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We report studies aimed at unraveling the complicated structure of the CCl, A'B; — X'A; system. We have
remeasured the fluorescence excitation spectrum from ~17 500 to 24 000 cm™! and report the term energies
and A rotational constants of many new bands for both major isotopologues (C*Cl,, C3CIP’Cl). We fit the
observed term energies to a polyad effective Hamiltonian model and demonstrate that a single resonance
term accounts for much of the observed mixing, which begins ~1300 cm™! above the vibrationless level of
the A'B; state. The derived A'B, vibrational parameters are in excellent agreement with ab initio predictions,
and the mixing coefficients deduced from the polyad model fit are in close agreement with those derived
from direct fits of single vibronic level (SVL) emission intensities. The approach to linearity and thus the
Renner—Teller (RT) intersection is probed through the energy dependence of the A rotational constant and
fluorescence lifetime measurements, which indicate a barrier height above the vibrationless level of the XA,
state of ~23 000—23 500 cm™!, in excellent agreement with ab initio theory.

I. Introduction

Carbenes are an important class of reactive intermediates.!
Their divalent carbon atom gives rise to singlet and triplet
configurations of similar energy but very different reactivity,
and, over the past decade, significant experimental progress
has been made in determining the singlet—triplet splitting
for a number of simple carbenes.”’2? For triatomic carbenes
such as CCl, which have singlet ground states, the ground-
state electronic configuration consists of the two nonbonding
electrons paired in an in-plane sp>-hybridized orbital centered
on the carbon atom, giving rise to a strongly bent equilibrium
structure. Promotion of one electron to an out-of-plane
carbon-centered p, orbital gives rise to singlet and triplet
excited states with a marked increase in bond angle. The
ground (X) and excited (A) singlet states form a Renner—Teller
pair in the linear configuration, and, considering the low-
lying triplet state, the spectroscopy of the X — A system is
complicated by a mix of Renner—Teller (RT) and spin—orbit
interactions. Additionally, in systems such as CFCI** and
CFBr?® where the RT intersection occurs above thermo-
chemical thresholds for dissociation, predissociation is a
further complication. In order to understand the complicated
spectroscopy associated with these simple carbenes, we and
others have embarked on studies of the X — A transitions in
singlet carbenes such as CHF where the RT intersection lies
below thermochemical thresholds for dissociation. For ex-
ample, we showed that the lifetimes of CHF A state levels
with K’y > 1 display a textbook example of lifetime
lengthening with increasing energy, due to the RT interac-
tion.20 The approach to linearity in the A state is evidenced
in a sharp increase in the A rotational constant with bending
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excitation,?’?8 and a minimum in the vibrational intervals
near seven quanta of bending vibration. The derived barrier
height is consistent with ab initio predictions.?® Singlet—triplet
perturbations in the A state of CHF were characterized by
polarization quantum beat spectroscopy.30~32

Dichloromethylene (CCl,) is one of the best studied, but
possibly leastunderstood, of all the triatomic halocarbenes.”%2233~7
As discussed recently,*' the fluorescence excitation spectrum
of the A'B; —— X!'A; system of CCl, can be separated into three
distinct regions. Region 1, which lies below 20 300 cm™! and
has been studied extensively,*~* most completely by Clouthier
and Karolczak,*>*3 displays regular vibrational structure, and a
Dunham expansion fit of the band origins for the C**Cl, and
C3CI¥Cl isotopologues well reproduces the experimental term
energies. In Region 2, lying between 20 300 cm™! and roughly
22500 cm™!, the rotational structure of the bands is largely
unperturbed; however, vibrational assignments have not been
made due to extensive vibrational mixing, presumed to arise
from near resonances among the states 172" having the same
polyad number p = 2n + m.*! Above ~22 500 cm™! (Region
3), the rotational structure of all bands changes markedly, such
that above ~23 000 cm™! only subbands terminating in K', =
0 appear strongly in the spectra, suggesting (by analogy to CHF)
that the RT intersection has been exceeded.*!

