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We report new 351 nm negative ion photoelectron spectra of CCl2 , CBr2 , and CI2 . This study
was undertaken in an attempt to understand the major discrepancy between dihalocarbene
(CX2, X = Cl, Br, I) singlet–triplet splittings reported by our laboratory (R. L. Schwartz,
G. E. Davico, T. M. Ramond, W. C. Lineberger, J. Phys. Chem. A., 1999, 103, 8213) and new
theoretical values. Our recent experiments show that a dihalomethyl anion (CHX2 ) contaminant
in the dihalocarbene anion beam, previously considered insigniﬁcant, made a major contribution
to the reported CX2 photoelectron spectra. Thus, the interpretations of the earlier CX2 spectra
and the reported singlet–triplet splittings were incorrect. Replacing O with OH in the anion
formation process yields a pure dihalomethyl anion, whose highly structured photoelectron
spectrum can be subtracted from the contaminated spectrum, yielding a clean CX2
photoelectron spectrum. The new CCl2 photoelectron spectrum displays resolved vibronic
transitions to the two lowest electronic states of CCl2: X1A1 and a3B1. The electron aﬃnity of
X1A1 CCl2 is 1.593(6) eV. A large change in geometry between the anion and the neutral triplet
state precludes the direct observation of the triplet origin. The energy diﬀerence between the X1A1
and a3B1 states of CCl2 is estimated to be B0.9(2) eV, consistent with high-level theoretical
studies. While we conﬁrm similar dihalomethyl anion contaminants in the earlier photoelectron
spectra of CBr2 and CI2 and report new photoelectron spectra for these ions, the paucity of
resolved features in the spectra provides limited additional thermochemical information.

Introduction
Carbenes (:CXY) are highly reactive diradicals with two
electrons occupying nearly degenerate s and p orbitals. They
serve as intermediates in many chemical reactions, including
addition to a double bond, insertion into a single bond,
dimerization, and intramolecular rearrangement.1–4 The
nature of the substituents aﬀects whether the electronic conﬁguration of the ground state is a s2 singlet or a diradical s1p1
triplet.4 The singlet 1A1 and triplet 3B1 states lie close in energy
but exhibit very diﬀerent reactivities, so the diﬀerence in
energy between the two states (DEST) is a quantity of great
interest. Furthermore, dihalocarbenes have served as test cases
for comparing experimental and theoretical energy splittings.
For these reasons, carbenes have drawn attention from both
experimental and theoretical research groups for decades.
Singlet–triplet energy splittings are diﬃcult to determine
experimentally.4 Though the singlet ground states of the
dihalocarbenes have been well-characterized,5–18 spectroscopic
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methods are commonly unable to interrogate states of diﬀerent
multiplicity, making DEST an elusive quantity. Extensive
theoretical work has been done to calculate DEST of the
dihalocarbenes. In the late 1980s, Carter and Goddard19–21
carried out one of the ﬁrst thorough studies to determine the
magnitude of DEST of neutral dihalocarbenes. More calculations followed,22–25 and the computational results reached
a consensus that the 3B1 states of CCl2, CBr2, and CI2 lie
10–35 kcal mol 1 higher in energy than their respective
1
A1 states.
Anion photoelectron spectroscopy is a direct method of
measuring DEST. In 1999, Lineberger and co-workers investigated the series of dihalocarbenes CX2 (X = F, Cl, Br, I) with
this technique.26 The singlet–triplet splitting obtained from the
spectrum of CF2 (DEST = 54(3) kcal mol 1)26 agreed with
theoretical predictions (DEST = 56.9(7) kcal mol 1),27 but the
splittings for the heavier dihalocarbenes did not.27 Theorists
calculated a DEST of B20 kcal mol 1 for CCl2 and B17 kcal mol 1
for CBr2,22–25 while the photoelectron spectra implied substantially lower DEST values: 3(3) kcal mol 1 for CCl2, and
2(3) kcal mol 1 for CBr2. Recently, more calculations have
followed as rapid advances in theory have been made.27–35
Of particular interest was CCl2, the most computationally
tractable of the dihalocarbenes. Notably, Dyke and co-workers
performed a combined ab initio, Franck–Condon study to
simulate the CCl2 photoelectron spectrum.33 All calculations
yielded the larger DEST values, consistent with the earlier
Phys. Chem. Chem. Phys., 2009, 11, 4745–4753 | 4745

theoretical studies. This discrepancy between theory and
experiment prompted us to carry out a careful reinvestigation of the photoelectron spectra of the dihalocarbenes,
particularly CCl2 .
We have carefully examined the chemistry taking place in
the ion source, and we have identiﬁed contamination from
CHCl2 in the previously reported CCl2 spectrum that had
obscured the triplet band and skewed DEST. In the current
study, we collect the photoelectron spectrum of pure CHCl2
and minimize its contribution to elucidate the CCl2 experimental data. We present the CCl2 351 nm photoelectron
spectrum that exhibits vibrationally resolved transitions to
singlet and triplet electronic states, yielding substantially
improved agreement with high-level calculations. We then
show that the halomethyl anions CHBr2 and CHI2 also
had contaminated the previous photoelectron spectra of
CBr2 and CI2 .26 A detailed study of the halomethyl anions
is underway and will be reported in a future publication.36

