to follow RRKM .0 B + Clincreases by only 0.1 MHz for & increase

kinetics, the fraction above the barrier at each temperature would ;¢ 1o torsional angle around the CfspO(ether) bond near

produce a narrowed band. the syn configurationB + C is not sensitive to the methyl top
torsional angle due to the 3-fold symmetry of the rotor. The
electronic structure calculations indicate that the other vibrational
Simulations for the limiting case where the conformer modes with frequencies below 500 tinare predominantly
exchange does not perturb the spectrum (the slow exchangeskeletal vibrations involving the COC, CCN, and/or OCC
limit) are described in section Ill.A. Spectra for a range of dihedral angles. The variation &+ C with increase in these
conformer exchange rate constants and two mechanisms arengles is nearly linear near their equilibrium values, and the
discussed in section III.B. Section III.C describes how the rate vibrational potential functions would have to be very anharmonic
constant and exchanging fraction were adjusted to match thein order to produce a large variation B+ C for the first few
observed spectra The spectral region between 21.5 and 24.@&xcited states associated with these vibrations. The 60 lowest
GHz which contains thd + 1 — J = 8 < 7 transitions of all energy eigenfunctions of the potential shown in Figure 3 were
three bands was chosen for simulations. The SA conformer onlyused in spectral simulations. The number of eigenfunctions
has an a-type spectrum (the experimentally determined principalincluded ensured that all the eigenstates with Boltzmann factors

Ill. Spectral Simulations

axis dipole moments ae, = 4.44(7) D,u, ~ 0 D, anduc = greater than 0.01 relative to the ground state were included in
0), and the SG conformer has a strong a-type and a weakerthe simulations at all temperatures.

c-type spectrumua = 4.25(7) D,un = 0 D, uc = 1.08(23) D) The expectation values &, B, andC were used to calculate
Strong c-type lines are not present in the 2128 GHz spectral the R-branch a-type transition frequencies and line intensities
region. of theJ + 1< J = 8 < 7 transitions, Bk < KoKy with Kp

The spectra shown in Figure 2 were obtained using Stark > 2 for each eigenfunction. Th, = 0 and 1 lines do not
effect modulatiof with a Stark field of 3200 V/cm and phase have a first-order Stark effe¢tand theK, = 2 lines which are
sensitive detection to improve the signal-to-noise ratio. The zero outside the main pileups have a complex Stark effect and were
Stark field signal is plotted upward. The large Stark field was omitted from the simulation. Thi€, = 1 and 0 lines of the SA
required to modulate the broad bands. Spectral simulationsand SG conformers are not observed at the frequencies predicted
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Figure 8. Low resolution microwave spectrum of tiet 1—J =28

— 7 transition of ethyl cyanoformate at 210, 300, and 358 K simulated
to include Stark modulation with a 3200 V/cm field. This is the
composite spectrum of all eigenfunctions of tiaethyl torsion
assuming no exchange averaging.

from previously reported rotational constaidt¢SA, 21137,
20662, and 22713 MHz; SG, 23416, 22026, and 24157 MHz)
in low resolution experimental spectra even at 210 K. Kpe
= 2 lines of the SG conformer (at 23845 and 23614 MHz) are
not observed. Weak features are present at the predigted
2 transition frequencies of the SA conformer (at 21767 and
22525 MHz) at 210 K but are not observable at 300 and 358
K. The K, = 3—7 lines are closely spaced pairs, and the 5, 6,

7 are nearly degenerate, indicating that they have a Stark effec
similar to a symmetric top. These lines comprise the main bands

in the spectrum.
The Stark shifts of the 10 lines of each eigenfunction were
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may be due to intrawell averaging, and it is possible that this
applies to the observed SG bands of ethyl cyanoformate too.
The SA conformer is less prolate; its band shape is determined
mostly by the frequency dispersion of the K states and is
reproduced more accurately in the simulation.

