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We report the first observation of the predissociative B̃ state of a halocarbene molecule. Rovibronic

energy levels were measured in the B̃�1A�� state of CHF by fluorescence dip detected optical-optical

double resonance spectroscopy via the Ã state. The origin was found to lie 30 817.4 cm−1 above the

zero point level of the X̃ state. Rotational transitions within six purely bending states, and states
involving one or two quanta of CF-stretch were observed, including the vibrational angular
momentum components. Interpretation of the spectrum, with support of ab initio calculations, shows

that CHF is quasilinear in the B̃ state with a small �−200 cm−1� barrier to linearity which lies below
the zero-point level. The rotational constant, B=1.04 to 1.09 cm−1, depending on vibrational state,

again in good agreement with theory. All observed B̃ state levels were predissociative, as evidenced
by Lorentzian line broadening. Linewidths varied with initial state from 0.7–10.8 cm−1,
corresponding to excited state lifetimes of 0.5–8 ps. © 2007 American Institute of Physics.
�DOI: 10.1063/1.2515273�

I. INTRODUCTION

Carbenes are among the most important of reactive
intermediates.1 They are characterized by a divalent carbon
giving rise to low-lying electronic states of different multi-
plicity, a singlet with two electrons paired in the “carbene”
configuration, and a triplet biradical. Either of these configu-
rations may be the ground state; the other is metastable. As
common reaction intermediates these two states undergo dif-
ferent subsequent chemistry, e.g., as organic intermediates
the carbene preserves reaction stereochemistry while the bi-
radical does not.1 Historically, therefore, much attention has
focused on the singlet-triplet gap. The simplest carbene, me-
thylene, has a well-known triplet ground state.2 Most other
small carbenes have singlet ground states, and have served as
excellent benchmarks for theory.3 These systems are also
prototypes for study of the Renner-Teller �RT� effect, as the
two lowest singlet states are components of a RT pair, giving
rise to an electronic spectrum in the visible region, readily
probed by laser induced fluorescence �LIF�. In recent years,

the Ã↔ X̃ systems of halocarbenes have been investigated
extensively.3,4

Despite the extensive literature on singlet-triplet gaps,

RT interaction and Ã– X̃ spectroscopy, the ultraviolet photo-
chemistry of carbenes is relatively unexplored apart from a
couple of matrix studies.5 CFBr and CFCl are known to dis-

sociate to CF+Br or Cl via a curve crossing in the Ã state.6,7

However this curve crossing seems not to be accessible in

the Franck-Condon region of most other small halocarbenes.
There are very few investigations of higher lying electronic
states. The ultraviolet �248 and 266 nm� photodissociation of
CCl2 has been explored recently, however, the identity of the
dissociative surface remains uncertain.8 Even for the sim-
plest carbene, CH2, weak transitions in the c̃1 A1← ã1 A1 sys-
tem observed some 60 years ago9 remained unassigned until
very recently when rotationally resolved spectra of the c̃ state
were observed using optical-optical double resonance
�OODR� spectroscopy.10–12 The energies accessed in the c̃
state were just below the barrier to dissociation.

In this work, we report the first observation of the pre-

dissociative B̃ state of a carbene, CHF, measured via a two
color double resonance technique. As we shall demonstrate,
this state is quasilinear with lifetime-broadened linewidths
that vary with vibrational state. The equivalent one-photon
transition is also allowed and would lie in the near ultraviolet

��310 nm� region. The B̃ states of other carbenes are likely
to behave in a similar manner and, therefore, this observation
in CHF may represent a common photochemical mechanism
for carbenes more generally.

II. EXPERIMENT

The apparatus used in this work is essentially the same
as our previous CHF studies �at Marquette�;13 only essential
differences are highlighted. CHF was produced in a pulsed
discharge nozzle through a 1–2% mixture of CH2F2 in Ar.

