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Ethyl cyanoformate exists as a mixture of two conformers but displays three R-branch a-type band series in
its rotational spectrum. Simulations with population fractions 0.37 at 210 K and 0.70 at 297 K undergoing
conformer exchange with average conformer lifetimes, 〈τiso〉, shorter than ∼40 ps at ∼210 K and shorter than
∼37 ps at 297 K reproduce the experimental spectra between 26.5 and 38 GHz, the exchanging species
accounting for the third set of bands. The upper-limit 〈τiso〉’s are 1 order of magnitude longer than RRKM
theory predictions and the population fractions are consistent with the total population with energy above
700 cm-1, approximately twice the conformer interconversion barrier height. Model calculations indicate
that extensive K-sublevel mixing in individual molecular eigenstates can produce the large population and
the narrow distribution of the rotational-constant sum, B + C, consistent with the observed exchange-averaged
band series.

Introduction

Rotational spectra obtained using cw acquisition methods
provide unique information about low-barrier conformer ex-
change processes in thermally equilibrated samples under
essentially collisionless conditions. Intense exchange-averaged
a-type rotational band series produced by nearly prolate
molecules with subnanosecond conformer lifetimes, at least 3
orders of magnitude shorter than the time between collisions at
pressures required for spectral acquisition, are present in many
rotational spectra.1-3 Band frequencies and shapes provide
information about conformer lifetimes and exchange-averaged
rotational constants of thermal distributions of molecules with
fixed energy and angular momentum. Relative-intensity mea-
surements provide the fraction of molecules producing the
exchange-averaged bands and its temperature dependence. The
thermal average energy specific rate constants, 〈k(E,J)〉’s,
obtained from analysis of exchange-averaged rotational bands
are directly comparable to quantum statistical calculations and
complement recent condensed phase 2D-IR studies of fast
conformer exchange4 and studies of conformational exchange
of single eigenstates studied over narrow energy ranges.5

A conformationally averaged band series is present in
rotational spectra of ethyl cyanoformate (ECF, NCC(O)OCH2-
CH3).1 An ensemble average conformer exchange rate constant,
〈k(E)〉 of ∼25 GHz (average conformer lifetime, 〈τiso〉 ) ∼40
ps) for the J + 1r J ) 8r 7 transition of ECF was determined
and a simple model for simulating the exchange-averaged band
was also presented. In the present article, the J + 1 r J ) 10
r 9, 11r 10, 12r 11, and 13r12 transitions of ECF at 210
and 297 K are compared with simulations and the factors
contributing to band widths that arise from conformer exchange
of a thermal distribution of molecules at fixed energies and low
state densities are explored. Results for several J + 1 r J
transitions provide information about the importance of total
angular momentum on the conformer exchange process. Ex-
change-averaged bands of ECF are motionally narrowed with
widths approximately twice those of the corresponding con-
former bands. This indicates that 〈τiso〉 for ECF is much shorter
than the spectral time scale, τsp, (i.e., the reciprocal of the
frequency difference between the same J + 1 r J transitions

of the two conformers, ∼400-500 ps)1) and both 〈τiso〉 and the
thermal distribution of exchange-averaged rotational constants
in the sample can, in principle, contribute significantly to the
observed band widths. It is possible to determine upper limits
for 〈τiso〉 and for the distribution of the rotational-constant sum,
B + C, of the molecules producing the exchange-averaged (EA)
series upper-limit 〈τiso〉’s for ECF are compared with predictions
based on quantum statistical RRKM theory. The upper limit of
the distribution of the rotational-constant sum, B + C, which
depends on the compositional variability of the molecular
eigenstates that produce the EA bands is reported and compared
to models. The relationship between the B + C distribution and
conformer exchange dynamics at fixed energy is developed in
the following paragraphs.

ECF molecules undergoing conformer exchange at fixed
energies exist in eigenstates with mixed conformational char-
acter. Pate et. al have described the rotational spectra of
structurally mixed eigenstates that can be represented as linear
combinations of zero-order conformationally localized and
delocalized rovibrational basis states that have different rota-
tional constants.5-8 Basis states close in energy and with the
same total angular momentum are coupled through Coriolis and/
or anharmonic terms in the full molecular Hamiltonian to form
molecular eigenstates. Random matrix calculations show that
at high state densities and with large coupling interactions the
composition of each molecular eigenstate mirrors the distribution
of the zero-order states in the ensemble.6,7 This statistical model
is appropriate when a narrow energy range at high state densities
is probed. For ECF, however, the EA series is produced by a
thermal distribution of molecules at fixed internal energies,
which span a range of several thousand cm-1 at 297 K.1 The
vibrational state density of ECF is only ∼1/cm-1 near the
conformer exchange barrier. A large fraction of the population
with energy above the conformer exchange barrier is in an
energy range where the vibrational state density is low and
mechanisms for efficient state mixing may not present. Molec-
ular eigenstates at energies where state densities are low may
not have mixed conformational compositions or the percentages
of different conformationally localized states forming them may
vary over wide ranges. Variations in composition of the
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molecular eigenstates will lead to a large distribution of
exchange-averaged rotational constants and conformer lifetimes
in a thermal sample. This article will refer to sets of coupled
zero-order states as exchange networks to emphasize their time-
dependent properties. The nature of the zero-order rovibrational
states and the coupling constants among them determine the
dynamics of each exchange network, the time evolution of its
rotational constants, its average conformer lifetimes, and its
averaged rotational constants.

Exchange averaging and its effects on transition lineshapes
have been extensively addressed in general9 and in the context
of rotational,5-8 infrared,10 and magnetic resonance spectra.11,12

The qualitative effects of conformer exchange on the thermal
rotational spectrum of ECF are briefly outlined here. ECF is a
nearly prolate polar asymmetric top and produces R-branch
a-type rotational band series at frequencies that obey the
relationship ν ) ∼(B + C)(J + 1).13 Each band is composed
of clusters of K-sublevel transitions, J′Kp′Ko′ r J″Kp″Ko″, with
selection rules: J′ ) J″ + 1, Kp′ ) Kp″, Ko′ ) Ko″ + 1.14 The
frequency dispersion of the K-sublevel transitions in each band
depends on J and the molecule’s asymmetry and is ∼50-150
MHz for the ECF band spectra reported in this article. The
rotational-constant sum for the vibrational ground states of the
syn-anti (SA) and syn-gauche (SG) conformers of ECF, B0 +
C0, are 2736.83 and 2956.17 MHz, respectively. Consequently,
τsp, (τsp ) ∼((J + 1)((B0 + C0)SG - (B0 + C0)SA))-1) ranges
from ∼500 to ∼420 ps for the J + 1 r J ) 10 r 9, 11 r 10,
12 r 11, and 13 r 12 rotational transitions studied in the
present article. The lifetime of the conformationally localized
zero-order states in an exchange network can be characterized
by the time constant, τiso (τiso ) (kSAf + kSGf)-1 ) kiso