Note that these simulations do not reproduce the intense
temperature dependent intermediate band. The profile and
relative intensity of the region between the SA and SG bands
in the simulation is dominated by bands of the T states which
have a wide range of rotational constants and the higher energy
D states which have similar rotational constants. Simulations
at 300 and 358 K show the expected increase in signal from
the higher energy states with increasing temperature. To gauge
the effect of the barrier height on the simulations, spectra were
also simulated for a potential function with the 280 drsA—

SG barrier predicted by the B3LYP method. With the lower
barrier the total number of SA and SG states is decreased by
four, and the T states have different rotational constants, but
the simulated spectra are qualitatively similar to Figure 8 and
show a small increase in intensity in the intermediate region.
In both cases these simulations do not reproduce the observed
spectra.

B. Intermediate and Fast Exchange.Because of the
collisionless conditions of the experiment, the fraction of the
population in the sample which does not have the energy
required for the exchange process will produce a slow exchange
spectrum and complete simulations of an exchange averaged
spectrum must include a contribution from this fraction. In
section I11.C we describe composite spectra which are mixtures

tof slow exchange and exchanging fractions. In this section the

method used to calculate the exchange averaged fractions is
described.

In the absence of coupling, exchange averaging in magnetic

calculated using a first-order Stark effect and the experimentally 'eésonance can be treated in a simple Bloch formatisii.

measureda-axis dipole momentsu, of the SA and SG
conformers and the average valueugffor the T and D states.

A Lorentzian line shape function viita 5 MHz fwhm, truncated

+ 100 MHz from the maximum, was applied to the zero field
transitions and Stark lobes. Under high resolution conditions
the individual rotational transitions of ethyl cyanoformate are
broadened by the nuclear quadrupole interaétiand lines are
also broadened by spectral acquision parametersTanelax-
ation. Intensities were calculated at 1 MHz frequency intervals.

Optical Bloch equations modified for chemical exchange have
been reported by MacPhail and StratfsslacPhail and Strauss
show that the simple Bloch equation formalism has limited
applicability to exchange averaging in vibrational spetird.

For exchange between two sites, the Bloch formalism is correct
only if the transit time can be considered instantaneous compared
to the lifetimes of the species and also compared to the spectral
time scale of the transition. In the simplest sense the transit
time for SA—SG exchange is the classical time for & @ftation

The experimental spectra, shown in Figure 2, were obtained of the torsional angle. Assuming a torsional frequency of 100

using a 1 sdetector time constant and 10 MHz!sweep rate.
To mimic the slight distortion caused by these acquisition

cm1, the transit time is 3 ps, much less than the spectral time
scale, and the conditions required for the validity of the Bloch

parameters, the intensity at each point in the simulated spectrumguations are fulfilled.
is the average of the intensity at the 10 preceding frequency Computer programs used to analyze exchange broadened

points36
Figure 8 shows the simulatect- 1 <— J = 8 < 7 transition,

magnetic resonance spectra using the Liouville representation
of quantum mechanics provide greater flexibility and easily

assuming that all the eigenfunctions have lifetimes greater thanhandle systems with unequal populations and different intrinsic
the spectral time scale. The simulations reproduce the observedine widths and multisite exchange with different rate constants.

relative intensities of the SA and SG groups of eigenfunctions
and the observed bandwidths, 200 and 160 MHz for the SA
and SG conformers. The SG conformer is more prolate, (
(Ray’s asymmetry parameter) —0.947) than the SA conformer
(x = —0.899).

The band profile of the SG conformer in the simulation shows

They can be used to simulate exchange broadened rotational
spectra with only minor modifications including allowing for
differences in transition dipole moments and the frequency
dependence of relative intensities. Depending on how a given
exchange problem is formulated they can reproduce the results
of the simple Bloch formalism, the stochastic theory of random

a well-resolved torsional satellite structure that is less apparentMarkovian modulations, and various density matrix formalisms

in the experimental spectrum, shown in Figure 2. This may be
due to the differences in rotational constants of vibrational
satellites which were not included in the simulation. Alterna-

of exchange processésA modified version of DNMR5 was
used for all exchange broadened simulatits.