Rotational transitions in the Ã← X̃ �00
0� band of CHF were

excited by a dye laser at �579 nm. About 300 ns later, a
second counter-propagating laser either excited transitions in
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the B̃← Ã system or stimulated emission from Ã→ X̃ �see
Fig. 1�. A decrease in fluorescence was observed when the

second laser was resonant with transitions in either B̃← Ã or

Ã→ X̃ systems. Fluorescence depletion was measured using
a dual gate boxcar system, where a portion of the fluores-
cence decay was integrated before and after the second laser
pulse. The ratio of signal from each gate was recorded to
remove the effect of shot-to-shot fluctuations in the signal.
Typically, ten shots were averaged at each wavelength step.

The wavelength of the first laser was calibrated using the

well-known X̃→ Ã spectroscopic constants.13 The second la-
ser was calibrated in part using stimulated emission pumping

�SEP� transitions. Transitions terminating in X̃ �0,1 ,0�,
�0,1 ,1�, �0,2 ,0�, and �1,0 ,0� were calibrated using pub-
lished spectroscopic constants.14 Absolute frequency calibra-

tion of the Ã→ B̃ transitions, and hence B̃ state term values is
therefore accurate to �0.5 cm−1 for spectra that contain
these calibration lines. Other spectra were calibrated by in-
terpolation and have an absolute calibration of approximately
±2 cm−1. Relative reproducibility within a spectrum should
be accurate to ±0.1 cm−1 which is the linewidth of the sec-
ond laser.

III. RESULTS AND DISCUSSION

Figure 2 shows survey scans of B̃ �0,�2 ,0�← Ã �0,0 ,0�
bands with �2=0–5. The x-axis is the two-photon energy

above the X̃ state zero-point energy. The bands display the
characteristic rotational structure of a c-type, bent-to-linear
transition, and our analysis follows closely that used in the

recent report of the B̃ state of SiH2 using the same OODR
technique.15 The selection rules for such a transition are �J
=0,±1, and Ka− l= ±1, where l is the vibrational angular
momentum quantum number for the bending mode in the

linear B̃ state and Ka is the associated rotational quantum

number of the bent molecule in the Ã state. There is an

additional selection rule governing transitions between each

Kc doublet in the Ã state with states of different parity in the

B̃ state. However, we do not resolve the Kc nor parity dou-

blets in these experiments. By pumping intermediate Ã state

levels with Ka=0, 1, and 2, B̃ state levels with l=0–3 could
be accessed with the restriction that even � contains only
even l components and vice versa for odd �. The lowest two
vibrational states in Fig. 2 show only one l component, while
all higher levels contain two l components. The only pure
bending states of a linear molecule that contain only one l
component are the two lowest lying states: �0,00 ,0� and
�0,11 ,0�. This provides convincing evidence that the band at

30 817.4 cm−1 is the B̃ state origin.
Although the bands in Fig. 2 can be described in terms

of bent to linear transitions, it remains to determine whether

the equilibrium geometry of the B̃ state is truly linear, or
quasilinear. To establish the case we performed a simple test
of quasilinearity16 and also calculated the potential energy
along the bend coordinate at a diagnostic level of ab initio
theory.

FIG. 1. Ab initio potential energy curves of the lowest three singlet states of

CHF as a function of bond angle. The inset shows the B̃ state on a scale to
enhance observation of the barrier. The arrows indicate the experimental

approach, which was to excite the Ã← X̃ transition, then observe B̃← Ã

transitions by depletion of the Ã→ X̃ fluorescence.