-1). If
τiso . τsp (slow exchange) the zero-order conformationally
localized rovibrational states produce distinct band series.
Conformer exchange on the spectral time scale (τiso ∼ τsp)
produces changes in transition lineshapes similar to those
observed in magnetic resonance spectra.12 The exchange-
averaged rotational K-sublevel transition frequencies and line-
shapes are functions of the fraction of each type of zero-order
state in the exchange network, the rotational constants, and
transition dipole moments of the zero-order states, J, and τiso.
Rotational transitions of molecules with exchange networks
where τiso < τsp (above coalescence) are exchange averaged and
their width decreases as τiso becomes shorter. At the fast (τiso

, τsp) exchange limit, the exchange-averaged K-sublevel
transitions are not sensitive to τiso and at the experimental
pressures employed their line width is determined by T1

processes (collision induced rotational relaxation) and is ∼1
MHz. The frequencies and widths of the EA rotational bands
produced at the fast-exchange limit depend on the exchange-
averaged rotational constants and the associated frequency
dispersion of the K-sublevel transitions. A thermal distribution
of molecules spread over several thousand centimeters with a
range of state densities that spans several orders of magnitude
will have a distribution of exchange network compositions and
exchange-averaged rotational constants, a range of τiso’s, and
will produce a distribution of exchange-averaged lineshapes that
add to produce exchange-averaged bands. Additionally, the
thermal broadband microwave spectra of ECF were acquired
with Stark-effect modulation and phase-sensitive detection and
each transition has a set of associated Stark lobes.14

Bands of the EA series of ECF are intense and only a few
hundred megahertz wide,1 indicating that much of the population
has similar exchange-averaged rotational constants. This requires
the exchange networks of a large fraction of molecules to have

similar fractional compositions of each type of zero-order state.
Surprisingly, the vibrational state density of ECF is only ∼10/
cm-1 at 1000 cm-1 (the average vibrational energy at 297 K)
and the number and composition of the zero-order states
contained in 1 cm-1 energy intervals (grains) near 1000 cm-1

vary widely. Any description of the thermally populated
molecular eigenstates of ECF consistent with the EA band
intensities and rotational-constant distribution requires large
exchange networks and extensive state mixing at low internal
energies. K-sublevel mixing that occurs via Coriolis interactions
can increase the number of states comprising an exchange
network at E and J by as much as (2J + 1) and lower the
threshold energy for producing a narrow distribution of fast-
exchange-averaged rotational constants. Classical trajectory
calculations show that nonaxial internal rotors promote extensive
K-sublevel mixing in near-symmetric top molecules,17 and
torsion-rotation Coriolis coupling in molecules with nonaxial
rotors causes extensive basis set mixing.18 Experiments sensitive
to K-sublevel mixing yield conflicting results, however. The
survival probability for coherent excitation of the acetylenic
C-H stretch in a series of halogen-substituted butynes
(XCH2-CH2-CCH) that undergo gauche-trans conformer
isomerization is consistent with K-state mixing.19 The density
of coupled states in the eigenstate resolved spectra agrees with
calculated rovibrational state densities for 4-chlorobutyne and
4-bromobutane. For 4-fluorobutyne, however, the experimental
increase of state densities with J deviates from the expected 2J
+ 1 growth at high J suggesting incomplete K-sublevel mixing
at higher J.19 Modeling the degree of fine structure present in
the high-resolution IR spectrum of the asymmetric stretch of
1-butene required complete mixing of all of the rovibrational
states consistent with conservation of energy and total angular
momentum.20 Eigenstate resolved spectra of 2-fluoroethanol21

and isobutene22 and other medium sized molecules6 are also
consistent with fragmentation into states with different values
of K. The extent of K-sublevel mixing in thermally populated
exchange networks of ECF is explored in the present article by
comparing the bandwidths and intensity of the EA series with
predictions for two exchange network models.

Experimental Section

Sample preparation and spectral acquisition methods used to
obtain the low-resolution spectra of ECF have been described
previously.1,15 Spectra recorded as functions of increasing and
decreasing frequency were digitized at 0.5 MHz frequency
increments. Band shapes and width observed in spectra at ∼210
and 293 K are independent of the scan direction but the
frequencies of the band maxima differ by ∼50 MHz due to
the 1s time constant and 10 MHz s-1 scan rate employed. The
frequency axes of the experimental spectra shown in this article
are offset by 25 MHz to make them directly comparable to
simulated spectra based on high-resolution rotational constants.

Results

Low-Resolution Rotational Spectra of ECF. Low-resolution
microwave spectra of ECF obtained between 26.5 and 38 GHz
at 297 and 210 K are shown in part a of Figure 1 and part a of
Figure 2a, respectively. The two R-branch a-type band series
(ν ) (B + C)(J + 1) with B + C ) 2752(2) MHz (bands at
frequencies indicated by r) and ∼2954(2) MHz (bands at
frequencies indicated by f) are assigned to the SA and SG
conformers, respectively.15 The vibrational ground-state B + C
values of the SA and SG conformers determined from high-
resolution assignments are 2736.83 and 2956.17 MHz, respec-
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tively.23 The difference between the corresponding high- and
low-resolution B + C values of the less prolate SA conformer
(Ray’s asymmetry parameter,14 κ, is -0.899) occurs because
most of the intense K sublevel transitions for each J + 1 r J
transition occur at frequencies greater than (B + C)(J + 1).
The difference between the corresponding low- and high-
resolution B + C values of the more prolate SG conformer (κ
) -0.947) is due to semiresolved vibrational satellite bands at
lower frequencies from the ground-state pileups. The J + 1 )
10, 11, 12, and 13 bands of the SA conformer (band widths
∼150 MHz fwhm) are at 27 545 MHz, 30 290 MHz, 33 040,
and 35 790 MHz. The J + 1 ) 10, 11, and 12 bands of the SG
conformer (band widths ∼150 MHz) are at 29 540 MHz, 32 480
MHz, and 35 445 MHz. Band frequencies, widths, and profiles
of the SA and SG series are not significantly temperature
dependent. Sets of arrows (r J + 1 f) point to SA (r) and
SG (f) bands with the same value of J + 1. The frequency
differences, νSG - νSA, for the J + 1 r J ) 10 r 9, 11 r 10,
12 r 11, and 13 r 12 transitions are 1995, 2190, 2405, and
2695 MHz respectively and correspond to τsp’s for conformer
exchange of 501, 457, 416, and 371 ps, respectively. The EA
series obeys ν ) (B + C)(J + 1) with a B + C value of 2870
MHz at 210 K. Its estimated high-resolution B + C value is
2863 MHz.13,15 Bands of the EA series shift to higher frequency
and are narrower at 297 K, as shown in Figure 3. The J + 1 )
10, 11, 12, and 13 bands of the EA series (observed Stark-
modulated band widths ∼300 MHz at 210 K, and ∼250 MHz
at 297 K) are at 28 700, 31 535, 34 435, and 37 330 MHz. The
relative-intensity ratio in the Stark-modulated spectra, ISA:ISG:
IEA is ∼1:0.9:1 at 210 K and ∼1:0.9:3 at 297 K.