In this work, we set out to unravel the complicated structure
of the CCl, A'B; — X'A| system. We have remeasured the
spectrum from ~17 500 to 24 000 cm™!, or from polyad p = 1
to p = 21, and report the term energy and A rotational constant
for many new bands of both major isotopologues (C3Cl,,
C3CI’Cl). We fit the observed term energies to a polyad
effective Hamiltonian model and demonstrate that a single
resonance term accounts for much of the observed mixing.
Vibrational parameters derived from this fit are compared with
the predictions of high-level ab initio theory, and the mixing
coefficients deduced from the polyad model fit are compared
with those derived from direct fits of single vibronic level (SVL)
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emission intensities. We examined the approach to linearity and
the RT intersection through the energy dependence of the A
rotational constant and fluorescence lifetime measurements, and
our estimated barrier height is compared with the predictions
of ab initio theory.

II. Experimental Section

The experiments were carried out at Marquette University
(fluorescence excitation spectroscopy and lifetime measure-
ments) and the University of Sydney (fluorescence excitation
spectroscopy and SVL fluorescence). The relevant techniques
have already been discussed in detail,2072226.2729732:41 and so
only an overview is presented here.

Marquette. CCl, was produced using a pulsed electrical
discharge through a ~1—2% mixture of CCly (Aldrich) seeded
in high-purity He. The precursor was kept in a stainless steel
bubbler through which pure He gas was passed at a pressure of
3 bar. The discharge was initiated by a +1 kV pulse of ~100
us duration, through a current-limiting 10 k€2 ballast resistor.
The timing of laser, nozzle, and discharge firing was controlled
by a digital delay generator, which also generated a variable
width gate pulse for the high-voltage pulser. A Nd:Y AG-pumped
dye laser (0.15 c¢cm™! line width) intersected the free jet
expansion about 1 cm (13 nozzle diameters) downstream. The
laser beam was not focused, and typical pulse energies were
~1—2 mJ in a ~3 mm diameter beam. CCl, fluorescence was
collimated, mutually orthogonal to the jet and laser axes, by a
2 in. diameter /2.4 lens, and then focused through a long-pass
filter onto a photomultiplier using a 2 in. diameter £/3.0 lens. A
small portion of the laser beam was directed into a Fe:Ne or
Fe:Ar hollow cathode lamp for absolute frequency calibration
using the optogalvanic effect. All frequencies in this work were
calibrated to air wavelengths.

For fluorescence lifetime measurements, the orientation of
the nozzle was flipped so that, while remaining perpendicular
to the laser beam, it faced the collection optics. This geometry
minimized flyout effects, and past experience in our labora-
tory has shown that fluorescence lifetimes exceeding 10 us
can be accurately measured in this way. Typically, 2500
fluorescence waveforms were averaged using a 1 GHz digital
storage oscilloscope, and repeated five times. Lifetimes were
obtained by fitting each waveform to a single-exponential
function, and the average of the five measurements reported.

Sydney. CCl, was produced by pyrolysis of 1% CHCls in
He (40 bar) in an oven attached to the orifice of the pulsed
nozzle. CCl, molecules were probed by an excimer-pumped
dye laser with similar laser and detection specifications and
configuration as the Marquette experiments. Fluorescence was
imaged into a small monochromator (20 nm bandpass) for
LIF experiments. For SVL fluorescence experiments, the
emission was imaged onto the slits of a 0.75 m scanning
spectrometer. In each case, fluorescence was detected by a
PMT, processed using a boxcar integrator, and collected on
a computer for further processing. Laser wavelength was
calibrated using a wavemeter.

III. Results and Discussion

A. Excitation Spectrum and A State Energies. The A'B,
— X'A, fluorescence excitation spectra from 18 000 to 24 000
cm™!, measured in the Marquette and Sydney laboratories,
are essentially identical, with only a minor difference in
rotational temperature, which was typically 10—20 K. An
example experimental (Marquette) and simulated spectrum
for the p = 7 polyad is shown in Figure 1. The simulated
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Figure 1. Experimental (upper) and simulated spectrum of the p = 7
polyad in the A'B; — X'A, system of CCl,. The composite simulation
and the individual simulations for each band are shown. Except where
noted, each simulation includes both major isotopomers (C*Cly,
C3CIFCl), which were scaled in a 9:6 ratio based upon the expected
isotopic abundances.

spectrum includes the two dominant isotopologues (C*Cl,
and C3CI*’Cl) for each band and was obtained by fitting
the positions of the sharp "Rg bandheads, with the B and C
constants fixed at the value for the A'B; origin. In this way
the term energies and A rotational constants were determined
for each band. Experimental and simulated spectra of all
polyads measured in this work are provided in the Supporting
Information.