We represented the bands of each conformer in the absence

tively, it has been suggested that the smooth structureless bandsf interwell exchange by a set of 10 lines corresponding to the

in the low resolution microwave spectrum pfanisaldehyde

population weighted average frequencies of Qg8 7k .k,
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transitions withK, > 2 for the SA and SG sets of torsional a. b.
states. The frequency separation between corresponding rota- 1500 GH h 1500 GH
tional transitions of adjacent torsional state8A(B+C), is ~32 s z ‘

MHz in the SA well and~42 MHz in the SG well, indicating ~“—7\':"_‘ Jv’—
. : ) 150 GHz 150 GHz

that the population weighted average frequencies would be

observed for intrawell exchange if the rate constants were greater 5&_/\/_ M

than a few hundred MHz. Representing the SA and SG bands

by a set of averaged rotational transition frequencies simplified 15GHz N\ 15 GHz
the simulation and did not have a significant effect on the width
or frequency of the simulated exchange averaged bands for fixed 5 GHz 5GHz

A
rate constants since the frequency separation of the SA and SG n p h
8 <— 7 bands, 1.615 GHz, is large compared to the small 0 0
frequency differences among tldet+ 1 — J transitions of the -
torsional states which were averaged. Intrawell averaging has 215 22.0 22.5 23.0 235 240 215 22.0 225 23.0 23.5 24.0
been suggested as a possible explanation for the smooth narrow vIGHz V/GHz
conformer bands gf-anisaldehydé? and the observed profile Figure 9. Effects of exchange averaging on the- 1— J =8 — 7
of theJ + 1-—J=8-—7 band of the SG conformer of ethyl  transition of ethyl cyanoformate including Stark modulation. Simulation
cyanoformate suggests some averaging of the torsional statesnethods are described in the text. Figure 9a shows simulations for direct
in the population which is not undergoing conformer exchange. SA< SG exchange. Figure 9b shows simulations for exchange where
It is reasonable to assume that intrawell exchange occurs withthe T and D states are assumed to be intermediates> $A+ D) <
rate constants greater than a few hundred MHz for the fraction SCG- The rate constants for S& (T + D) and SG< (T + D) are
of molecules which also undergo conformer exchange with rate equal, and the SA> SG rate constant is zero.

gﬁgﬁgm;tag{ees"’“svr;:‘ear;nsjl‘jgg’(‘j' Gt';;' '”Wse'f;“'f‘é'orgzg"rzgae Lhe ;cyanoformate this occurs with a 500 MHz bandwidth, which is
! y P y twice the observed bandwidth.

comparable set of transitions at the population weighted average . N
P Pop g g Results for simple SASG exchange are shown in Figure

frequencies. . a. This exchange mechanism is applicable if the lifetime in
We also assumed that exchange occurs between rotationaj,e jytermediate states is short compared to the conformer
transitions with the saméandK values. The quantum number iteimes. The sensitivity of the bandwidth to the exchange rate
Jwhich corresponds to the total angular momentum must remain;n gicates that it is possible to obtain an estimate of the exchange
constant in the collisionless time scale, but the extent to which ;.o <onstant. The widths of the simulated bands for 50 and 15
KandM change as a result of conformer interconversion is not 5, exchange rate constants, shown in Figure 9a, are 140 and

know&. Retair!ing the K structure was su_ggestgd by Melandri 350 MHz, respectively. The experimental bands-a250 MHz
et al.;* and this model was used in the simulations discussed e " indicating that the rate constant is within these limits,

below. The contribution to the bandwidth above coalescence yegpite the uncertainty in the relative contributions of K state

