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The 364 nm negative ion photoelectron spectra of CF2
-, CCl2-, CBr2-, and CI2- exhibit transitions to two

different electronic states, the1A1 and 3B1. The CF2
- spectrum exhibits well-resolved transitions to both

electronic states. In the cases of CCl2
-, CBr2-, and CI2-, the spectra exhibit extended, partially resolved

vibrational progressions and the two states are overlapped, making a direct determination of the origin transition
energy not possible. The overlapped spectra show that the singlet-triplet splittings in the heavier halocarbenes
are much smaller than for CF2

-. The results of ab initio calculations have been used to generate Franck-
Condon simulations of the spectra, which aid in the determination of the band origins. The1A1 state is found
to be the lower state for CF2, CCl2, and CBr2 and the electron affinities have been determined to be 0.180(
0.020, 1.59( 0.07, and 1.88( 0.07 eV, respectively. For CI2, the triplet state is apparently the lower lying
state with an electron affinity of 2.09( 0.07 eV. The singlet-triplet splitting energy has been determined to
be 54( 3, 3 ( 3, 2 ( 3, -1 ( 3 kcal/mol for CF2, CCl2, CBr2, and CI2, respectively. In addition, the
bending and symmetric stretching vibrational frequencies have been determined for either one or both states.

I. Introduction
Carbenes have attracted a large amount of interest, both

experimentally and theoretically, due to their importance as
intermediates in many organic reactions. Of particular impor-
tance are the low-lying neutral singlet and triplet states, which
have different chemical properties that affect their reactivity with
various organic molecules.1-4 There have been many ab initio
calculations that focus on both the singlet1A1 and the triplet
3B1 neutral states of the dihalocarbenes: CF2, CCl2, CBr2, and
CI2. Early calculations by Bauschlicher and co-workers aimed
at determining the structure and energetics of simple carbenes
including CF2,5 CCl2,5 and CBr2.6 There were also two early
calculations that predicted the electronic spectrum and vibra-
tional frequencies of CCl2.7,8 Carter and Goddard9-11 reported
a thorough study of the singlet-triplet splittings (∆EST) in the
neutral dihalocarbenes. A great deal of effort was devoted to
understanding the bonding of the halogen atoms to the carbon
atom and the role it plays in determining the relative stabilities
of the singlet and triplet states. Gutsev and Ziegler12 published
a study on both the anion and neutral states of the dihalocar-
benes. These density functional calculations determined geom-
etries, electron affinities,∆EST, and dissociation energies. Russo
et al.13 later calculated the geometries,∆EST, and vibrational
frequencies for the two low-lying neutral states using density
functional computations at the linear combination of Gaussian-
type-orbital local-spin-density level. Within the past five years,
two other groups have focused on calculating∆EST for the series
of dihalocarbenes using the difference-dedicated configuration
interaction method14 and Møller-Plesset perturbation theory.15

All of these calculations predict that the dihalocarbenes have a
singlet ground state with the3B1 state lying 10-35 kcal/mol
higher in energy for CCl2, CBr2, and CI2.

In addition to the long list of theoretical studies on CX2 (X
) F, Cl, Br, I), there have also been various experimental
investigations. Most of the experiments on the dihalocarbenes
have been performed on CF2. Early electronic spectroscopy
experiments determined the vibrational frequencies of
CF2(1A1).16-20 There have also been a number of infrared studies
within matrix21,22 and gas-phase environments,23-27 as well as
a microwave study28 from which structures, frequencies, and
lifetimes were obtained. Few studies have involved the triplet
3B1 state of CF2. Koda29,30 obtained an emission spectrum
assigned to the CF2(3B1) f CF2(1A1) intercombination transi-
tion; the vibrational distribution and relaxation of CF2(3B1)
following the reaction of oxygen with tetrafluoroethylene was
also characterized. It is from these experiments that the only
experimental measurement of the singlet-triplet splitting in CF2,
56.6 kcal/mol, was obtained. More recently, Huber and co-
workers31 produced triplet CF2 following the photodissociation
of C2F4. Various experimental investigations have been carried
out to characterize CCl2