Experimental methods
The negative ion photoelectron spectrometer used in this
experiment has been described in detail elsewhere.37–39 The
apparatus consists of three main sections: an ion source, a
mass ﬁlter, and an interaction region. Negative ions are
formed in a ﬂowing afterglow ion source. A microwave
discharge containing trace amounts of O2 gas in He buﬀer
gas (B0.4 Torr) generates atomic oxygen radical anion, O .
The appropriate CH2X2 dihalomethane precursor (CH2Cl2,
CH2Br2, or CH2I2, Sigma-Aldrich) is added downstream,
where it can undergo a variety of reactions with O ; namely,
H2+ abstraction to produce CX2 + H2O, H+ abstraction to
produce CHX2 + OH, O addition to produce X + OCH2X,
and H abstraction to produce OH + CHX2. Collisions
with He buﬀer gas vibrationally cool the ions to approximately 350 K. As described in more detail later, we employ a
diﬀerent reaction sequence using hydroxide (OH ) reactant
ion to produce CHX2 dihalomethyl anions exclusively. The
ﬂow tube can be cooled with a liquid nitrogen jacket to obtain
a cold spectrum of ions with vibrational temperatures near
200 K. Anions are extracted into a diﬀerentially pumped
region and are accelerated to 735 eV before entering a Wien
velocity ﬁlter with a mass resolution of m/Dm E 40. The massselected ion beam (typically 200–500 pA) is decelerated to
35 eV and focused into the interaction region. Here, the B0.5 W
output from a single-mode continuous-wave argon ion-laser
operating at either 351 nm (3.531 eV) or 364 nm (3.408 eV) is
Table 1

built up to approximately 100 W of circulating power in an
optical buildup cavity located within the vacuum system. The
laser beam intersects the ion beam perpendicularly, ejecting
electrons from the anions. Electrons ejected into a small solid
angle orthogonal to both the laser and ion beams enter a
hemispherical energy analyzer and are then imaged onto a
position-sensitive detector. The number of ejected electrons is
recorded as a function of kinetic energy. The energy analyzer
has a resolution of approximately 10 meV.
The electron kinetic energy (eKE) can be converted to
electron binding energy (eBE) through the relationship
eBE = hn
eKE. Absolute kinetic energies are calibrated40
before each experiment using the well-known electron aﬃnity
of O.41 Additionally, the energy scale is corrected for a slight
linear compression (o1%)37 using the photoelectron spectrum
of W , which provides a number of known transitions
spanning the photoelectron energy range.42 After making
these corrections and accounting for the resolution of the
spectrometer and rotational peak proﬁles, absolute electron
binding energies can be determined with an accuracy of 5 meV
or better.37
A rotatable half-wave plate positioned outside the buildup
cavity controls the polarization of the photodetachment radiation. When the angle between the laser polarization and the
direction of the collected electrons is 54.71, referred to as
the magic angle, the photoelectron spectrum is independent
of the anisotropy parameter of the ejected electrons.43 Therefore, spectra collected at the magic angle directly reﬂect
the total photodetachment cross-section. All spectra shown
here were collected with magic-angle polarization unless
otherwise noted.

Theoretical methods
Electronic structure calculations were carried out using
the Gaussian 03 software package.44 All calculations for
CCl2 use the coupled-cluster CCSD(T) method45 with an
augmented correlation-consistent polarized triplet-zeta basis
set (aug-cc-pVTZ).46,47 Calculations for CBr2 were performed
with density functional theory at the B3LYP/6-311++G(d,p)
level.48,49 Geometries were optimized and harmonic vibrational frequencies and normal mode coordinates were calculated for the doublet anion and the singlet and triplet neutral
states. Calculated harmonic frequencies are reported without
applying a scaling factor. Salient results of the calculations are
given in Tables 1–3, with additional details available in the
ESIw.