from retaining the K structure is approximately 50 MHz since averaging and exchange to the observed width. (A model where
both conformers are nearly prolate. The exchange averaged linghe entire width of the band is due to exchange averaging, with
shape was simulated for each of the 10 exchanging pairs,, contribution from K structure and using a frequency
(SA(836—735) <> SG(&6735); (SA(Bs5—734) <> SG(&5734); separation of 1.615 GHz, produces bandwidths of 80 and 275
etc.) or exchanging groups, (SA8-7ss) <> T+D(835—734) < MHz for 50 and 15 GHz rate constants, respectivéjyThe
SG(&s—734); etc.) of transitions assungra 5 MHz line width  gjmylations shown in Figure 9b demonstrate that the symmetric
in the absence of exchange. The members of each exchangingang shapes observed experimentally are insensitive to the
pair or group were assigned an intensity factor based on anitetime of the intermediate states in the process. We considered
estimate of the population and adjusted for the transition j three site exchange mechanism to allow for a longer lifetime
frequency and transition dipole moment. in the intermediate (B D) states. Results for SA& (T+D) <

For rate constants above coalescence the simulated lines ar§G exchange, with the rate constant for SASG = 0, are
well represented by a Lorentzian line shape function. Therefore, shown in Figure 9b. In Figure 9b, the rate constants for<SA
the Stark field splittings were calculated for the center frequency (T+D) and SG— (T+D) were equal and are given by the labels.
of each exchange broadened line in the simulation, and aTo maximize the effects of including the intermediate states,
Lorentzian line shape function with the same width as the zero the populations of all three groups were assumed to be equal.
field exchange broadened line was applied to the calculated StarkFor high levels of vibrational excitation, combination states have
lobe frequencies. Each line has a slightly different width for a an almost equal probability of having a torsional quantum
given exchange rate constant due to the magnitude of its spectrahumber corresponding to SA, SG, or{D). The simulated line
time scale. The 10 exchange averaged lines, corrected for Starkshape for this process with rate constants of 50 GHz is similar
effect modulation, were then summed to produce the simulatedto the line shape for the SASG process with a rate constant
spectrum. Incorporating the Stark lobes in the simulation of 25 GHz. Unequal rate constants in three site exchange do
narrows the exchange broadened line and changes its shapecause asymmetry in the band shape which is particularly
Simulations also revealed an important result that can affect apparent at slower rate constants.
the accuracy of using the bandwidth to determine the rate C. Composite Spectral Simulations.The rate constant in
constant. For broad lines, the Stark modulation is incomplete, the simulations for SA> SG exchange i&spec = K(SA—SG)
even with the large dipole moment and field used in the present + k(SG—SA) and is approximatelyk®SA—SG) assuming equal
study. The Stark modulated line width is not as sensitive to the populations of both SA and SG conformers. The RRKM
exchange rate as the unmodulated line. At a certain bandwidthcalculated rate constants shown in Figure 7 were calculated for
further exchange averaging will not result in a corresponding the process SA— TS. This is equivalent to K¥SA—SG)
increase in the width of the Stark modulated signal. For ethyl assuming a transmission coefficient #$.3® With these ap-

r T T T T 1
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lines adds~60 MHz to the width of the band. A rate constant
of 18 GHz assuming no contribution to the bandwidth from
the K structure will also reproduce the experimental speétra.
D. TheJ + 1 J = 7 < 6 Transition. Source output in
the lower K-band frequency range was not adequate to provide
reliable measurements of tlet+ 1 — J = 7 — 6 transition of
ethyl cyanoformate for the present study. The previously
reported 18-26.5 GHz spectrum of ethyl cyanoformate, Figure
4 in ref 20, shows thd + 1 <— J = 7 — 6 bands of the SA and
SG conformers at 19250 and 20645 MHz andiRel —J =
7 — 6 exchange averaged band at 20050 MHz. The spectrum
shown in ref 20 was obtained with a 0.3 s time constant and
- - accordingly shows more line structure than the spectrum shown
215 22.0 22.5 23.0 23.5 24.0 in Figure 2 of the present paper which was obtainedh\aitl s
VIGHzZ time constant. Both thd + 1 —J=8—7 and 7— 6

Figure 10. Spectral simulations assuming that the fraction of the transitions show a similar pattern of relative intensities and
population above 360 cri, 0.63 at 210 K, 0.89 at 300 K, and 0.95 at  cMPerature dependence. The exchange averaged model used