32-39 and CBr239-45 in their ground1A1

states. Both the geometries and vibrational frequencies have been
determined. Squires and co-workers have performed various
experimental and theoretical studies to determine the thermo-
chemical properties of several carbenes including CF2 and
CCl2.46,47They found a correlation between the thermochemical
quantities and the singlet-triplet energy splittings. Finally, 488
nm (2.54 eV) photoelectron spectra of CF2

- and CCl2- were
observed in this laboratory.48 These spectra revealed the singlet
states of CF2 and CCl2, from which the electron affinities and
vibrational frequencies were obtained. The 2.54 eV photon
energy did not access the triplet states of CF2 and CCl2.
Similarly, the photoelectron spectra of CBr2

- and CI2- were not
measured because of their high electron affinities. To our
knowledge, no experiments have been performed to characterize
the triplet states of CCl2 or CBr2. In addition, there are no
experimental results on the CI2 dihalocarbene for either state.
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This paper presents the results of photoelectron spectroscopy
(PES) on CF2-, CCl2-, CBr2-, and CI2-. Vibrational frequen-
cies, origin transition energies, and singlet-triplet splittings for
all of the dihalocarbenes are reported and compared to theoreti-
cal calculations.

This paper contains a brief description of the experimental
apparatus and procedure in section II. The results of the
experiment are presented in section III, followed by a detailed
discussion in section IV. Section V contains a summary of these
results.

II. Experimental Section

The negative ion photoelectron spectrometer used in this
experiment has been described in detail previously; therefore,
only a brief description will be given here.49 The spectrometer
consists of three main regions: an ion source, a Wien filter,
and an interaction region. The ion source includes a flowing
afterglow region within which the negative ions are produced.
Following collisional relaxation, the typical vibrational tem-
perature of the ions is 300 K. The negative ions are extracted
from the afterglow region, differentially pumped, and accelerated
to 735 eV before being mass selected with a Wien filter. The
mass-selected ions are decelerated to 38 eV before interacting
with the 364 nm (3.408 eV) radiation from an Ar ion laser.
The output of the laser is injected into an optical build-up cavity
with approximately 100 W of circulating power within which
it intersects the ion beam at a right angle. The kinetic energy
of the photodetached electrons is monitored by a hemispherical
energy analyzer positioned orthogonal to both the ion and laser
beam axes. The electron energy resolution for each spectrum is
approximately 12 meV.

The photoelectron spectra are recorded as a function of
electron kinetic energy (eKE) and are subsequently converted
to electron binding energy (eBE), where eBE) hν - eKE.
Thus, electrons with high kinetic energy appear as peaks at the
low end of the electron binding energy scale. The absolute
electron energies of the spectra are calibrated using the well-
known O- transition at 1.461 110 3 eV as a reference.50 A
photoelectron spectrum of O- is collected at the beginning of
each day for calibration purposes. A small compression factor
(<1%) of the energy scale is applied upon calibration. The
compression factor is determined by comparing the positions
of the transitions in a W- spectrum, which span the entire energy
scale, with the known values.51

In this experiment, the series of CX2
- (X ) F, Cl, Br, I)

dihalocarbenes have been studied via photoelectron spectros-
copy. Ions are formed via the H2

+ abstraction reaction,52

The O- ions are generated by passing a mixture of ap-
proximately 0.5 Torr of He and O2 through a microwave
discharge into the flow tube. The CH2X2 is injected into the
flowing afterglow region through an adjustable inlet so that the
reaction with O- can be optimized. Typical ion currents for
CF2

-, CCl2-, CBr2-, and CI2- are between 20 and 35 pA. The
production of the ions is optimized by varying the flows of the
helium, oxygen, and CH2X2 and by moving the position of the
inlet. All of the reagents have purities of at least 99%.