We performed a fit of the observed term energies up to 23 600
cm™! for the C¥Cl, and C*CI37Cl isotopologues using two
different models. Model 1 was the traditional anharmonic
(Dunham expansion) model, here given by3°

0 _ 0 0 2.0 0 2.0
G (v, v,) =Ty, +v,0; T V0, F VX, + V00, T VX,
(1)

where G is the vibrational term energy (cm™!), Ty is the
electronic term energy, v; are the number of quanta of modes 1
(stretch) and 2 (bend), w; are the harmonic energies, and x;; are
the anharmonicity constants. Previous studies have shown that
the vibrational term energies up to 20 300 cm™! are well fit to
this model.*>43

Model 2 was an effective polyad Hamiltonian model, where
the Dunham expansion terms formed the diagonal elements in
the Hamiltonian matrix, and the off-diagonal elements incor-
porated a Fermi-resonance term of the form:

@, v lHpv, — 1,0, + 20= ko [(0,) (v, + D)(v, +2)/8]"
2

where Hf is the Fermi resonance coupling matrix element, and
kioo represents the matrix element for the v;:2v, Fermi
resonance. In the harmonic oscillator limit, the matrix elements
for coupling of higher Fermi polyads is given by the expression
on the right-hand side of eq 2.

Table 1 displays the assignments, term energies, and devia-
tions for both models. Overall, Model 2 provided a much
improved representation of the data up to 23 600 cm™!, with
the standard deviation for the C35Cl, data set of 54 levels
decreasing from 7.0 cm™! (Model 1) to 1.2 cm™! (Model 2),
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TABLE 1: Band Origins, Assignments, Fit Deviations, and A Rotational Constants for the CCl, Bands Measured in This Work

C3Cl, C3Cl, Model 1 obsd  Model 2 obsd C33CIP"Cl1 C3CIPCl Model 1 obsd  Model 2 obsd A