358 K, undergoes exchange at 200 GHz, the approximate RRKM rate © simulate theJ + 1—-J= 8 - 7. transiti_on of ethY'
constant. cyanoformate described above is consistent with the profile of

the 7<— 6 transition. It predicts that thé¢ + 1 —J =7 <— 6
exchange averaged transition would be 180 MHz wide using a
358K rate constant of 25 GHz, retaining the full K structure which
contributes~45 MHz to the bandwidth. Thé+ 1—J=7

6 band is predicted to be narrower than the 1 <—J =8 —

7 exchange averaged band, 230 MHz, for the same rate constant
because the separation of the SA and SG bands foj thel

<— J =7~ 6 is smaller. Bandwidths were not reported in ref
20, and small changes in bandwidths are not discernible in the
survey spectra shown. Work to obtain and analyzelthel —

J = 7 — 6 transition and the R band transitions of ethyl

N w w
—

) 8 3
- =X =

300 K

i

210K cyanoformate which show similar profiles is in progress.
IV. Results
— T T ] Despite the number of approximations made in the simula-
21.5 22.0 225 23.0 23.5 24.0 tions and the quality of the experimental data, several conclu-

vIGHz sions can be made. (1) The intermediate series cannot be

Figure 11. Spectra simulated to match the relative intensities of the asglgned to a third conformgr. Electrorllc structure calculations
experimental spectra shown in Figure 2. The exchange broadened bandvhich reproduce the relative energies of the SA and SG
was simulated using a rate constant of 25 GHz, and the fractions conformers to a few cmt do not predict a third low energy
undergoing exchange are 0.30 at 210 K, 0.70 at 300 K, and 0.85 atconformer with aB + C value which is nearly the average of
358 K. The experimental spectrum is plotted below the simulation at that of the SA and SG conformers. (2) The spectral region
each temperature. between the SA and SG bands is not consistent with rotational
proximations Kspecis directly comparable t&rrkm(E)LI In the transitions of long-lived torsionally excited states, even if the
RRKM formalism, all the activated molecules react and the SA—SG barrier is assumed to be much lower than the electronic
entire population above the barrier should produce an exchangestructure calculations predict. It does not have the profile
averaged spectrum. Spectral simulations assuming the fractionexpected from a few eigenstates near the barrier producing
of the population with energy above the barrier, 0.63 at 210 K, widely scattered bands and higher energy delocalized states with
0.89 at 300 K, and 0.95 at 358 K, is exchanging with an nearly overlapping bands. (3) An exchange averaged model can
exchange rate constant of 200 GHz are shown in Figure 10.be formulated which reproduces the observed band shapes and
The intensities of the exchanging and slow exchange spectra relative intensities. Estimates of the exchanging fraction indicate
calculated for the states localized in either the SA or SG wells that not all the molecules with vibrational energy above the
only, shown in Figure 2, were adjusted to reflect the populations barrier undergo conformational exchange which is fast compared
before correcting for Stark modulation. These simulations show to the spectral time scale. (4) Simulations indicate that the
a more intense and exchange narrowed band shape (105 MHzpbserved bandwidth and shape are consistent with an ensemble
than the intermediate band in the experimental spectra shown(activated fraction) average energy specific rate consi()[]
in Figure 2. ~25 GHz for conformer exchange assuming that K structure