Slow-Exchange Spectral Simulations. Simulated slow-
exchange (τiso . τsp) spectra of ECF between 26.5 and 38 GHz
at 297 and 210 K are shown in part b of Figure 1 and part b of
2, respectively. These simulations used the method described
in ref 1, which is briefly summarized here. Vibrational excitation
in the low-frequency O-ethyl torsional vibration produces large
changes in the rotational constants of ECF. The levels of
excitation in the other higher-frequency vibrations possible at
210 and 297 K produce much smaller changes in rotational
constants and were not included in spectral simulations. The
O-ethyl torsional dependence of the internal rotation constant
and potential energy was calculated using the MP2/HF/6-
311++G** theoretical model and fit to Fourier series. A 1D
internal rotation Hamiltonian incorporating these terms was
diagonalized in the free rotor basis. Figure 4 shows the O-ethyl
potential function and associated eigenfunctions. The rotational
constants A, B, and C, also determined using the MP2/HF/6-
311++G** theoretical model, were fit to Fourier series and
their expectation values were determined for each eigenfunction.
Although the expectation values of the rotational constants for
the ground states of the SA (〈A〉 ) 6453.96 MHz, 〈B〉 ) 1500.06
MHz, 〈C〉 ) 1237.31 MHz) and SG (〈A〉 ) 6811.14 MHz, 〈B〉
) 1556.23 MHz, 〈C〉 ) 1406.25 MHz) conformers agree well
with the experimental ground-state rotational constants,23 using
unscaled values of 〈A〉, 〈B〉, and 〈C〉 results in 60-80 MHz
discrepancies in calculated transition frequencies between 26.5
and 38 GHz. Therefore, the calculated expectation values of
the rotational constants of all of the localized SA and SG
torsional states were multiplied by the appropriate scaling factors
determined for their respective SA and SG ground states. The
calculated expectation values of the rotational constants of all
of the T (transition states, i.e. the three states directly below
the SA-SG barrier and the three states directly above the
SA-SG barrier, which have mixed conformer character) and
the D states (delocalized states, i.e. the states above the T states
but below the SG-SG barrier) were multiplied by the average
values of the SA and SG scaling factors. Scaled rotational
constants for the 1000 lowest energy states in the O-ethyl
torsion were used to simulate the R-branch a-type (J′Kp′,Ko′ r
J″Kp″,Ko″) spectra shown in part b of Figure 1 and part b of Figure

Figure 1. Stark-modulated rotational band spectrum of ethyl cyano-
formate between 26.5 and 38 GHz at 297 K; a, experimental spectrum;
b, slow-exchange (τiso . τsp) simulated spectrum. Sets of arrows (r J
+ 1 f) point to the J + 1 r J bands of the SA (r) and SG (f)
conformers.

Figure 2. Stark-modulated rotational band spectrum of ethyl cyano-
formate between 26.5 and 38 GHz at 210 K; a, experimental spectrum;
b, slow-exchange (τiso . τsp) simulated spectrum. Sets of arrows (r J
+ 1 f) point to the J + 1 r J bands of the SA (r) and SG (f)
conformers.

Figure 3. Overlay of the microwave spectra of the J + 1 r J ) 10
r 9, 11r 10, 12r 11, and 13r 12 transitions of the EA (exchange-
averaged) band series of ECF at 210 K (solid lines) and 297 K (dashed
line). The intensities of the bands at 297 are scaled to match those at
210 K.
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2 using previously described methods.1 The number of eigen-
functions included ensured that all of the torsional eigenstates
with Boltzmann factors greater than 0.001 relative to the ground
state were included in the simulations at both temperatures.

Spectra shown in part a of Figure 1 and part a of Figure 2
were obtained using Stark-effect modulation with a 3200 V/cm
electric field and phase-sensitive detection. The zero-field signal
is plotted upward. Spectra calculated at zero field and at 3200
V/cm were combined to produce the simulated spectra. The
transitions with Kp g 2 were calculated using a first-order Stark
effect with a second-order correction. The Stark shifts of the
transitions with Kp ) 0 and 1 that do not have a first-order Stark
effect were calculated using a second-order Stark effect.23,14 The
experimentally determined a-axis dipole moment, µa, of the SA
and SG conformers, 4.44 and 4.25 D, respectively23 and the
average value of µa for the T and D states were used in these
calculations. A Lorentzian line shape function with a 5 MHz
fwhm, truncated (500 MHz from the center frequency, was
applied to the zero-field transitions and Stark lobes. Intensities
were calculated at 1 MHz frequency intervals. The much weaker
b- and c-type spectra were not included in the simulation. The
b axis dipole moment of both conformers is ∼0 and the c axis
dipole moment of the SA and SG conformer is 0 and 1.08 D,
respectively.23