assignment  origin (cm™)? — caled (cm™')? — caled (cm™!)  assignment  origin (cm™')¢ — caled (cm™!) — caled (em™!)  (em™Y)¢
28 17559.5 6.2 0.1 2% 17556.0 23 —0.7 3.74
2% 17861.7 3.8 —0.6 2% 17855.4 1.7 -1.2 3.82
2 18165.2 22 0.2 23 18156.0 1.7 —0.4 3.96
1524 18188.7 1.8 0.8 1524 18181.8 15 15 3.84
28 18468.3 -0.3 0.3 28 18456.4 0.8 -0.2 4.11
1823 18489.4 0.7 0.2 1523 18479.2 1.3 0.7 3.95
2 18771.6 -3.0 0.7 2 18757.0 —0.4 0.2 430
1523 18790.5 -0.5 —0.1 1623 18777.5 15 0.5 4.09
1324 18809.8 —1.1 0.7 - - - - 3.96
28 19074.3 —6.8 0.6 28 19057.5 —24 0.6 4.49
1528 19092.1 -1.6 —0.1 1628 19076.0 12 0.3 423
1323 19109.3 —0.6 0.2 1323 19095.4 0.6 1.5 4.06
2] 19376.7 —11.4 0.5 25 19357.7 -52 0.7 4.59
1523 19393.4 -35 -0.3 1423 19374.8 0.7 0.2 4.40
1823 19408.9 -0.5 -0.5 1323 19391.8 13 0.6 4.19
1328 19423.7 -1.6 0.5 - - - - 4.06
28 19694.5 —6.1 -0.5 1428 19673.4 —0.7 0.0 4.65
1528 19709.2 —0.1 —0.7 1524 19688.6 1.8 —-0.1 434
1323 19721.9 0.4 —0.6 1323 19702.7 -1.9 -0.2 4.20
13 19733.1 —4.1 0.9 - - - - 3.87
1528 — 1323 20009.4 -0.3 —0.7 1820 — 1323 19985.9 22 -0.5 453
1823 — 1324 20021.5 34 —0.6 1323 + 1323 19999.2 1.4 —0.1 4.28
1626 + 1323 20031.5 1.4 04 - - - - 4.14
- - - - 1828 — 1328 20283.4 22 —0.6 4.90
1528 — 1323 20320.2 5.0 -12 1326 — 1323 20295.1 3.5 -1.0 4.49
1323 20328.1 4.7 -1.8 1326 + 1823 20305.5 -1.7 —0.7 431
13+ 1823 20334.4 —0.8 -0.2 - - - - 4.19
—1325 — 24 20591.6 -21.2 -33 1323 + 28 20563.8 —15.6 -3.7 470
—1326 20629.0 8.2 0.1 —1326 20600.8 29 -1.6 4.48
1323 + 132) 20637.1 11.9 —-0.5 1326 + 1823 20609.4 —-5.5 0.2 4.28
—1428 20895.2 —16.4 2.4 —1325 — 28 20865.6 —14.6 1.7 4.61
15 20922.7 25 -12 - - - - 4.50
1628 20941.5 11.3 -1.0 1323 20908.2 —12.7 -0.5 4.47
—1823 21236.6 10.3 2.1 1525 21192.0 1.2 -1.0 4.81
1320 + 1524 212475 75 -1.1 1826 + 1323 21208.6 3.1 -12 470
1324 21483.8 —14.7 0.0 - - - - 4.88
—1328 + 28 21541.1 8.2 2.2 —1328 21502.2 0.6 1.9 5.00
1328 + 1528° 21554.5 42 -1.1 12280 + 1528 21510.8 4.0 -1.8 4.90
—1320 + 28 21846.0 6.1 2.1 —1828 + 28 21803.6 12.4 24 5.27
1523 21862.5 1.4 -0.7 13280 + 1528 21815.0 54 -1.3 5.15
1023 — 182§ 22067.9 -3 0.2 - - - - 5.20
- - - - —18 22058.8 —8.7 0.0 5.04
—1328° + 24¢ 22152.2 4.8 2.6 —1328° + 24° 22105.2 9.1 2.0 5.06
1626% + 28° 22171.2 -1.2 -0.3 13282 + 1528 22119.9 1.7 —1.1 5.35
—132f — 2 224345 43 1.1 —1325 — 1828 22389.5 8.4 1.9 5.90
—1328" + 2F 22457.1 1.7 1.3 —1328" + 27 22407.6 5.9 1.8 5.90
1828 + 287 22480.4 -3.8 0.1 1828 + 287 224258 -1.6 —0.4 5.70
—1828° 22737.6 2.7 0.0 —1828° 22689.4 5.9 12 6.50
—1328% + 288 22763.4 -0.5 0.8 —13282 + 288 227102 2.4 12 6.20
18288 + 248 22790.2 -6.3 0.5 - - - - 6.00
1523 22955.8 115 0.6 - - - - 7.65
—182)! 23040.8 0.7 —1.4 —1828! 22989.2 2.7 -0.2 9.74
—1328° + 28 23069.8 -3.1 0.0 —1328° + 28 23013.3 -1.2 0.5 6.75
—1828% + 13288 233445 -1.2 -2.8 —1828 + 19288 23289.8 -1.0 -1.2 10.44
—1320 + 22 23376.9 —54 —0.6 —1528¢ + 23° 23317.0 —4.9 0.0 16.04
- - - - —1828 + 1028 23590.1 —44 -3.1 8.3¢
—13287 + 23" 23685.6 —6.6 —0.1 1328 — 23! 23622.6 -72 0.8 13.14
fit SD 7.0 1.2 5.8 14

@ Estimated uncertainty of +0.1 cm™'. » Observed — calculated. ¢ Estimated uncertainty of +0.02 cm™!, except where noted. ¢ Estimated

uncertainty of £0.1 cm™.

and that for the C3°CI37Cl set of 46 levels from 5.8 cm™! (Model
1) to 1.4 cm™! (Model 2). One caveat should be made regarding
the “assignments” in Table 1 for bands above ~20 000 cm™'.
We initially made zeroth-order assignments for these bands
based upon the largest mixing coefficient for a given state;
however, this has the disadvantage that the same assignment is
sometimes given to more than one state. Thus, the assignments
in Table 1 reflect the dominant zeroth-order states, i.e., all which
have an absolute mixing coefficient >0.5. Levels with a negative
sign indicate that the derived mixing coefficient was negative.
These “assignments” should be considered only as labels, as
all levels in a given polyad for polyads above 20 000 cm™! are

strongly mixed. Importantly, our analysis shows that this mixing
can be adequately described with the single Fermi-resonance
term, kjpo = —4.2 cm™ L.