Energies of origin transitions, vertical detachment energies, and singlet–triplet splittings (DEST) of dihalocarbenes (eV)
X1A1 ’ X2B1

CCl2
CBr2
CI2
a

This work
Theoreticala
This work
Theoreticalb
This work
Theoreticalb

CCSD(T)/aug-cc-pVTZ (this work).

b

a3B1 ’ X2B1

(0–0)

VDE

(0–0)

1.593(6)
1.586
1.78(10)
1.834
o3
2.095

2.00
1.910
2.25
2.400
—
2.537

2.47(20)
2.481
41.9
2.579
—
2.500

VDE

DEST

43.2
3.401
—
3.719
—
3.535

0.9(2)
0.895
—
0.745
—
0.39

Single-point RCCSD(T)/ECP28MWB- and ECP46MDF-basis sets29
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Table 2

Spectroscopic quantities and molecular constants of CCl2

CCl2 X2B1

This work
Experimentalb
Theoreticalc
This work
Experimental
Theoreticalc
This work
Theoreticalc

CCl2 X1A1
CCl2 a3B1

r/Å

y/1

n1/cm

n2/cm

1.90(2)a
1.92(2)
1.892
—
1.714(1)d
1.729
1.69(10)a
1.684

104(2)a
103(2)
103.75
—
109.3(1)d
109.02
127(10)a
127.40

500(100)
—
547.6
737(6)
731.14(22)e
728.7
B600g
681.6

1

1

200(100)
—
243.3
339(10)
335.79(11)e
333.7
300(20)g
296.8

n3/cm

1

—
—
463.3
—
745f
758.1
—
992.6

a

Geometry changes are computed using Franck–Condon analysis. Absolute geometries are determined using as reference the experimental LIF
geometrical parameters18 of X1A1 CCl2. b Photoelectron spectroscopy.57 c CCSD(T)/aug-cc-pVTZ (this work). d LIF.18 e Dispersed ﬂuorescence.51
f
Excitation matrix.14 g Value obtained from peak separations at high vibrational quantum numbers (10–12) and simulations of extent of progressions
based on calculated geometries. See text.

Table 3

Spectroscopic quantities and molecular constants of CBr2

CBr2 X2B1

This work
Theoreticala
This work
Experimental
Theoreticale
This work
Theoreticale

1

CBr2 X A1
CBr2 a3B1

r/Å

y/1

n1/cm

2.09(2)b
2.100
—
1.865c
1.898
—
1.839

105(4)b
106.36
—
110.7c
110.0
—
129.5

—
455.8
600(50)
606.6(4)d
601.6
—
533.6

1

n2/cm

1

—
129.7
200(50)
199.5d
196.6
—
185.4

n3/cm

1

—
365.8
—
679.8(7)d
655.3
—
878.7

a

B3LYP/6-311++G** (this work). b Geometry changes are computed using Franck–Condon analysis. Absolute geometries are determined
using as reference the experimental LIF geometrical parameters17 of CBr2 X1A1. c Combined LIF17 and theory.61 d Single vibronic level
emission.52 e CCSD(T)/cc-pVTZ.29

The Franck–Condon proﬁles of the photoelectron spectra
are simulated using the PESCAL program, which was modiﬁed
for this work to simulate transitions among multiple electronic
states simultaneously.50 The simulations start with the theoretical geometries, normal mode vectors, and vibrational
frequencies of the anion and neutral states. For the X1A1
CCl2 and X1A1 CBr2 singlet states, however, the harmonic
frequencies, anharmonicities, and geometries from highresolution spectroscopy experiments14,17,18,51,52 (Tables 2 and 3)
are used in the simulations instead of the calculated values.
For the singlet state transitions, the anharmonicities are signiﬁcant and known experimentally, whereas the calculated
Duschinsky rotation angles between normal mode vectors of
the two active modes are modest (5.31 for CCl2 and 9.61 for
CBr2). Therefore, the Franck–Condon factors for the singlet
state are calculated in the Morse oscillator, parallel mode
approximation using numerically integrated Laguerre polynomial wavefunctions.53 For the CCl2 triplet state transition,
the anharmonicities are unknown experimentally, and the
calculated Duschinsky rotation angle is signiﬁcant (17.51), so
the Franck–Condon factors are calculated in the harmonic
oscillator approximation but including Duschinsky rotation
using the Sharp–Rosenstock–Chen method.54,55
The individual vibronic peak contours are obtained by
calculating the rotational spectrum, treating the molecules
approximately as prolate tops, and convoluting the rotational
transitions with the instrumental resolution function, approximated as a Gaussian function with a FWHM of 12 meV. This
procedure directly accounts for the small (typically o4 meV)
displacement of the rotationless origin of a peak from the
This journal is
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location of its maximum intensity. Finally, the normal mode
displacements between the anion and the neutral for the
Franck–Condon active modes (symmetric stretch and bend),
along with the positions of the origin transitions, are adjusted
from the theoretical values to match the experimental spectra.
The Wien ﬁlter partially resolves the 12C35,37Cl2 and
12 79,81
C
Br2 ions; calculated frequencies and rotational constants indicate that the presence of more than one isotope
will produce negligible broadening. Thus, isotope issues are
neglected in the analysis.