FIG. 2. Survey scans of the B̃← Ã← X̃ spectra of CHF. In each case, either

the rR0�2� band of the Ã← X̃ transition was excited to probe B̃ state levels
with even �2 and l=0 or 2, or the rR1�2� transition to probe levels with �2

=odd and l=1 or 3. The upper panel shows excitation of two vibrational
bands involving the CF-stretch vibration. Note that the scale is 200 cm−1, in

order to fit these very broad bands onto the spectrum. Asterisks indicate Ã

→ X̃ SEP transitions.
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Yamada and Winnewisser define a quasilinearity param-
eter as:16

�0 = 1 − 4� A

�bend
� , �1�

where A is the rotational constant about the a-axis and �bend

the bending frequency. In the quasilinear case, this equation
becomes:

�0 = 1 − 4���0,11,0�
��0,20,0�� . �2�

�0 will therefore vary between �1 for a bent molecule, to −1

for a linear molecule. To illustrate, �0=0.95 for X̃ state CHF,

near the limiting value for a bent molecule. �0=0.90 in the Ã
state, clearly bent but with an increase in bond angle. In

contrast, �0=−0.54 in the B̃ state, which is similar to the

quasilinear B̃ state of SiH2 for which a small barrier at lin-
earity of �125 cm−1 was inferred.15

To place the structure of the B̃ state on a stronger theo-
retical footing, we performed a preliminary theoretical ex-
ploration of the electronic structure. The potential energy

curves of the X̃, Ã, and B̃ electronic states were computed
using MOLPRO

17 and the complete active space self-
consistent-field �CASSCF� method.18,19 The active space
used was complete valence, consisting of all 9 molecular
orbitals which arise from the 2s, 2p atomic orbitals of the C
and F atoms, and the 1s orbital of the H atom, which accom-
modate the 12 active valence electrons. While the core orbit-
als were held closed, they were optimized in the CASSCF

procedure. In calculating the X̃ and Ã states, even weightings
were given in the CASSCF orbital optimization in order to

ensure degeneracy at linearity. The B̃ state was calculated
separately with full weighting given to that state. The basis
set used was the correlation-consistent cc-pVTZ basis.20 The
HCF bond angle was scanned with RCH and RCF fixed at
1.06 Å and 1.29 Å, respectively, which were determined to

be the equilibrium bond lengths for the B̃ state at linearity.
These calculations used the same basis set, but lower level of
theory than we used previously for an extensive investigation

of the X̃, ã, and Ã states of CHF.21 The lower level of theory

still provides X̃–Ã and X̃–B̃ energies that are within 10% of
the experimental values.

Figure 1 shows the resultant ab initio bending potential

energy curves. The inset shows the B̃ state alone, drawn with
a scale to accentuate the barrier at linearity ��200 cm−1�.
This is in good agreement with the interpretation based on
the quasilinear parameter above. The rotational constant at
the linear configuration was calculated to be B=1.081 cm−1,
also in excellent agreement with the experimental value at
the zero-point level �Table I�. The calculated curve is consis-
tent with the observed energy levels �Table I�.

Figure 3 shows the �0,2l ,0� transitions at higher resolu-

tion accessed via different Ã rotational levels: JKa=11, 21,
and 31. The effect of the double resonance technique is clear;

each spectrum shows absorption from a single Ã state level.
Excitation of several intermediate levels with different J al-

lowed measurement of 3–5 rotational states in each vibra-
tional level sufficient to determine approximate rotational
constants, B, which are reported in Table I. All pure bending
levels have B=1.08–1.09 cm−1, except for the �0,4l ,0� lev-
els. The �0,40 ,0� level, in particular, is more substantially
broadened than the other pure bending levels, indicating that
it is probably perturbed by a nearby, shorter lived state.

TABLE I. Assignments, energies, rotational constants and line widths of all

B̃ state vibrational levels measured in this work.