The slow-exchange simulated spectra between 26.5 and 38
GHz at 297 and 210 K, shown in part b of Figure 1 and part b
of Figure 2, reproduce the observed relative intensities of the
SA and SG bands and bandwidths. The band shapes of the J +
1 r J transitions of the less prolate SA conformer are
determined by the frequency dispersion of the K-sublevel
transitions rather than the variation in the rotational constants
of included torsionally excited states and are reproduced in the
simulation. For the SA conformer of ECF the transitions, J′Kp′,Ko′
r J″Kp″,Ko″, with 0 < Kp″ e 2, and one transition with Kp″ ) 3,
fall outside the main pileups by more than 200 MHz for J″ )
9-12. The remaining transitions have a frequency dispersion
of ∼100 for J″ ) 9 and increase to 130 for J″ ) 12. For the
more prolate SG conformer only the transitions with 0 < Kp′ e
2 fall outside the main pileups. The other K-sublevel transitions
have a frequency dispersion of ∼50 MHz for J + 1 ) 10

increasing to ∼70 MHz for J + 1 ) 13. The simulated band
profiles of the more prolate SG conformer show resolved
torsional satellite structures, whereas the experimental SG bands
do not. This may be due to rapid exchange among states
localized in the SG well compared to the spectral time scale
for this process.6-8 The spectral time scale for SG intrawell
averaging, determined by the frequency differences among the
SG O-ethyl torsional satellite bands, is 18 ns for J + 1 ) 10
and 14 ns for J + 1 ) 13. The SA and SG transitions with Kp

) 0 and 1 are not apparent in the experimental spectra shown
in part a of Figure 1 and part a of Figure 2. Simulations show
that the groups of ground-state and vibrational satellite SA and
SG transitions with Kp ) 0 and 1 are largely canceled by their
Stark lobes. The calculated second-order Stark shifts are between
7 and 70 MHz for the J + 1r J ) 10r 9 transition for Kp )
0 and 1 and Stark shifts are smaller for the higher-frequency
transitions.

Slow-exchange simulations do not reproduce the intense
temperature-dependent EA band series. The regions between
corresponding J + 1 r J SA and SG bands in the simulated
slow-exchange spectra are dominated by transitions of the T
states, which have a wide range of rotational constants, and the
higher-energy D states, which have similar rotational constants.

Exchange-Averaged Spectral Simulations. Initially, the J
+ 1 r J ) 10 r 9 EA band at 297 K was simulated using the
Bloch model modified for chemical exchange described in ref
1 using both two- and three-site exchange mechanisms. The
observed EA band is not sensitive to the exchange mechanism
and several models can produce both the transition frequencies
and widths required to simulate the EA bands. For both two-
(SA, SG) and three-site (SA, SG, delocalized (D)) models,
populations and rate constants were adjusted to produce the
experimentally observed EA band frequencies and profiles. Two-
site exchange using the SA and SG J + 1 r J transition
frequencies calculated using the conformer’s ground-state
rotational constants requires SA and SG populations of 0.43
and 0.57, after correcting for the conformer’s µa and transition
frequency differences, to match the EA band frequency and kiso

) 27 GHz (kSAfSG ) 16 GHz, kSGfSA ) 11 GHz) to reproduce
the EA bandwidth. Simulations using a three-site exchange
mechanism require specification of the average rotational
constants, µa, and population of the delocalized torsional states
forming the third exchanging species, which can only be
estimated from models, and the exchange rate constants among
the three species. For example, the frequency and width of the
EA band at 297 K is reproduced with equal signal intensities
for the three exchanging species using the population-weighted
averages of the scaled rotational constants for the D states:
A/MHz ) 6540, B/MHz ) 1541, C/MHz ) 1343 and kSAfSG

) kSAfDLS ) kSGfDLS ) 7 GHz. These interdependent param-
eters can be varied over large ranges while producing similarly
good simulations of the experimental spectrum. In all two- and
three-site simulations that reproduce the EA band, the individual
K-sublevel transitions are calculated to have Lorentzian line
shape functions (before applying the Stark-modulation profiles)
with widths ∼230 MHz (fwhm) that vary by less than 5%. This
is a result of the fact that the frequency differences among the
individual K-sublevel transitions are small compared to the
frequency difference between the J + 1r J ) 10r 9 SA and
SG bands and because τiso , τsp. Simulations of the 11 r 10,
12 r 11, and 13 r 12 transitions at 297 and 210 K also show
that the EA bands are insensitive to mechanistic information,
and the lifetimes required to reproduce the bands result in

Figure 4. O-ethyl internal rotation potential function of ECF
calculated using the MP2/HF/6-311++G** theoretical model. Eigen-
functions are plotted at the corresponding energy eigenvalues. The
minimum at 0 corresponds to the SA conformer and minima near (0.5π
correspond to the SG conformer.
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linewidths, which can also be reasonably attributed to the
exchange-averaged rotational-constant distribution of the thermal
sample.

Even though the EA bands are at fast exchange and it is not
possible to obtain mechanistic information or definitive con-
former lifetimes, it is possible to estimate upper-limit τiso’s and
the maximum distribution of the exchange-averaged rotational-
constant sum, B + C, of the population producing the EA bands.
This was done by first estimating limits for the K-sublevel
frequency dispersion for each band and then adjusting the
linewidths of the K-sublevel transitions to match the observed
band profiles. Linewidths were attributed to either exchange
averaging to determine upper-limit τiso’s or to the rotational-
constant distribution in the thermal sample to determine σ(B +
C), the standard deviation of the exchange-averaged rotational-
constant sum B + C.

Upper-limit τiso’s were determined by attributing the width
of the EA bands exclusively to K-sublevel structure and
exchange averaging. A-E splittings were not considered to
contribute significantly to the observed band widths of the EA
series because A-E splittings were not observed in the high-
resolution spectra of the SA and SG conformers of ECF,
consistent with the 1192 cm-1 barrier to internal rotation of the
methyl group for the SA conformer, calculated using the MP2/
HF/6-311++G**. Methyl rotor torsional states above the 1200
cm-1 methyl internal rotation barrier provide an additional
source of internal angular momentum and potential spectral
broadening but they do not contribute significantly to the state
density and this effect was not considered in the following
analysis. The K-sublevel transition frequencies of nearly prolate
molecules are determined by κ, B + C, and J. Spectral
simulations of the EA bands used κ ) -0.923 (the average of
κ for the SA and SG conformers), which produces a frequency
dispersion of the K-sublevel transitions included in the bands
of ∼75 MHz at J + 1 ) 10 and ∼120 MHz for J + 1 ) 13.
Using κ ) -0.923 requires sets of rotational constants with B
+ C ) 2863 MHz at 297 K and B + C ) 2861 MHz at 210 K
to reproduce the frequencies of the EA band series. Rotational
constants used in all simulations at 297 K were: A/MHz )
6490.0, B/MHz ) 1530.1, C/MHz ) 1332.7. Rotational
constants used in all simulations at 210 K were: A/MHz )
6483.0, B/MHz ) 1528.8, C/MHz ) 1331.1. (These rotational
constants are slightly larger than the thermal average rotational
constants for the eigenvalues of the O-ethyl torsional potential
function calculated with the MP2/HF/6-311++G** model:
A/MHz ) 6617.2, B/MHz ) 1527.4, C/MHz ) 1318.1 at 210
K (κ ) -0.921) and A/MHz ) 6626.8, B/MHz ) 1529.5, and
C/MHz ) 1322.8 at 297 K (κ ) -0.922). Adjusting κ changes
the frequency dispersion of the K-sublevel transitions and
requires slightly different rotational constants to reproduce the
frequencies of the EA bands. For example, reducing κ to -0.935
decreases the frequency dispersion of the K-sublevel transitions
included in the pileups to 63 MHz, and increasing κ to -0.915
increases the frequency dispersion of the K-sublevel transitions
to 87 MHz for the J + 1 ) 10 transition. The width of the
bands of the EA series are ∼3-4 times greater than the
estimated K-sublevel width. Simulations used standard rela-
tive intensities of the K-sublevel transitions at 297 and 210 K.14