Results and discussion
In the previous dihalocarbene studies and in the work presented in this paper, the dihalocarbene target anions are
produced by reacting O with CH2X2 (X = Cl, Br, I).56 As
a speciﬁc example, reactions involving CH2Cl2 are described in
detail below. A variety of reactions occur when O reacts with
CH2Cl2 at 300 K, leading to the formation of products with
the following branching fractions:56

Phys. Chem. Chem. Phys., 2009, 11, 4745–4753 | 4747

Abstraction of H2+ by O occurs with 55% yield to
produce the desired CCl2 ; however, CHCl2 produced by
proton abstraction, with m/z only 1 amu greater than the
desired product, is a signiﬁcant minor ionic reaction product.
Since the Wien ﬁlter has a mass resolution of at best m/Dm E 40,
we can only partially separate ions within 1 amu of each other
at m/z E 80, speciﬁcally CCl2 and CHCl2 . It was initially
anticipated that the electron aﬃnity of CHCl2 was suﬃciently
low that it would not be an important contaminant in the
CCl2 photoelectron spectrum. However, the signiﬁcant
diﬀerence between the experimental26 and calculated33
photoelectron spectra of CCl2 , as well as of the heavier
dihalocarbenes,29 has led us to investigate the dihalomethyl
anionic product of this reaction as a possible cause of the
discrepancy.
In order to evaluate the CHCl2 contribution to the CCl2
spectrum, we replace O with OH in the above reaction.
Only the dihalomethyl anionic product is now formed,
OH + CH2Cl2 - CHCl2 + H2O
Hydroxide ion is formed by reacting O with methane in the
ﬂow tube. Suﬃcient methane is added to ensure complete
removal of O before CH2Cl2 is introduced and guarantee
that CHCl2 is the only species present near m/z E 83.
The photoelectron spectrum of CHCl2 is remarkably
broad and exhibits extensive vibrational structure. Comparison
to the earlier data shows conclusively that dihalomethyl anion
contamination was present in the previously reported photoelectron spectrum of CCl2 and is responsible for the bulk of
the progression previously attributed26 to the triplet state of
CCl2. Spectra of CHBr2 and CHI2 , similarly broad and
highly structured, overlap with the spectra of the corresponding dihalocarbene anion, indicating that dihalomethyl anion
contamination was also present in the photoelectron spectra of
CBr2 and CI2 .26
We take several steps to obtain dihalocarbene anion photoelectron spectra with minimal contamination. We ﬁrst minimize
CHX2 contribution to the contaminated spectrum by tuning
the Wien mass ﬁlter to 50% of the maximum on the low-mass
side of the appropriate unresolved mass peak. In the synthesis of
CCl2 , we took the additional step of using deuterated dichloromethane precursor (CD2Cl2) to increase the mass diﬀerence
between CCl2 and CDCl2 , improving our ability to separate
the two ions with the Wien ﬁlter. As this approach is less eﬀective
for the heavier dihalocarbenes, CH2Br2 and CH2I2 precursors
were used to make CBr2 and CI2 , respectively. Next, the
appropriately scaled authentic CHX2 photoelectron spectrum
is subtracted from the two-component spectrum. The multiple
peaks that are attributable solely to dihalomethyl anion are used
to determine the scaling factor. The ﬁnal constraint is that the
scaling factor must leave the subtracted spectrum everywhere as
non-negative. As discussed below, this procedure was applied to
each of the dihalocarbenes, but the amount of new information
gained diminished for the heavier dihalocarbenes.
CCl2
We obtain a 351 nm photoelectron spectrum of CCl2 that
clearly resolves both the X1A1 and a3B1 electronic states of the
4748 | Phys. Chem. Chem. Phys., 2009, 11, 4745–4753

Fig. 1 CCl2 magic-angle photoelectron spectra. (a) The 364 nm
CCl2 spectrum from the previous study.26 (b) The new 351 nm
spectrum collected at m/z E 81 minimizes the CDCl2 contamination.
The pure CDCl2 spectrum is scaled and subtracted from the
m/z E 81 trace to yield the ‘‘clean’’ CCl2 spectrum.