The simulations shown in Figure 11 were made using an contributes to the bandwidth. If there is a narrowing of the K
exchange broadened line shape consistent with a rate constangtructure, then the observed bandwidth corresponds to a smaller
of 25 GHz for SA<> SG exchange and exchanging fractions of rate constant. The smallest rate constant consistent with the
0.30, 0.70, and 0.85. These simulations agree well with the observed exchange averaged band, 18 GHz, is obtained assum-
experimental spectra obtained at 210, 300, and 356 K. For a 25ing no contribution to the bandwidth from the K structure.
GHz rate constant the simulated bands are 230 MHz wide. EachStudies of other transitions will allow a better determination of
exchanging pair of lines produces a lind70 MHz fwhm, and the rate constant and its possible dependencé (5) Spectra
the dispersion pattern due to the frequency displacement of theare not sensitive to the lifetime of intermediate states involved
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in the exchange. This is due to the fact that their rotational 2.2 ps at 200 and 298 K. An ensemble average energy specific
constants are close to the average of the rotational constants ofate constant/K(E)[] of ~1 GHz was reported for syn-anti
the SA and SG forms for this molecule and their lifetimes do conformer exchange in methyl nitrite which has a barrier of
not have a large effect on the shape or frequency of the averagedt000 cnt.48 [k(E)Ofor internal rotation of formamide which
bands. (6) The experimental spectrum is consistent with slowerhas a barrier of 5800 cm is ~5 GHz*° Rate constants for
exchange rate constants and smaller exchanging fractions tharboth molecules were inferred from the pressure dependence of
RRKM theory predicts. (7) The effects of Stark modulation must k , determined from analysis of gas phaseNMR line shape

be included in any simulation to obtain a reliable estimate of measurements. Methyl nitrite has a state density of 160 states/
the rate constant. It affects the bandwidth of the exchange cm™! at the barrier, and formamide has 7.2 states/cat the
broadened spectrum, and partial cancellation of signals due tobarrier.

interference of Stark lobes and the zero field spectrum affects The simulations shown in Figure 10 indicate that the

spectral intensities. conformer interconversion of ethyl cyanoformate does not follow
_ _ the RRKM statistical model. The departure in this case is not
V. Discussion as dramatic as that found for conformer interconversion of

excited vibrational eigenstates with energy deposited in a single

Although the fraction of the population undergoing exchange
9 pop going g normal mode. In these cases rate constants are several orders

increases dramatically with temperature, its average energy . i
specific rate constant does not change measurably. (The averag@f mag.nlt'ude slower t.har.1 RRKM predictions. Fpr gxample,
rate for the sample, however, does increase with temperature”pper limit cqnformer lifetimes inferred from IVR lifetimes of
since~70% of the sample has an exchange rate constant of 0the acetylenic €H stretch are 1.5, 3.5, and 2 ns for trans
at 210 K and only ca. 15% has a an exchange rate constant of -fluorobut-1-yne, trans 4-chlorobut-1-yne, and trans 4-bromo-
0 at 358 K.) This lack of temperature dependencé()may but-1-yne, 3 orders of magnitude slower than RRKM predic-

1 50 i ioti _
indicate that there are a few channels where most of the reactionions~” Recently, Gruebele and Wolynes discussed the distinc

takes place that are always accessible to the activated populationtio" Petween edge and interior states at a given erférggige

Also if the process were to have a small temperature depen_states have most of the vibrationgl energy deposited in a single
dence, similar to that predicted by the RRKM calculations _mod_e and do not have th? a_vallable pathways for _IVR_that
shown in Figure 7, it would be difficult to detect because the interior states with energy distributed among several vibrational

exchange averaging observed is fast compared to the spectrai’odes have. Emst has also shown that, in cases where states
time scale. The experimental spectra, particularly at 358 K, are &€ coupled to a heat bath (in the present case the molecule

noisy, and rate constants in a range of 25 to 40 GHz provide MUSt serve as its own heat bath), interconversion among
equally good simulations at this temperature. eigenstates of a few quanta are more efficient due to larger

The simulated spectra shown in Figure 11 reproduce the coupling constant® These considerations may be a factor