The intensities of the K-sublevel transitions of the EA bands
may be perturbed by K-sublevel mixing, which can result in
exchange networks with averaged K-sublevel indices and
transitions involving sublevels with low- and high-K-sublevel
indices may be less intense or absent.

For each EA band, a Lorentzian line shape function was
applied to each K-sublevel transition and its Stark lobes were
calculated using the rotational constants listed above. The line
width was the same for all of the K-sublevel transitions in the
band. In the fast-exchange regime, the width of the Lorentzian
lines for a given rate constant are determined by the frequency
separation of the slow-exchange transitions, which average to
produce the fast-exchange line. Two-site exchange produces the
largest spread of exchange-averaged K-sublevel linewidths for
a given exchange rate constant. For the J + 1 ) 10 band, a
rate constant of 27.5 GHz results in an average exchange
broadened line width of 230 MHz with σ ) 12 MHz for all of
the K-sublevel transitions included in the band. Fitting all of
the K-sublevel transitions with a single line width results in less
than 5% error in the resulting rate constant for the J + 1 ) 10
transition and less for the higher J transitions because the
SA-SG frequency separations increase at a larger rate than
sublevel dispersion increases. The simulated bands were com-
pared to the observed and the Lorentzian line width applied to
all of the K-sublevel transitions in each band was adjusted to
obtain the best fit. The nonexchange simulated spectrum was
added to the calculated EA series and the ratios of exchange to
nonexchange were adjusted to obtain the final simulations shown
in part b of Figure 5 and in Figure 6. Table 1 lists the linewidths
(fwhm) and resulting rate constants and 〈τiso 〉’s at 210 and 297
K for J + 1 r J ) 10 r 9 to J + 1 r J ) 13 r 12. Rate
constants were calculated from the relationship: k ) (πδν)/
(2)[((δν)/(W))2 - ((W)/(δν))2 + 2]1/2. W, the width (fwhm) of
the Lorentzian line applied to each K sublevel transition and
δν, the frequency difference between the SA and SG bands for
each J + 1 value, are listed in Table 1. This equation is valid
for equally populated two-site exchange as used in NMR
spectroscopy where equal conformer populations produce equal
signal intensities at slow exchange.12 Corresponding J + 1 r
J transitions of the SA and SG conformers of ECF have almost
equal signal intensities. The ratio of signal intensities for the
same J + 1r J transition of the set of localized SA states and
the set of localized SG states, (SSA)/(SSG) ) ((µaSA

)/(µaSG
))2(((B

+ C)SA)/((B + C)SG))2((∑e-(EiSA)/(kT))/(∑e-(EiSG)/(kT))) ) 1.125/1 at
210 K and 1.045/1 at 297 K. These ratios were calculated using
the experimentally determined dipole moments and rotational
constants and the relative energies of the localized torsional
states of the O-ethyl torsional potential described in ref 1. There
are equal numbers of bound SA and SG states of the O-ethyl
torsional potential function for ECF. Although the composition

Figure 5. Comparison of the experimental rotational spectrum of ECF
at 297 K with simulations; a, experimental spectrum; b, simulated
spectrum with τiso values listed in Table 2; c, simulated spectrum
assuming a normal distribution of the rotational-constant sum B + C
for the fraction producing the EA band series using parameters listed
in Table 3. Sets of arrows (r J + 1 f) point to the J + 1 r J bands
of the SA (r) and SG (f) conformers.
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of individual exchange networks can vary, the signal intensity
of sets of SA and SG states of exchange networks at high state
density will approach these ratios. This method yields an upper
limit for 〈τiso〉 because the contribution due to scatter in the fast-
exchange rotational constants in the thermal distribution is
neglected in this analysis. Scatter in fast-exchange rotational
constants reduces the line-width contribution from exchange and
reduces the corresponding upper-limit 〈τiso〉 required to simulate
the EA bands.

The lower relative intensity of the EA series at 210 K made
it difficult to determine linewidths from the complete spectral
simulations because the EA bands overlap with transitions from
the slow-exchange spectrum of the T and D states, which are
not reproduced accurately. To determine the Lorentzian lin-
ewidths of the K-sublevel transitions at 210 K, the EA band
simulations were compared to the experimental bands at 210 K
without the inclusion of the slow-exchange contribution to the
simulated spectrum. These simulations are shown in Figure 8.
Figure 7 shows the total simulations at 210 K, which include
the EA series and the slow-exchange spectrum.

Simulations with κ ) -0.92 and κ ) -0.93 were also
performed. Using a set of rotational constants with κ ) -0.93
requires 10-15 MHz increases in linewidths to reproduce the
observed spectrum, consistent with 5-7% longer upper-limit
〈τiso〉’s. In the extreme case where the width of the K-sublevel
dispersion is reduced to zero (κ ) -1) and the observed bands
are assumed to be entirely due to lifetime broadening, upper-
limit 〈τiso〉’s are 20-25% longer than those listed in Table 1.

The EA band series can also be simulated assuming that
conformer exchange is at the fast-exchange limit and the width
is due only to rotational-constant scatter, which produces a
distribution of weak, narrow (∼1 MHz) Lorentzian lines for
each K-sublevel transition. To estimate the scatter, a Gaussian
distribution was assumed and EA bands were simulated with
Gaussian functions centered at each K-sublevel transition and
its associated Stark lobes, and the width was adjusted to
reproduce the observed bands. These simulations used the same

sets of rotational constants at 210 and 297 K described above.
Part c of Figures 5, Figure 6, part c of Figure 7, and Figure 8
show these simulations. The linewidths used and the σ values
obtained are listed in Table 2. For nearly prolate ECF, the
quantity, σ/(J + 1) is approximately equal to σ(B + C).