carbene. By tuning the Wien ﬁlter to the low-mass side of
the mass peak containing both CCl2 and CDCl2 , the
dihalomethyl anion contribution to the photoelectron spectrum is considerably reduced from that previously reported.26
Fig. 1a shows the previous 364 nm photoelectron spectrum
reported by Schwartz et al.26 Fig. 1b depicts the new 351 nm
spectrum that contains a signal from both CCl2 and CDCl2
(black trace). The 351 nm pure CDCl2 photoelectron spectrum obtained under the same experimental conditions is
shown in red in Fig. 1b, highlighting the contamination in
the CCl2 spectrum. There is very good overlap between the
pure CDCl2 spectrum and the progression centered at 2.7 eV
in the contaminated CCl2 spectrum. The contribution due to
pure CDCl2 is subtracted from the contaminated CCl2
spectrum in Fig. 1b to produce the clean CCl2 photoelectron
spectrum shown in Fig. 2a. Some residual CDCl2 contamination is seen as regular structure between 2.5 and
2.7 eV because of the slight diﬀerence in the peak widths of
the two data sets. A magniﬁed view of these spectra is
provided in the ESIw to illustrate the subtraction procedure
employed here.
Fig. 2a shows the clean CCl2 photoelectron spectrum from
Fig. 1b together with a 364 nm spectrum of CCl2 that have
both been corrected for CDCl2 contamination. The 364 nm
cold spectrum of CCl2 was obtained while the source ﬂow
tube region was cooled with liquid nitrogen. Cooling the ﬂow
tube reduces the vibrational temperature of the ions and
therefore reduces hot band contributions to the photoelectron
spectrum. Fig. 2b shows the simulated spectrum obtained
using the PESCAL program. The intensity of the hot band
transitions in the singlet state is consistent with a vibrational
This journal is
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Fig. 2 Analysis of the photoelectron spectrum of CCl2 . (a) The experimental magic-angle spectrum was collected at room temperature (upper
trace) and at B200 K (lower trace). (b) Simulated photoelectron spectrum computed at 350 K. The singlet and triplet origins are marked with solid
and dashed arrows, respectively. Sticks represent individual vibronic transitions.

temperature of 350 K for CCl2 . Both the simulated and
experimental spectra are limited to an upper binding energy
of 3.3 eV because slow electrons (eKE o B0.3 eV) are not
transmitted through the hemispherical energy analyzer. As a
result, spectral features from electrons detached near threshold
lose intensity. An instrument-related sharp drop-oﬀ and the
erroneous appearance of a maximum in the Franck–Condon
envelope appear at 3.2 eV, which represents a lower limit for
the triplet state VDE. The CCSD(T)/aug-cc-pVTZ calculation
gives a triplet VDE of 3.401 eV (Table 1), slightly beyond the
usable range of our spectrometer.
The photoelectron spectrum of CCl2 in Fig. 2a has
improved energy resolution over the previous photoelectron
experiments,26 a result of several instrumental improvements
and of optimization of the ion-laser intersection position
relative to the electron energy analyzer optics. Additionally,
we now resolve features at higher electron binding energy
because higher photon energy is available with 351 nm excitation and because CDCl2 contamination has been subtracted.
The origin peak of the singlet X1A1 state is marked with a solid
arrow and is seen in both the room temperature and cold
spectra. Our experimental measurement for EA(X1A1 CCl2)
of 1.593(6) eV, which includes a rotational peak shift of
4  1 meV, is in good agreement with previous experimental
assignments and has improved accuracy.26,57 The cold spectrum shows a signiﬁcant reduction in several peak intensities
relative to the room temperature spectrum. This observation,
along with measured progression peak spacing, enables the
assignment of hot bands within the singlet manifold and
further conﬁrms the identity of the origin peak.
We observe three distinct vibrational progressions in the
singlet state, which are identiﬁed in Fig. 2a. The dominant
This journal is
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progression arises from the symmetric stretch vibration. A
series of doublet peaks lie between the symmetric stretch
peaks; the lower eBE peaks arise from combination bands
involving the n1 symmetric stretch combined with one quantum of the n2 bending vibration, denoted 1n0210. The higher
eBE component of each doublet arises from the hot band
progression 1n0210. The two peaks with lower binding energy
than the origin are hot bands involving the symmetric stretch
and bending vibrations in the CCl2 anion. From these
progressions, vibrational frequencies of the X2B1 anion and
neutral X1A1 states are determined and reported in Table 2.
The simulation of the X1A1 state of CCl2 reproduces all of
the resolved peaks in the experimental spectrum. Furthermore,
the peak positions and assignments agree quite well with the
earlier and more precise dispersed ﬂuorescence measurement
of X1A1 CCl2 vibrational frequencies.51 The extended
progressions also enable an estimate of the anharmonicity of
the symmetric stretch vibration, consistent with previous
measurements.51,58 The simulation indicates that several
transitions contribute to each peak in the singlet state,
although the contributions are minor. For example, the
bending vibration (n2) is approximately half the frequency of
the symmetric stretch vibration (n1), which results in the 1n0220
progression contributing intensity to the symmetric stretch
progression. Likewise, the 1n0230 progression adds a minor
contribution to the intensity of the 1n0210 peaks. The
fundamental bending vibration 100210 peak cannot be observed
in our spectrum because of its low intensity and spectral
congestion. These observations are consistent with previous
high-level simulations of the CCl2 photoelectron spectrum.27
We assign the broad spectral feature at higher binding
energy to the a3B1 excited state of CCl2. The progression has
Phys. Chem. Chem. Phys., 2009, 11, 4745–4753 | 4749