Photoelectron spectra were collected at three different laser
polarizations angles,θ ) 0°, 54.7°, and 90°, referred to as
parallel, magic angle, and perpendicular, respectively. Here,θ
is defined as the angle between the laser polarization of the
incident light and the direction of the collected electrons. The

photoelectron differential cross section is given by

where σtotal is the total cross section,â is the asymmetry
parameter,53 andP2(cosθ) ) (3 cos2 θ - 1)/2. The value ofâ
ranges from-1 to +2. At the magic angle, 54.7°, P2(cosθ) )
0 and the spectrum is independent ofâ.

In order to aid in the assignments of the photoelectron spectra
and to generate simulations, ab initio calculations were carried
out on the anion ground state and the singlet and triplet neutral
states of all four dihalocarbenes. Both geometry optimization
and frequency calculations were performed. All of the calcula-
tions were performed using the Gaussian 94 suite of programs54

using second-order Møller-Plesset perturbation theory including
all electrons (MP2 FULL). Spin-unrestricted wave functions
were used for the open-shell species and there is no evidence
of any significant spin contamination. The 6-311+G* basis set
was used for CF2, CCl2, and CBr2 in order to simplify
comparisons among the systems. For CI2, LanL2DZ as an
effective core potential for the core electrons of the iodine atom
was used and the valence electrons basis set coefficients were
taken directly from Radom and co-workers.55 However, our
calculations include up until the d functions. The 6-31+G* basis
set was used for the carbon atom in CI2.

III. Results

A. Magic Angle. The 364 nm negative ion photoelectron
spectra of the CX2- dihalocarbenes recorded at the magic angle
are displayed in Figures 1 and 2 (thick lines). Each spectrum
consists of transitions from the anion ground state (2B1) to both
the singlet (1A1) and the triplet (3B1) CX2 neutral states. Each

CH2X2 + O- f CX2
- + H2O

Figure 1. Negative ion photoelectron spectra of CF2
- (top) and CCl2-

(bottom) recorded at the magic angle, 54.7° (thick lines). The singlet
1A1 and triplet3B1 states are present in both spectra; they are separated
in CF2 but overlapped in CCl2. Transitions that are attributed to the
symmetric stretching vibration are markedb and combination bands
of one quantum of bend with a progression of the symmetric stretch
are labeled *. The energies of the origin transitions determined from
simulations (see text for details) in the singlet and triplet states are
marked with a solid arrow and dashed arrow, respectively. In addition,
a simulation (thin line) of each spectrum is shown.

dσ
dΩ

)
σtotal

4π
[1 + âP2(cosθ)]
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spectrum shows long vibrational progressions for both states
due to the difference in the C-X bond length and the X-C-X
bond angle between the anion and neutral geometries. There is
a great deal of overlap between the singlet and triplet states
except in the CF2- spectrum where there is an obvious
separation between the states. In addition, it is difficult to
identify the origin for each state except in the case of the CF2

singlet state where a distinct feature can be assigned as the origin
transition at 0.180( 0.020 eV, marked with a solid arrow in
the top spectrum of Figure 1. The 364 nm radiation in this study
allows for the observation of a larger energy range than the
previous study using 488 nm.48

Although most of the origin transitions cannot be identified,
the vertical detachment energy (VDE), the energy at which the
neutral CX2 geometry is the same as the anion minimum energy
configuration, can be obtained directly from the position of the
maximum photoelectron signal. Both states in each spectrum
have been fit with a Gaussian in order to obtain the VDE. The
difference in the VDE of the singlet and triplet states (∆VDEST)
provides only an approximation for the singlet-triplet splitting
energy (∆EST) as will be discussed in section IV.C. We define
∆EST as the difference between the origin transition energies
that will lie to lower electron binding energy of the VDE in all
cases. The individual VDEs are listed in Table 1 along with
the ∆VDEST. The most striking result is that the∆VDEST

decreases dramatically from about 2.0 eV for CF2 to ap-
proximately 0.5 eV for CCl2, CBr2, and CI2. This decrease in
splitting is illustrated in Figures 1 and 2 where the states are
well separated in the case of CF2 and are overlapped for the
other dihalocarbenes. A more detailed analysis of the singlet-
triplet splittings including Franck-Condon calculations is
discussed in section IV.C.