Simulations of the J + 1 ) 10-13 EA bands indicate 〈τiso〉
< ∼40 ps and σ(B + C) < 12 MHz for the population producing
the EA band series. Comparisons of the Lorentzian and Gaussian
line shape simulations and the observed spectra indicate that
the Lorentzian lineshapes provides a marginally better fit. Lack
of agreement near the baseline can also be due to a skewed
K-sublevel intensity distribution resulting from K-sublevel
averaging.

The population ratio P(slow exchange):P(EA) consistent with
the experimental spectrum is 1:0.58(5) at 210 K and 1:2.33(1)
at 297 K. This ratio was determined by adjusting the proportions
of the calculated slow-exchange spectrum and the calculated
EA band series using both Gaussian and Lorentzian linewidths
listed in Tables 1 and 2. Simulated spectra with intensities
calculated from these population ratios are shown in Figures 5
and 7. The average µa of the SA and SG conformers was used
to calculate intensities of the EA band series. The P(slow
exchange):P(EA)ratio for each J + 1 r J transition was
determined separately from the integrated intensities of the
unmodulated spectra used to calculate the Stark-modulated
spectra. This was necessary because many Stark lobes and zero-
field lines are overlapped in the cluttered spectra and the broad
EA bands overlap with some of their own broadened Stark lobes.
The Stark lobes for each transition with Kp g 3 extend over a
2 GHz frequency range due to the large a axis dipole moment
and the high Stark field employed. Comparing the unmodulated
intensity to the Stark-modulated intensities shows that the
broader EA bands lose more intensity on modulation than the
SA and SG bands. The entire spectrum can be simulated with
one population ratio at each temperature, indicating that there
is not a significant J dependence to the population producing
the EA band.

The P(slow exchange):P(EA) ratios required to simulate the
observed Stark-modulated R-band spectra of ECF can be
compared to the vibrational population of ECF at 210 and 297
K. Figure 9 shows the vibrational energy distribution function
for ECF at 210 and 297 K, which was obtained by multiplying
the vibrational state density, F(E), by the corresponding Boltz-
mann factor. The P(slow exchange):P(EA) ratios are consistent
with the calculated ratio of the population below ∼700 cm-1

to the population above ∼700 cm-1, P(<700 cm-1):P(>700
cm-1), of 1:0.48 at 210 K and 1:2.06 at 297 K. (The SA-SG
barrier calculated using the MP2/HF/6-31++G** theoretical
model is ∼360 cm-1.) This result agrees with previously
reported results for the J + 1 r J ) 8 r 7 transition of ECF.1

Discussion

Attributing the entire width of the bands of the EA series to
conformer exchange averaging and K-sublevel dispersion yields
the upper-limit conformer lifetimes listed in Table 2. Calculated
energy specific rate constants, k(E)RRKM, for the SA-TS process
of ECF were reported previously.1 The thermal average RRKM
rate constant, 〈k(E)RRKM〉, of the population above 700 cm-1 is
301 GHz (〈τiso〉 ) 3.32 ps) at 210 K and 325 GHz (〈τiso〉 )
3.08 ps) at 297 K. These rate constants are directly comparable
to the kiso’s reported in Table 2.24 The RRKM rate constants
are larger than the lower-limit rate constants determined for the
J + 1 ) 10, 11, 12, and 13 bands by approximately 1 order of
magnitude. The calculated 〈k(E)RRKM〉’s would produce lifetime-

Figure 6. Simulations of EA bands of ECF at 297 K. Solid lines are
experimental bands, dashed lines are simulated with Lorentzian line
shape functions applied to the K-sublevel transitions and associated
Stark lobes using parameters listed in Table 1, as described in the text.
Dotted lines are simulations with Gaussian line shape functions applied
to the K-sublevel transitions and associated Stark lobes using parameters
listed in Table 2; a, J + 1 r J ) 10 r 9; b, J + 1 r J ) 11 r 10;
c, J + 1 r J ) 12 r 11; d, J + 1 r J ) 13 r 12.
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broadened linewidths of only ∼20 MHz for the K-sublevel
transitions of the J + 1 r J ) 10 r 9 transition and ∼40
MHz for the J + 1 r J ) 13 r 12. The observed EA series
bandwidths would only be consistent with the calculated
〈k(E)RRKM〉’s if the distribution of exchange-averaged rotational
constants was responsible for the additional width.

Upper-limit conformer isomerization lifetimes of the thermal
population of ECF can be compared with previous work. A

conformer lifetime of ∼170 ps was recently determined from
analysis of the 202 r 101 rotational transition of cyclopropane
carboxaldehyde molecules with ∼2800 cm-1 of vibrational
energy. The syn and anti conformers of cyclopropane carbox-
aldehyde are separated by a barrier of ∼1910 cm-1, the total
vibrational state density of cyclopropane carboxaldehyde is ∼50
states/cm-1 at 2800 cm-1, and the lifetime determined is ∼16
times slower than predicted using RRKM theory.5a A ∼25 ps
conformer lifetime for pentenyne with ∼3330 cm-1 of vibra-
tional energy was also obtained by analysis of the 202 r 101

rotational transition.5b The conformer isomerization barrier for
pentenyne is ∼1000 cm-1, the total vibrational state density near
3330 cm-1 is ∼800/ cm-1, and the observed lifetime is ∼50
times longer than predicted using RRKM theory. When coherent
state preparation is used, the conformer lifetime of pentenyne

TABLE 1: Lower-Limit Isomerization Rate Constants, 〈k(E)〉 and Upper-Limit Conformer Lifetimes, 〈τiso〉, for SA-SG
Conformer Exchange of ECF at 297 and 210 Ka

J + 1 νSG-νSA/MHz
fwhm/

MHz 297 K
lower-limit 〈k(E)〉/

GHz 297 K
upper-limit 〈τiso〉/

ps 297 K
fwhm/

MHz 210 K
lower-limit 〈k(E)〉/

GHz 210 K
upper-limit 〈τiso〉/

ps 210 K

10 1995 230 27.5 36.3 260 24.5 40.9
11 2190 250 30.5 32.8 290 26.4 37.8
12 2405 300 30.7 32.5 320 28.9 34.6
13 2695 340 34.1 29.3 360 32.2 31.0

a νSG-νSA is the frequency difference of the SG and SA conformer bands for each J + 1 r J transition and FWHM is the full width at half
maximum of the Lorentzian lineshape applied to each J′Kp′Ko′ r J″Kp″Ko″ transition and its Stark lobes in the simulated EA band. 〈k(E)〉 was
calculated as described in the text. Simulations are shown in Figures 6 and 8.