an apparent onset at B2.7 eV and has a Franck–Condon
vibrational envelope that extends beyond the region accessible
with our apparatus. The well-structured progression is very
regular with peaks having a FWHM of 30 meV spaced by
300 cm 1. The width is a factor of two greater than the
instrument resolution, indicating that more than one transition lies beneath each of the triplet peaks. The extended
progression also indicates that a large geometry change occurs
in both the C–Cl bond length and the Cl–C–Cl bond angle
when an electron is ejected from the X2B1 state of the anion to
produce the a3B1 state of neutral CCl2. Calculations conﬁrm
this observation (Table 2), with computed diﬀerences in C–Cl
bond length and Cl–C–Cl bond angle of the X2B1 and a3B1
states of 0.2 Å and 231, respectively. Such large geometry
changes make the interpretation of the photoelectron
spectrum more challenging.59
The triplet origin cannot be identiﬁed in the spectrum for
several reasons. First, the large geometry change between X2B1
CCl2 and a3B1 CCl2 results in a very small Franck–Condon
overlap between the ground vibrational levels of the nuclear
wavefunctions of the anion and the a3B1 state of the neutral.
The calculated CCSD(T) origin peak position for the a3B1
state is 2.475 eV eBE, indicated by a dashed arrow in Fig. 2b.
The calculated VDE of the triplet state is 3.401 eV, which is
not accessible with our laser photon energy. The intensity at
the VDE is calculated by Franck–Condon factors to be
approximately 105 times higher than that at the origin. Based
upon this estimate, the intensity of the triplet origin is too
weak to be observed with our apparatus, even if there were no
other obscuring features. Additionally, the expected triplet
origin occurs at electron binding energies corresponding to the
greatest interference from the CHCl2 contaminant. Furthermore, the high energy end of the X1A1 state progression
overlaps the low energy end of the triplet spectrum. These
factors eﬀectively render the triplet origin unobservable.
Consequently, we must use only the shape and intensity of
the a 3B1 photoelectron spectrum to obtain an estimate of the
binding energy of the triplet origin; this origin then gives our
best estimate of the singlet–triplet splitting. We simulate the
a3B1 photoelectron spectrum using a range of origin values
centered around the calculated 2.475 eV value. Simulations
with origins above 2.7 and below 2.3 eV do not reproduce the
experimental features and spectral shape without large
changes in the calculated optimized geometries of the X2B1
and a3B1 states. Therefore, from the agreement of the simulated spectrum with the experimental results and using the EA
determined for the X1A1 state, we estimate DEST = 0.9(2) eV
for CCl2. This value is consistent with singlet–triplet splittings
obtained in recent theoretical studies.29,33,60
Further detailed analysis of the triplet state progression
provides an experimental challenge. The observed peak widths
of the resolved a3B1 state features indicate that each peak
contains contributions from several vibrational transitions.
Despite this fact, the separation between the resolved transitions is remarkably uniform at 302(11) cm 1, a value that is
consistent with the calculated frequency of the bending vibration of 296 cm 1 and that is also approximately half the
calculated (690 cm 1) symmetric stretch frequency. Dyke
et al. calculate substantial anharmonicity in this mode, quite
4750 | Phys. Chem. Chem. Phys., 2009, 11, 4745–4753