The mixing among levels within a given polyad are readily
shown in the coefficients c;;, defining the eigenfunctions in terms
of the zeroth-order states, i.e.

0= ) ety =1y, 0,00 )
7

where v, v,are the zeroth-order states and the sum runs over
all levels j in a given polyad. Our analysis shows that the 18 800
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TABLE 2: Vibrational Parameters for CCl,(A): Experiment and Theory

Too® of 3 o X% xha ki
C3Cl,

experiment
Model 14 17249.2(6) 641.2(3) 303.9(2) —4.80(3) 0.23(1) —2.81(3) -
Model 2¢ 17256.9(6) 633.7(4) 302.3(2) —3.81(5) 0.20(1) —1.95(5) —4.19(5)
ref 43 17255.672(15) 634.280(78) 302.618(22) —2.638(68) 0.113(5) —1.989(28) -

theory
ref 68 16989 633.7 304.0 - - - -

C3CICl

experiment
Model 14 17254.3(7) 632.7(3) 299.1(2) —3.59(3) 0.31(1) —2.47(3) -
Model 2¢ 17257.1(7) 628.7(4) 299.3(2) —3.52(4) 0.19(1) —1.92(6) —3.73(7)
ref 43 17255.450(24) 631.54(26) 299.594(25) —3.56(29) 0.140(5) —1.987(95) -

@ This work. ? One standard error in parentheses.

cm™! polyad (p = 5), comprising the zero-order states 1324,
1423, and 23, is the highest energy polyad for which the squared
diagonal coefficients (c;?) are all greater than 0.8. At higher
energies the mixing increases, so that even an approximate
description of the observed states in terms of a zeroth-order
picture is not valid. For example, in the 20 600 cm™! polyad (p
= 11), the largest of any squared coefficient, ¢;?, is 0.42. A
detailed listing of the wave functions predicted from our polyad
analysis for both C3Cl, and C*CI¥Cl is provided in the
Supporting Information.

B. Spectroscopic Constants. The vibrational parameters
determined from the fits to Models 1 and 2 are compared in
Table 2 with previous experiment and theory. Note that the
parameters derived in ref 43 were obtained from a fit using
Model 1 of the term energies up to 20 300 cm™!. Despite some
differences in assignments (Table 1), our derived vibrational
parameters are consistent with the previous work. Converting
the fit frequencies to harmonic frequencies using the relation-
ship30

0, =) —x)— 3’ 4)
7
we obtain (in cm™"): w; = 637.6(3), w> = 304.3(2), in excellent
agreement with the ab initio (CASPT2/cc-pVTZ) calculations
of Sendt and Bacskay,% which gave (in cm™!): w; = 633.7, w,
= 304.0.

C. Single Vibronic Level Fluorescence Spectra and A
State Wave functions. Figure 2a—c contains examples of
experimental and simulated SVL emission spectra. Panel (a)
displays a level from p = 4, and panels (b) and (c) display
different levels from p = 8. Polyad p = 4 is at energies below
the onset on significant mixing (all ¢;> > 0.9), and p = 8 has
highly variable values for ¢;, with frequency analysis indicating
the levels to be significantly mixed.

Within each panel, the top spectrum is an experimental SVL.
emission spectrum, and the inverted spectra are simulations. The
bottom simulations in each panel are based on emission from
unmixed excited states (where Model 1 would be appropriate),
as performed previously.*! The zeroth-order excited states used
for the simulations are shown beside the upper left corner of
each panel. The simulation for p = 4 is quite a good fit, which
is not unexpected for a state with very little mixing. In contrast,
the fit to levels in p = 8 is quite poor. In panel (b), the doublet
of peaks near 750 cm™! is missing, while in panel (c), the
intensities in the (0,n,0) progression are not well reproduced,
while other peaks above 1700 cm™! are either missing or given
too much intensity.