The CF2
- spectrum in Figure 1 shows vibrational progressions

that can be readily assigned. At low electron binding energy,
the singlet state consists of a dominant progression that is
attributed to the pure C-F symmetric stretching vibration. The
smaller peaks are assigned to combination bands of the C-F
symmetric stretching progression and one quanta of F-C-F
bending vibration. Also present in the spectrum are combination
bands that involve hot band transitions, which originate from
the V ) 1 level in the anion. Although the neutral states are
slightly overlapped in the CCl2

- photoelectron spectrum (bottom
of Figure 1), the singlet state shows well-resolved progressions
that can be assigned in a manner similar to the CF2

- spectrum.
At low electron binding energies, the main peaks correspond
to a progression in the pure C-Cl symmetric stretching vibration
(b) while the indicated smaller peaks (*) are attributed to the
C-Cl symmetric stretch with one quantum of Cl-C-Cl
bending vibration. Assignments of individual peaks within the
singlet states of the CBr2

- and CI2- photoelectron spectra are
more difficult. As seen in Figure 2, the singlet states contain
minimal vibrational structure and there is a considerable amount
of overlap between the singlet and triplet states, and therefore
no assignments have been made. An explanation and detailed
analysis of these vibrational frequencies are given in Section
IV.A.1.

Similar to the singlet state of CF2, the triplet state, which
lies at high electron binding energy in Figure 1, shows
vibrational progressions attributed to the pure C-F symmetric
stretching vibration along with a progression of the symmetric
stretch combined with the F-C-F bend. With the aid of
theoretical calculations, the distinct peaks in the CBr2

- and CI2-

photoelectron spectra are assigned to C-X (X ) Br, I)
symmetric stretching vibrations and bend-stretch combination
bands within their respective triplet states. Unlike CF2, CBr2,
and CI2, the CCl2 triplet state does not exhibit resolvable
vibrational structure. A detailed discussion of this analysis is
presented in Section IV.A.2.

B. Polarization Study and Angular Distributions. Photo-
electron spectra of the CX2- dihalocarbenes collected at two
other laser polarization angles relative to the direction of electron
collection,θ ) 0° (parallel) andθ ) 90° (perpendicular), are
displayed in Figure 3. The changes in the photoelectron spectra
upon changingθ can be characterized quantitatively by deter-
mining the value of the asymmetry parameter,â, for each state

whereI0 is the intensity of a single peak atθ ) 0° and I90 is
the intensity of the same peak atθ ) 90°.

The angular distribution of the detached electron depends on
the symmetry of the orbital from which it originated in the anion
ground state. To better understand the angular distribution of
the ejected electron and the effects it has on the photoelectron
spectra, consider atomic photoelectron detachment.53 Photode-
tachment of an s electron adds one unit of angular momentum
from the photon resulting in an outgoing p-wave, with an angular

Figure 2. Negative ion photoelectron spectra of CBr2
- (top) and CI2-

(bottom) recorded at the magic angle, 54.7° (thick lines). The singlet
1A1 and triplet3B1 states are present in both spectra; however, they are
considerably overlapped in energy. Transitions that are attributed to
the symmetric stretching vibration in the triplet state of each spectra
are markedb. The energies of the origin transitions determined from
simulations (see text for details) in the singlet and triplet states are
marked with a solid arrow and dashed arrow, respectively. In addition,
a simulation (thin line) of each spectrum is shown.

TABLE 1: Vertical Detachment Energies (VDE) of the
Singlet and Triplet Statesa

CF2 CCl2 CBr2 CI2

VDE
singlet (1A1) 0.90 2.17 2.34 2.43
triplet (3B1) 2.96 2.67 2.81 2.83
∆VDEST 2.06 0.50 0.47 0.40

a All values are in electronvolts. Error bars are 0.05 eV.