possibly leading to an apparent near 2 : 1 ratio of these
frequencies at the higher vibrational levels that are observed
in the triplet progressions.33 Therefore, we might well expect
the resultant vibrational progression to appear as a single
progression with contributions from both the bending and
symmetric stretching vibrations of a3B1 CCl2.
Our simulations, as well as those carried out earlier by Dyke
et al.,33 clearly show a single progression of peaks containing
contributions from both the bending and symmetric stretching
vibrations of a3B1 CCl2. The transitions result from overlapping combination bands of the bending vibrational
progression built upon successive quanta of the symmetric
stretch vibration. Using our simulated spectrum and corresponding vibronic transitions (sticks in Fig. 2b), we determine
the vibrational frequencies for the symmetric stretch
(B600 cm 1) and bending vibrations (B300 cm 1), listed in
Table 2.
CBr2
We report the 364 nm photoelectron spectrum of CBr2
obtained through the reaction of CH2Br2 with O . As with
CCl2 , both CBr2 and CHBr2 are formed in the reaction of
CH2Br2 with O and are not separable with the Wien ﬁlter.
Thus, we selectively synthesize CHBr2 by reacting CH2Br2
with OH and then subtract the CHBr2 contribution to
the contaminated spectrum. The photoelectron spectrum at
m/z E 172, taken with horizontal polarization and containing
both CBr2 and CHBr2 , is compared to the magic-angle
spectrum of pure CHBr2 in Fig. 3a. The spectrum of CHBr2
is highly structured, indicating that the signal at high eBE in
the contaminated spectrum is due to CHBr2 . This correspondence of well-deﬁned peaks enables subtraction of the contaminant from the spectrum. The CHBr2 spectrum is scaled
to the contaminated CBr2 spectrum, assuming that the
diﬀerence between the two spectra must remain positive and
that all of the intensity in the high eBE peaks is due to
CHBr2 . The clean photoelectron spectrum of CBr2 , mostly
free of contamination from CHBr2 , is also shown in Fig. 3a.
After subtraction, we observe one main progression centered
at 2.3 eV that we assign to X1A1 CBr2. Combined with the
improved spectral resolution and increased signal-to-noise in
this study, the subtraction of CHBr2 yields a CBr2 spectrum
with substantial improvement over the previous photoelectron
spectrum of CBr2 (Fig. 3b).26
The X1A1 state of CBr2 displays an extended vibrational
progression due to the geometry change between the anion
and the singlet neutral, as listed in Table 3. This change
in geometry also results in poor Franck–Condon overlap
between the ground vibrational levels of X2B1 CBr2 and
X1A1 CBr2, and thus we are unable to observe the singlet
origin peak in the photoelectron spectrum.
Franck–Condon simulations are employed to aid in the
interpretation of the singlet state spectrum (Fig. 3c). Frequencies and anharmonicities of the singlet state were obtained
from a recent single vibronic level (SVL) emission study by
Reid and co-workers,52 while parameters for the anion were
calculated using B3LYP/6-311++G** (Table 3).44 The convolution (black trace) of the individual vibronic transitions
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(green sticks) reproduces the experimental photoelectron
spectrum with EA(X1A1 CBr2) = 1.75(15) eV. The geometry
change between the anion and the neutral are determined from
these simulations. Using as a reference the geometry of the
singlet neutral that was determined by the LIF excitation
spectrum17 combined with ab initio calculations,61 we determine the geometry of X2B1 CBr2 (Table 3): the C–Br bond
length is 2.09(2) Å, with a Br–C–Br bond angle of 105(4)1.
Franck–Condon simulations reveal that the progression
arising from X1A1 of CBr2 results from overlapping combination bands of the bend built upon successive quanta of the
symmetric stretch vibration. The simulated stick spectrum is in
good agreement with the peak positions of the X1A1 manifold
observed by SVL emission.52 The frequency of the symmetric
stretch vibration is approximately three times that of the bend,
so the spacing between peaks in the photoelectron spectrum
roughly corresponds to the frequency of the bending vibration. Analysis of the spectral peak positions supports a
bending frequency of approximately 200 cm 1, with an
uncertainty on the order of the peak width (100 cm 1).
It is unclear whether we have any evidence of the triplet
state of CBr2 in the spectrum. Upon subtraction of the
CHBr2 photoelectron spectrum from the contaminated

CBr2 spectrum, some residual intensity remains at binding
energies greater than 2.6 eV (Fig. 3a). Because the fractional
CHBr2 contribution in this region is large and because all of
the maxima in the subtracted spectrum occur at very nearly
the same energy as CHBr2 contaminant peaks, we must
consider this residual intensity above 2.6 eV eBE to be an
artifact of the subtraction. Unfortunately, unlike the CCl2
spectrum in which the CHCl2 peak appears in the valley
between the singlet and triplet states of CCl2, the CHBr2
contamination—and thus the residual intensity—occurs in the
region in which we expect to see the triplet. Dyke and
co-workers predict the a3B1 origin to be 2.579 eV with a
VDE of 3.719 eV (Table 1).29 Franck–Condon simulations
of the a3B1 CBr2 spectrum using molecular constants
calculated by Dyke et al.29 reproduce the peak spacing of
the residual features (see ESIw); however, this peak spacing is
also the same (within 15 cm 1) as that of the contaminant
CHBr2 . Thus, the fact that the contaminant ion completely
overlaps the region in which we expect to see the triplet, along
with the similarity in CHBr2 and the predicted a3B1 CBr2
vibrational progressions, conspire to prevent a deﬁnitive
assignment of the residual peaks. It is clear, however, that
the previous a 3B1 origin assignment was incorrect, and the
DEST of CBr2 is greater than previously reported.26
CI2