TABLE 2: Gaussian Linewidths Simulation Parametersa

J + 1 fwhm/MHz 297 K σ/MHz 297 K σ/(J + 1) MHz 297 K fwhm/MHz 210 K σ/MHz 210 K σ/(J + 1) MHz 210 K

10 210 89.2 8.9 250 106.2 10.6
11 235 99.8 9.1 280 118.9 10.8
12 285 121 10.1 310 131.6 11.0
13 305 129 9.9 350 148.6 11.4

a FWHM is the full width at half maximum applied to each J′Kp′Ko′ r J″Kp″Ko″ transition and its Stark lobes for each simulated EA band.
Simulations are shown in Figures 6 and 8.

TABLE 3: Averages and Standard Deviations of the
Rotational-Constant Sum, B + C for the population above
700 cm-1 of ECF with J ) 10a

〈B + C〉/MHz σ(B + C)/MHz

Model a
210 K 2852.6 50.9
297 K 2854.5 46.9

Model b
210 K 2857.1 12.0
297 K 2858.2 11.4

a Model a.: Exchange networks extend over 1 cm-1 and consist
of zero-order states with 10 0 10 rotational energy level. Model b.:
Exchange networks extend over 1 cm-1 and contain all possible
K-sublevels for J ) 10. For each 1 cm-1 exchange network, B + C
was calculated according to: B + C ) FSA · 〈B + C〉SA + FSG · 〈B +
C〉SG + FD · (B + C)D + FT · (B + C)T and the population fraction
for each energy grain Fi was determined from the state densities
shown in Figure 10.

Figure 7. Comparison of experimental rotational spectrum of ECF at
210 K with simulations; a, experimental spectrum; b, Lorentzian
simulation; c, Gaussian simulation. Sets of arrows (r J + 1 f) point
to the J + 1 r J bands of the SA (r) and SG (f) conformers.

Figure 8. Simulations of EA bands of ethyl cyanoformate at 210 K.
Solid lines are experimental bands, dashed lines are simulated with
Stark-modulated Lorentzian lines applied to the K-sublevel structure
with parameters listed in Table 1 as described in the text. Dotted lines
are simulations with Stark-modulated Gaussian linewidths applied to
the K-sublevel structure with parameters listed in Table 2; a, J + 1 r
J ) 10 r 9; b, J + 1 r J ) 11 r 10; c, J + 1 r J ) 12 r 11; d,
J + 1 r J ) 13 r 12.
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is ∼1200 ps at comparable vibrational energies. Recent advances
in vibrational spectroscopy make it possible to determine
conformer lifetimes for molecules undergoing low-barrier
conformational processes in thermally equilibrated condensed
phase samples. In condensed phase samples, the time scales
for conformer exchange and intermolecular energy exchange
are competitive. The lifetime for the gauche T trans isomer-
ization, τiso of ethyl isocyanate in 2-methylpentane solution,
determined from analysis of ultrafast vibrational echo experi-
ments, is only 2.2 ps at 298 K and 90 ps at 110 K. The
temperature dependence of τiso is consistent with an isomeriza-
tion barrier of ∼400 cm-1.25 The lifetime for the gauche-trans
isomerization of 1-fluoro-2-isocyanato-ethane in CCl4 at room
temperature, obtained using 2D vibrational echo spectroscopy,
is 43(10) ps at 298 K,4,26 comparable to upper-limit conformer
lifetimes obtained in the present study.

Attributing the EA bandwidths to K-sublevel dispersion and
the thermal B + C distribution yields σ(B + C) ) ∼12 MHz.
The exchange network model described in the introduction
section was used to estimate the thermal distribution of exchange
network-averaged rotational constants. The scatter of the proper-
ties of the thermal distribution of exchange networks depends
on the number of rovibrational states included in each exchange
network. The magnitude of coupling terms that could be used
to estimate the size and energy spread of the exchange networks
is not known. For comparison purposes, exchange networks
were assumed to consist of all of the states within 1 cm-1 energy
grains with equal mixing coefficients and exchange network
properties were calculated at 1 cm-1 intervals. Two models were
used: Model a, restricted exchange networks to rovibrational
states with the same J and K values in a 1 cm-1 energy range;
Model b, restricted exchange networks to rovibrational states
with the same J value independent of the K sublevel indices.
Rovibrational state densities for the JKpKo

) 100 10 rotational level
and for all possible rotational levels for J ) 10 were used to
determine the spectral consequences of Model a and Model b,
respectively. State densities were calculated as described previ-
ously but included rotational energy levels of each zero-order
vibrational state.1 Vibrational state densities were calculated
using the Stein-Rabinovitch extension of the Beyer-Swinehart
algorithm.27 Troe’s approximation28 was used to evaluate the
contribution for the methyl top rotor using the barrier calculated
at the MP2/6-311++G** theory level, 1192 cm-1. The
C(sp2)-O(ether) torsion was included as a vibration with ν )
113.9 cm-1. The energies of the O-ethyl torsional states shown
in Figure 4 were used directly. All other vibrational frequencies
used were calculated at the HF/6-311++G** level and scaled
by a factor of 0.88. The zero-order vibrational states were

separated into four groups: SA, SG, T, and D based on their
O-ethyl torsional quantum numbers as described above and
shown in Figure 4 and rovibrational state densities were
calculated separately for each set. Rotational energy levels were
calculated using the experimentally determined rotational
constants of the SA and SG conformers and the average of the
SA and SG rotational constants were used for the T and D states.
State densities and all subsequent calculations where they were
used were calculated up to 10 000 cm-1. The rovibrational state
density for J ) 10 is shown in Figure 10. The lower and upper
plots are for Models a and b, respectively. The rovibrational
state density near 360 cm-1, the MP2/HF/6-311++G** SA-SG
conformer barrier, is ∼1/cm-1 for Model a and ∼20/cm-1 for
Model b. At 700 cm-1, the rovibrational state density increases
to ∼4/cm-1 for Model a and ∼100/cm-1 for Model b. The grain
composition of 1 cm-1 energy grains for Models a and b are
shown in parts a and b of Figure 11, respectively. Fs are
fractions of zero-order states identified as SA, SG, D, or T based
on their O-ethyl torsional quantum numbers. Both models
predict large scatter in grain composition at lower energies with
many empty grains. For Model a, the majority of 1 cm-1 energy
grains between 360 cm-1 and 700 cm-1 do not contain both
SA and SG states and therefore cannot undergo conformer
exchange averaging. For Model b, approximately half of the 1
cm-1 grains between 360 and 700 cm-1 contain both SA and
SG states but there are large fluctuations in composition and
exchange networks with these grain compositions would not
have the similar fast-exchange rotational constants required to
produce a narrow exchange-averaged band series. For both
models, the grain composition becomes more uniform at higher
energies as the number of states in each grain increases. The
grain composition does however change slowly with energy
because the number of accessible D states increases with energy,
whereas the number of accessible SA, SG, and T states are all
fixed at 6.