(a)
ﬁ'.____,). l'u'?\__._/llﬂ L_._.,J'!lb_\._ ,.»\)\_ e

1000 (c)

A A A A A A

B g o0 —
Relative Energy (cm™)

Figure 2. Experimental single vibronic level SVL emission spectra
(top of each panel), compared with predicted intensities based on Model
1 (bottom spectrum in each panel) and the fit results of our polyad
model (middle). Panel (a) is a level in p = 4, and the other two are
from p = 8. On the left are the calculated wave functions for the
emitting state, with a zeroth-order label corresponding to the highest
contributing state within the polyad.

The intensities of transitions in a SVL fluorescence spectrum
are very sensitive to the zeroth-order composition of the emitting
state. To account for this, we conducted an analysis of the SVL
fluorescence spectra based on Model 2. We analyzed spectra
from over 36 excited-state levels between 18 100 and 20 700
cm™! (p = 3—11), which included levels with and without
significant mixing. To simulate the spectra we initially used
harmonic Franck—Condon (FC) factors determined previously*!
and the well-known ground-state vibrational term energies. Each
transition intensity was weighted by v3, based upon the
frequency dependence of the Einstein (A) coefficient for
spontaneous emission, and scaled for the response of the PMT,
as provided by the manufacturer.

The intensity for a simulated emission transition, /;;, from
eigenstate i to lower state /, was represented as

I, = (z ¢,;FCF jl)zvilsr(/l) ©)
J
where vj is the transition frequency, and FCFj; is the FC factor
for emission from zeroth-order state |j[Jto ground state /L] It is
assumed that the ground-state levels are not mixed.?>*! T'(1) is
the PMT correction, and c;; are the mixing coefficients from eq
3. The sum over j runs over all zeroth-order states in a given
polyad. The final intensity of each peak in an SVL fluorescence
spectrum is very sensitive to the mixing coefficients; significant
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transition moment interference can occur when the terms in the
expansion, c¢; x FCFj, are of opposite sign (both ¢;; and FCF;
can be positive or negative).

First, we performed unconstrained fits to the experimental
intensities, allowing the ¢;; to vary to optimize the fit. Fitting in
this way allows the experimental spectrum to decompose itself
into zero-order components without resorting to a particular
model. The ¢;; can be simply normalized for each mixed state
liL] Ideally, the c¢; matrix would also be normalized for each
zero-order component, i.e., the ¢;; matrix is Hermitian. However,
in practice, small changes in the experimental intensities cause
the coefficient matrix to be non-Hermitian. We therefore
compared the coefficients to those calculated from Model 2,
where the Fermi resonance term kj2 = —4.2 cm™!. While the
unconstrained fit obviously had a smaller error between
experimental and simulated intensities, the predicted composi-
tion of the states (from Model 2) was not significantly different
and the predicted intensities were in satisfactory agreement (3>
within a factor of 2 of the unconstrained fit).

The results of our fitting using k2> = —4.2 cm™! are also
shown in Figure 2a—c as the upper simulation in each panel.
There is little difference between the “pure” and mixed
simulation for p = 4, with both reproducing the experimental
intensities well. In panel (b), we see both peaks around 750
cm™! predicted, and peak intensities are well matched for the
stronger peaks in the spectrum. The strong v, FC envelope in
panel (c), peaking at v = 2, matches the experimental spectrum
very well, and the simulation correctly predicts the intensities
for the peaks above 1700 cm™!. Overall, the simulation of
experimental intensities is greatly improved when mixing within
a polyad is accounted for.

We next determined mixing coefficients for a range of ki
values and used these to generate simulated emission intensities.
Larger values of k2, predicted too strong a degree of mixing
between states, with the calculated intensities a much worse
fit. Smaller values, down to k2 = —3.0 cm™!, gave mixing
coefficients that fit the experimental data as well as those for
k1o = —4.2 cm™ L. A value of k1o = —3.0 cm™! in the Model
2 calculations also provides a reasonable fit to the observed
vibrational terms, with an average difference for the 35,35
isotopologue of 2.4 cm™!. Therefore, the combination of SVL
intensities and term energies (i.e., fitting eigenvalues and
eigenvectors) provides k2 = —3.6 4+ 0.6 cm™! for all polyads
uptop =09.