experimental spectra. The fraction of the population producing which partially accounts for the differences in _o_bs_erved rate
the exchange narrowed band used in the simulations is 0_301_00ns_tants for SYS‘e'_mS probed at thermal _eqU|I|br|um where
0.70, and 0.85 at 210, 300, and 358 K, respectively. There is interior states prevail and those of single eigenstates.
no way to determine the energy distribution in these fractions, ~ This paper reports a first attempt to simulate exchange
but it is interesting to note that these fractions are approximately narrowed thermal low resolution broadband rotational spectra.
equal to the fractional populations that have vibrational energy The simulations indicate that a large fraction of the population
greater than 700 cr at all three temperatures. The population above the SA'SG conformer interconversion barrier of ethyl
distribution functions shown in Figure 6 are consistent with Cyanoformate has lifetimes of40 ps. The present study
fractions above 700 cnt of 0.30, 0.68, and 0.89 at 210, 300, demonstrates that low resolution microwave band spectra are
and 358 K, respectively. It is unlikely that the barrier is as high Sensitive to fast conformer exchange rate constants under
as 700 cm?, and a more likely interpretation is that the energy collisionless conditions at thermal equilibrium. Studies of other
flow threshold exceeds the barrier height. There is a suggestiontransitions of ethyl cyanoformate are planned and will test the
of some structure in the spectrum near the exchanging bandmodel presented in this paper and investigate possible
that is more apparent at 210 K. The slow exchange simulations dependence to the exchange rate constants. Improved simulation
shown in Figure 8 show that lines in this region are due to |0ng- methods aimed at a better determination of the rate constant,
lived states near or above the barrier, an interpretation consistenfts uncertainty, and the distribution of rate constants in the
with the above suggestion. The simulated spectrum shown inSample are being developed. Since ethyl cyanoformate has
Figure 11 for 210 K includes these states and matches thenearly equal conformer populations and the conformer lifetimes
experimental spectrum in this region. Figure 5 shows that the resulting in exchange averaging are shorter than the spectral
state density is only 2.5 states/chnat 700 cntl. This is time scale, less information can be determined than in a case
considerably below the state density required for efficient where the lifetimes are closer to the spectral time scale. We are
ergodic IVR4546The state densities in Figure 5 were calculated currently investigating the low resolution microwave spectrum
with a 10 cnt?! energy grain size. Calculations Wit 1 cnt? of ethyl trifluoroacetate and have simulated the- 1 = 13,
energy grain size show frequent clusters of 4 or 5 states/cm 14, and 15 transitions. Exchange averaged bands 406 MHz
at lower energies due to combinations with the nearly degeneratewide, consistent with conformer lifetimes of approximately 200
methyl top states. The presence of methyl rotors in a molecule ps. Because the exchange averaged bands are very broad and
has been shown to accelerate the IVR procéss. ethyl trifluoroacetate is nearly prolate, the ambiguity in how to
A thermal average energy specific rate constak(E)[] of include the K structure in the model has a much smaller effect
~25 GHz (40 ps ||fet|me) for conformer exchange of ethyl on simulations than in the case of ethyl Cyanoformate.
cyanoformate can be compared with results for other conformer A model incorporating exchange averaging was suggested
processes. Thermally induced trans-gauche isomerization inby Melandri et al* to explain the intense band series in the
ethyl isocyanate in a 2-methylpentane solution, which has a low resolution microwave spectrum gfanisaldehyde which
barrier of ~400 cn1?, was found to have lifetimes of 10 and has aB + C value intermediate between those of two
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conformers. This work demonstrates that this model can also
explain the intense intermediate band series in the low resolutio
microwave spectrum of ethyl cyanoformate. Similar band series 35
appear in microwave spectra of many other molecules with low
barriers to internal rotation including oxo and thio esters and

formates>3-57 substituted benzené%;%° acid halide$! and

nitrites® Their frequencies, their widths, and the temperature
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210 and 358 K. The sample pressure was 100 mTorr. A sweep

rate of 10 MHz s!, 1 s detector time constant, and Stark

(28) True, N. SChem. Phys. Lett1983 101, 326—-330.
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Liashenko, A.; Piskorz, P.; Komaromi, |.; Gomperts, R.; Martin, R. L.;
Fox, D. J.; T. Keith, T.; Al-Laham, M. A.; Peng, C. Y.; Nanayakkara, A.;
Gonzalez, C.; Challacombe, M.; Gill, P. M. W.; Johnson, B.; Chen, W.;

above and below each Stark cell. A Braun Thermomix immer- Wong, M. W.; Andres, J. L.; C. Gonzalez, C.; Head-Gordon, M.; Replogle,
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