Grain-averaged rotational constants were calculated as a
function of energy for 1 cm-1 energy grain sizes for both models.
The fast-exchange-averaged B + C value of each energy grain
was calculated from the fractional composition of the grain: 〈B

Figure 9. Vibrational energy distribution function for ECF at: a, 210
K; and b, 297 K.

Figure 10. Total rovibrational state densities of ECF for J ) 10; a,
only 100,10 rotational state included; b, all 21 K-sublevels of J ) 10
are included.
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+ C〉 ) FSA · 〈B + C〉SA + FSG · 〈B + C〉SG + FTS · 〈B + C〉TS +
FD · 〈B + C〉D with 〈B + C〉SA ) 2740 MHz, 〈B + C〉SG ) 2956
MHz, 〈B + C〉TS ) 2893 MHz, and 〈B + C〉D ) 2885 MHz.
These are the average of the scaled B + C values of the O-ethyl
torsional states consistent with the potential function calculated
using the MP2/HF/6-311++G** theoretical model described
previously. The energy dependence of the average B + C value
for 1 cm-1 energy grains for both Models is shown in Figure
12. The B + C value required to reproduce the experimental
frequencies of the EA series, 2863 MHz, is larger than the
average of the B + C values of the SA and SG conformationally
localized states, which have almost equal populations and dipole
moments. When all of the states are included in the average,
the calculated B + C is larger and closer to the observed value.
The shift to larger B + C with increasing energy shown in Figure

12 occurs because the number of delocalized states increases
with energy, whereas the number of SA, SG, and T states is
fixed.29

Both models predict large scatter in fractional composition
and energy grain average B + C values at low energies. The B
+ C scatter predicted by Model a is not consistent with
formation of intense EA band unless the actual exchange
networks at lower energies consist of more states and encompass
much larger energy ranges ∼10-20 cm-1. Model b is consistent
with the small scatter required for formation of the EA band
by exchange networks above 700 cm-1.

The distribution of the rotational-constant sum, B + C, of
the population above 700 cm-1 at 210 and 297 K is shown in
Figure 13. The fraction of the total population contained in each
1 cm-1 energy grain, Fi ) (F(E)ie-Ei/kT)/(∑F(E)je-Ej/kT), and the

Figure 11. Fractional composition of 1 cm-1 energy grains as a function of total vibrational energy for J ) 10. Zero-order rovibration states are
grouped based on the number of quanta in the O-ethyl torsion. Groups are designated SA (syn-anti, there are six SA states with wave functions
localized in the syn-anti well), SG (syn-gauche, there are six states with wave functions localized in the syn-gauche well). T (six states near the
SA-SG barrier) and D (delocalized states above the SA-SG barrier). a. Model a, exchange networks composed of rovibrational states with 10010

rotational level only. b. Model b, all K-sublevels for J ) 10 are included in exchange networks.

Figure 12. The average B + C of 1 cm-1 energy grains as a function of rovibrational energy for ECF with J ) 10. B + C was determined from
B + C ) FSA · 〈B + C〉SA + FSG · 〈B + C〉SG + FD · 〈B + C〉D + FT · 〈B + C〉T, where the fractions Fs are shown in Figure 11 and the 〈B + C〉’s are
listed in the text. a. Model a, only 10 0 10 sublevel included; b. Model b, all K-sublevels for J ) 10 included.
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average 〈B + C〉i of each grain were used to estimate the thermal
average B + C and its standard deviation, which are listed in
Table 3. For Figure 13, the population with B + C within 1
MHz intervals was plotted for clarity. Solid lines correspond
to a normal distribution using the σ values and average B + C
values listed in Table 3. Model a predicts a frequency distribu-
tion for the sublevel transitions of the J + 1r J ) 10r 9 EA
band of over 1 GHz at 210 and 297 K. Model b predicts a
frequency distribution for the sublevel transitions of ∼500 MHz
at 210 K and ∼275 MHz at 297 K for the J + 1 r J ) 10 r
9 close to the observed upper limit. Model a attains a comparable
state density and B + C distribution at about twice the internal
energy, 1500 cm-1. The fraction of the population with energy
above 1500 cm-1 is 0.02 at 210 K and 0.23 at 297 K and is not
consistent with the intense EA bands observed. Exchange
networks consisting of only zero-order states with the same
K-sublevel indices would have to extend over energy intervals
greater than 20 cm-1 to produce the population and B + C
distribution observed.

Conclusions

Rotational spectra of ECF at 210 and 297 K are not consistent
with slow conformer exchange (τiso . τsp where τsp > 400 ps).
Three possible interpretations are consistent with the width and
temperature dependence of the EA bands. 1. The width is
exclusively the result of lifetime broadening. In this case, upper-
limit conformer lifetimes are ∼1 order of magnitude longer than
RRKM predictions and decrease with increasing J. 2. The
spectrum is at the fast-exchange limit (τiso , τsp) and the width
of the EA bands is due to the thermal distribution of exchange-
averaged rotational constants. Model calculations demonstrate
for this to occur in the population fraction consistent with the
relative intensity of the EA series; states with different K-

sublevel indices must be included in exchange networks or the
energy span of zero-order states in each exchange network must
extend over several cm-1. 3. Both lifetime broadening and the
rotational-constant distribution contribute to the width of the
EA series bands. This requires 〈τiso〉 to be shorter than the upper-
limit values listed in Table 1 and closer to the RRKM predictions
and the rotational-constant distribution to be smaller than the
values listed in Table 2. In this case, the rotational-constant
distribution can only partially account for the increase in
bandwidth with increasing J and 〈τiso〉 must have a small J
dependence.
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