The wave functions for the three excited vibrational states in
Figure 2 are shown alongside the respective SVL spectra. They
were calculated using harmonic oscillator wave functions and
weighted using the mixing coefficients determined from k2, =
—4.2 cm™!. The wave functions are plotted as bend against
stretch, with the number of vertical nodal planes showing the
number of quanta of bend, and the horizontal planes the number
of quanta of symmetric stretch. The p = 4 wave function is
readily identifiable as (1,2,0), with two nodes along the bending
coordinate and one mode along the stretching coordinate. The
wave functions for the two p = 8 levels, while still identifiable
as (2,4,0) and (4,0,0), show the effects of mixing as the nodes
no longer lie directly along the bending and stretching coordi-
nates. Secondary nodes can also be observed in both wave
functions, with the central antinode (in the bending coordinate
for the wave function labeled (2,4,0), and the stretching
coordinate for the wave function labeled (4,0,0)) too strong for
harmonic oscillator wave functions, where the main intensity
would be expected at the extremities of the wave function. This
mixing in of intensity from other eigenstates again illustrates
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Figure 3. Measured A rotational constants for C**Cl, bands obtained
in this work plotted vs energy. A sudden increase near 23 000 cm™!
marks the approach to linearity and the RT intersection. Calculated
wave functions are shown for two polyads, illustrating the degree of
mixing at higher energies.
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Figure 4. Fluorescence lifetimes measured in this work, sorted as a
function of K',.

that the zeroth-order labels are no longer appropriate for the
experimentally observed states.

The wave functions become increasingly mixed for higher
polyads and zero-order labels become impossible to identify.
An example of a wave function from the p = 15 polyad,
calculated as above, is shown in the upper inset to Figure 3.
This is in the part of the spectrum previously labeled as Region
2, in which assignment of the fluorescence excitation spectrum
proved difficult. The wave function shows clearly that conven-
tional assignment as bending and stretching quanta is inap-
propriate, and a simple polyad label is more useful to describe
the states. SVL fluorescence spectra were also measured for
most of the states throughout this region, and we attempted to
fit the SVL spectra from this region as was done above;
however, with so many zero-order states to include, and such
highly oscillatory wave functions, there are many disparate local
minima in the fit, and small changes in the experimental
intensities can change the final fit significantly. Nonetheless,
this analysis demonstrates clearly that the origin of the state
mixing is anharmonic coupling. There is no real physical
differentiation between Regions 1 and 2, which are only
differentiated by the increasing number of states in the polyad
and the size of the coefficients falling below that which allows
a zero-order assignment of the peak.
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D. Renner—Teller Intersection. Having successfully ex-
plained the vibrational mixing responsible for the transition from
the previously labeled Region 1 to Region 2, we now turn to
the Renner—Teller intersection. In related systems such as CHF
where this intersection occurs at an energy stable with respect
to dissociation, the approach to the RT intersection is evidenced
in (i) a dramatic increase in the A rotational constant, and (ii)
a loss of intensity for sub-bands terminating in K, > 0, with
an associated increase in fluorescence lifetime.2®?’ The latter
is due to mixing among vibrational levels of the RT pair of
states, which scales with K, and is maximal in the barrier region
where the wave functions strongly overlap. The energy depen-
dence of the A rotational constant for CCl, is shown in Figure
3. For related systems such as CBr,,3! this energy dependence
is found to be linear with vibrational quanta, and can be
expressed as®?

A, vy) =Ay — AV, — 0L, (6)

where the o; are the vibration—rotation interaction parameters,
conventionally defined.®*%? In order to model the dependence
for CCl,, we used eq 6 and effective quantum numbers generated
using the mixing coefficients from Model 2 for ki, = —4.2
cm™!. This approach gave a reasonable fit (0 = 0.01 cm™!) up
to 20 000 cm™!, where the mixing becomes severe. The derived
fit parameters are (in cm™1): Agy = 3.60(3), a; = —0.07(1), o,
= —0.14(1).

Figure 3 has two interesting features. First, a coalescence of
the A values can be observed from ~20 900 cm™! and above,
due to the strong mixing between states at these energies which
was discussed in sections A and C. The wave functions for two
states (from p = 5 and p = 15) are shown, illustrating how
strongly mixed the higher levels are. Second, one can note from
Figure 3 the relatively smooth increase of A with energy up to
~23 000 cm™!, where an abrupt increase is observed. We
attribute this increase to the approach to linearity and the RT
intersection, a hypothesis which was tested using fluorescence
lifetime measurements.