Vib. levels
Vib. Energya

�exp, cm−1�
Bb

�exp, cm−1�
Widthc

�cm−1�

�0,0,0� 0.0 1.080±0.006 0.7
�0,11 ,0� 466.9 1.092±0.003 1.1
�0,22 ,0� 1069.1 1.079±0.008 2.4
�0,20 ,0� 1209.8 1.078±0.010 3.1
�0,33 ,0� 1748.0 1.082±0.005 2.2
�0,31 ,0� 1773.5 1.088±0.003 1.6
�0,42 ,0� 2378.1 1.067±0.010 2.0
�0,40 ,0� 2498.7 1.050±0.010 4.0
�0,53 ,0� 3055.4 1.079±0.010 3.1
�0,51 ,0� 3060.8 1.076±0.006 2.5

�0,00 ,1� 1329.4 1.082±0.020 1.0

�0,11 ,1� 1896.1 1.075±0.007 6.9
�0,22 ,1� 2582.1 1.073±0.025 10.8
�0,20 ,1� 2665.2 1.040±0.013 9.1

�0,00 ,2� 2626.4 1.040±0.004 5.1

aMeasured relative to the zero-point level which lies 30 817.4±2.0 cm−1

above the zero-point level of the X̃ state. The relative uncertainty in the
vibrational energy is ±0.5 cm−1.
bFit using a linear molecule rigid rotor to about 5 spectral lines.
cFit to a Lorentzian line profile. These linewidths should be considered
indicative. No tests for power broadening were performed, although SEP
lines were always �0.3 cm−1.

FIG. 3. Higher resolution scans of the B̃�0,2l ,0�← Ã�0,0 ,0� transition us-
ing different intermediate rotational states �indicated on the figure�. Both l
components are clear, and up to three rotational states for each l can be

prepared via a single Ã state level. Asterisks indicate Ã→ X̃ SEP transitions.
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In addition to the bending levels, several transitions to
levels involving 1 or 2 quanta of C–F stretch: �0,�l ,1� and
�0,�l ,2� were observed. Three such transitions terminating
in �0,00 ,2�, �0,20 ,1�, and �0,22 ,1� are shown in the top
panel of Fig. 2. �Note the x-axis for this panel has twice the
range of the other panels.� The peaks have Lorentzian line-
widths of �10 cm−1, corresponding to a transform-limited
lifetime of �0.5 ps. These states lie near the �0,4l ,0� levels
and appear to be in Fermi resonance because the l-splitting
appears anomalous in comparison to the other bending
states; �0,40 ,0� in particular appears to be perturbed by
�0,20 ,1�. The CF-stretching levels all exhibit a smaller rota-
tional constant, B=1.04–1.08 cm−1, consistent with a slightly
larger CF bond length in the excited vibrational states.

Lorentzian linewidths were fit for all measured B̃← Ã
transitions. In every case these were broader than the SEP
lines indicating that the upper levels are homogeneously
broadened by predissociation �Table I� which is consistent

with the fact that the B̃ state origin lies some 6 000 cm−1

above the thermochemical threshold to form CF�2�� and H
products.21 However, the widths display a striking depen-
dence on vibrational state, with CF-stretch-containing states
exhibiting far larger widths than nearly isoenergetic �0,�l ,0�
states. This suggests that studies of the B̃ state dynamics will
be of interest in understanding the state interactions impor-
tant in the photochemistry of carbenes.

As noted earlier, the B̃ state of CHF is the same elec-
tronic configuration as the c̃ state of CH2.9–12 The c̃ state of
CH2 lies below the thermochemical dissociation limit, while

for CHF, the B̃ state is clearly above. Other halocarbenes are

likely to be similar to CHF and hence the B̃ states in these
other carbenes might also be photochemically active, as they
should be one-photon-allowed by symmetry, though weak,
because they involve a two-electron transition.

IV. CONCLUSIONS

We have reported the first observation of the predissoci-

ated B̃ state of CHF using OODR spectroscopy. Transitions
involving the bend and CF-stretch vibrations were identified.
The linewidths display pronounced mode specificity with a
significant increase observed upon excitation of CF-stretch
levels. A preliminary vibrational analysis indicates that the
upper state is quasilinear, consistent with our theoretical pre-
dictions, which predict a barrier height of �200 cm−1.
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