Fig. 3 CBr2 magic-angle photoelectron spectra: A comparison of
(a) the new 364 nm spectrum with (b) the previously published 364 nm
spectrum.26 The new photoelectron spectrum is collected at m/z E 172
and contains contributions from both CBr2 and CHBr2 . The pure
CHBr2 spectrum is clearly responsible for the progression attributed
to the triplet state of CBr2 in the previous spectrum. Subtraction of the
CHBr2 contribution from the m/z E 172 spectrum yields
the corrected CBr2 spectrum. (c) Franck–Condon simulation of the
singlet state of CBr2, computed at 350 K. Sticks represent individual
vibronic transitions. Solid arrows in (b) and (c) mark the singlet origin
in the previous and current studies, respectively, as determined by
Franck–Condon analysis. The dashed arrow in (b) marks the incorrect
triplet origin assignment of the previous dihalocarbene study.26
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Finally, we report the 364 nm photoelectron spectrum of CI2
obtained through the reaction of CH2I2 with O . As with the
other halocarbenes, a pure CHI2 spectrum is measured,
appropriately scaled, and then subtracted from the contaminated spectrum to obtain a clean CI2 spectrum. Unlike the
other carbenes, we observe a two-photon process with the
continuous-wave excitation laser, involving 364 nm photodissociation of CI2 to form CI + I , followed by a second
photon detaching an electron from I . The resulting narrow
peak at eBE = 3.06 eV coincides with the known electron
aﬃnity of I (EA = 3.059 eV62) and conﬁrms the two-photon
source of this feature. The presence of the I peak indicates
that the IC I dissociation energy is substantially less than
the photon energy, 3.406 eV. This I two-photon feature was
not observed in the previous photoelectron spectrum26
(Fig. 4b), presumably because the laser power in the previous
work—a factor of four lower than that used in the present
study—was insuﬃcient to make this two-photon process
signiﬁcant. Similar two-photon processes have been observed
in anion photoelectron spectroscopy of O3 , Ni3 , and
Au3 .53,63,64 We speculate that 364 nm radiation might
produce CX
X photodissociation in CCl2 and CBr2 ,
as well. However, we are unable to observe Cl or Br
photodissociation products because the electron aﬃnity of
Cl (EA = 3.613 eV65) exceeds the laser photon energy, and
351 nm photodetachment of Br (EA(Br) = 3.364 eV66)
produces electrons with kinetic energy that is too low to be
transmitted through the hemispherical electron analyzer.
The photoelectron spectrum is dominated by CHI2 , which
has a broad spectral band spanning approximately 1 eV. As
seen in Fig. 4a, there is some residual structure left after the
subtraction of CHI2 features at binding energies below 3 eV.
Phys. Chem. Chem. Phys., 2009, 11, 4745–4753 | 4751

Fig. 4 CI2 364 nm photoelectron spectra: a comparison of (a) the
new magic-angle spectrum and (b) the previously published
spectrum.26 The previous singlet and triplet origin assignments are
marked with solid and dashed arrows, respectively, in (b). The
photoelectron spectrum collected at m/z E 266 contains both CI2
and CHI2. The pure CHI2 spectrum is clearly responsible for the
progression attributed to the triplet state of CI2 in the previous
spectrum.26 Subtraction of the CHI2 contribution from the m/z E 266
spectrum yields the corrected CI2 spectrum.

1.593(6) eV. The triplet state of CCl2 is more complicated, and
it is diﬃcult to extract any parameters because of the large
changes in geometry between the X2B1 state of the anion and
the a3B1 state of the neutral. However, simulations of the
resolved vibrational spectra at large vibrational quantum
numbers yield a3B1 CCl2 symmetric stretch and bending
frequencies of B600 cm 1 and B300 cm 1, respectively.
Based on our experimental observations and simulations, we
estimate DEST to be 0.9(2) eV, consistent with recent high-level
theoretical calculations. The photoelectron spectra of CBr2
and CI2 are much more diﬃcult to interpret quantitatively
because of the large overlap of the CHX2 photoelectron
spectrum with that of the singlet and triplet states of the
carbene radicals. This contamination, as well as the large
geometry diﬀerences between the anion and the neutral
dihalocarbenes, hinders accurate photoelectron spectroscopic
determinations of the DEST values for these heavier halocarbenes.
The present studies unequivocally resolve the discrepancy
between our earlier CCl2 singlet–triplet splitting measurements26
and numerous subsequent calculations,29,33,60,67 showing that
the previously reported CCl2, CBr2 and CI2 singlet–triplet
splittings and EA(CI2) were in error. A more detailed report
of the CHX2 halomethyl anion photoelectron spectra will
appear in the near future.36
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Conclusion
We have carried out studies of the photoelectron spectra of a
series of dihalocarbene anions CX2 and the corresponding
dihalomethyl anions CHX2 , where X = Cl, Br, or I.
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