Figure 4 displays a compilation of the fluorescence lifetimes
measured in this work, which are sorted as a function of K',.
The lifetimes were measured by exciting sharp, isolated "Rg
bandheads, and thus are averaged over several J levels. Where
the uncertainties are not visible, they are smaller than the symbol
size. Note that these results are not further sorted by isotopo-
logue, as we found to within our uncertainty no dependence of
the lifetime on isotopologue C3Cl, vs C3CICI.

Our lifetimes are in mixed agreement with previous work.
In early matrix studies, Bondybey reported a lifetime of 3.6 us
in solid Ar.3® Because of fast vibrational relaxation in the matrix,
this represents the value for the origin of the X — A system,
which was not measured in this work due to a small intensity.
For a related carbene, CF,, where both matrix and gas-phase
lifetimes are known,%3:84 the Ar matrix lifetime is ~2.4 times
shorter than that observed in the gas-phase. Applying this matrix
correction to the Bondybey value gives a gas-phase lifetime of
~8.5 us, in good agreement with our results (Figure 4). Later,
in room-temperature cell experiments, Thrush and co-workers
reported values of 3.81(30) and 4.55(68) us following excitation
at 445—517 and 437 nm, respectively.® This trend is opposite
that expected based on the wavelength dependence of the
Einstein A coefficient, but in hindsight is understandable given
the lifetime lengthening we observe at higher energy, described
below. In another study, Shobotake and co-workers observed
the A — X emission following VUV excitation of halogenated
methanes, and reported biexponential decays with lifetimes near
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Figure 5. Expanded view of the lifetime data of polyads (p = 17—20)
near the RT intersection. A pronounced lifetime lengthening for levels

with K', > 0 is observed, so that very few lifetimes for these levels
could be measured.

2 and 4 us, respectively.’’ We find no evidence for biexponential
decays following the excitation of single vibronic levels, and
our measured K'y, = 0 lifetimes gradually decrease from ~7 us
at lower energy to ~2 us in the high-energy region of the
spectrum.

It is obvious from Figure 4 that there is little dependence of
the lifetime on K', over much of the measured range. However,
beginning at ~22 500 cm™!, a significant lengthening in lifetime
is observed for levels with K', > 0, so that above ~23 500 cm™!
only lifetimes for sub-bands terminating in K’y = 0 could be
measured, due to the extreme weakness of sub-bands with K',
> 0. The transition to this region is illustrated in Figure 5, which
displays expanded views of the lifetime measurements for four
polyads (p = 17—20). Very few lifetimes could be measured
for levels with K';, > 0, and most of these have K', = 1. This
is expected based on the K,? scaling of the RT interaction and
is consistent with simulations of spectra in this region, which
show a severe weakening and eventual disappearance of sub-
bands with K', > 0.*! We emphasize that the weakening of these
sub-bands reflects the spreading out of oscillator strength over
many states. Taken with the energy dependence of the A
rotational constant (Figure 3), the lifetime measurements indicate
that the RT intersection occurs between 23 000 and 23 500 cm™!
above the vibrationless level of the X'A; state, in close
agreement with the theoretical (CASPT2[g1]/cc-pVTZ) predic-
tion of 23 323 cm™! by Sendt and Bacskay.%®

IV. Conclusions

In an effort to unravel the complicated structure of the CCl,
A'B; — X!A, system, we have remeasured the spectrum from
~17 500 to 24 000 cm™!, or from polyad p = 1 to p = 21, and
report the term energies and A rotational constants of many new
bands for both major isotopologues (C3Cl,, C3CI3’Cl). We
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fitted the observed term energies to a polyad effective Hamil-
tonian model and have demonstrated that a single resonance
term accounts for most of the observed mixing. The vibrational
parameters derived from this model are in excellent agreement
with ab initio predictions, and the mixing coefficients deduced
from the polyad model fit are in close agreement with those
derived from direct fits of single vibronic level (SVL) emission
intensities. We examined the approach to the barrier to linearity
(RT intersection) through the energy dependence of the A
rotational constant and fluorescence lifetime measurements,
which indicate a barrier height that is in excellent agreement
with ab initio theory.
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