I0 - I90

I0

2
+ I90
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distribution that is independent of the electron kinetic energy
and has a cos2 θ distribution with â ) 2. An electron that
originates from a p orbital in an atomic anion can have an
outgoing s- or d-wave; the one unit of angular momentum from
the photon either adds to or subtracts from the one unit of
angular momentum of the electron. These two partial waves
interfere giving an angular distribution that is a function of the
electron kinetic energy. Near zero electron kinetic energy, the

lowest partial wave dominates giving an isotropic angular
distribution andâ ) 0. As the electron kinetic energy increases
toward 1 eV,â approaches-1, a sin2 θ distribution. At even
higher eKE (>1 eV) the value ofâ approaches 2.

For a molecule, the lack of spherical symmetry and the effects
of rotational averaging make the understanding of the asymmetry
parameter more complicated. In general, an electron that
originates from an s-type orbital results inâ ∼ 2, a cos2 θ

Figure 3. Negative ion photoelectron spectra of CF2
-, CCl2-, CBr2-, and CI2- recorded at laser polarizations,θ ) 0° and 90° with respect to the

axis of electron detection. The difference in the spectra taken at orthogonal polarizations provides information on the orbitals from which the
electrons originated and allows for the determination of the asymmetry parameter,â.
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distribution. An electron from a p-type orbital givesâ < 0 and
from a d-type orbital,â ) 0.

Since transitions to a singlet versus a triplet state originate
from different orbitals in the anion ground state, one would
expect a difference in the peak direction of the detached
electrons. Figure 3 shows the CF2

-, CCl2-, CBr2-, and CI2-

photoelectron spectra, which illustrate an obvious preference
in photodetachment to the singlet and/or triplet states depending
on the polarization of the incident laser light. There is a general
trend that the singlet state preferentially detaches perpendicular
to the laser polarization and the triplet state peaks parallel to
the laser polarization. In the CF2

- photoelectron spectrum
recorded atθ ) 0° (Figure 3a), both the triplet and singlet states
are present in equal proportions. Atθ ) 90° (Figure 3e),
however, there is only a hint of the triplet state present in the
spectrum while the intensity of the singlet state is essentially
the same as that measured in theθ ) 0° spectrum. In the CCl2

-,
CBr2-, and CI2- photoelectron spectra atθ ) 0° (Figure 3b-
d), the triplet state is dominant with only a hint at the presence
of the singlet state. It is clear that the presence of the singlet
state decreases from CF2 to CI2 at parallel polarization. In
contrast, there is significant detachment toboth the singlet and
triplet states of CCl2, CBr2, and CI2 at θ ) 90° (Figure 3f-h).

These observations confirm that two different orbitals, each
with different symmetry in the ground state of the anion, are
involved in the transitions to the two observed states. Evaluating
â for each state supports the singlet and triplet assignment of
each electronic state. Due to spectral overlap and insufficient
vibrational structure in the singlet state of CBr2 and CI2, theâ
parameter could only be determined for CF2 and CCl2 with
values ofâ < 0, indicating that the electron has been detached
from a π orbital, resulting in the singlet state. For the triplet
states, aâ parameter could be obtained for each dihalocarbene.
The values are all greater than zero, decreasing from 2.0 for
CF2 to 0.4 for CI2. The value of 2.0 suggests that the electron
detachment occurs from aσ orbital in the anion, giving rise to
the triplet state. As the halogen atom gets larger, it is less
appropriate to describe the orbitals as purelyσ or π. A more
detailed explanation of the orbitals is found in section IV.D.
The â values along with the electron kinetic energies of the
peaks can be found in Table 2.

The spectra in Figure 3 are also used to separate the
overlapping singlet and triplet states. The triplet state can be
isolated from the singlet state through a subtraction scheme.
After normalizing the spectra taken atθ ) 90° to those recorded
at θ ) 0°, the spectra are subtracted, resulting in a spectrum
that is attributed mainly to transitions within the triplet state.
These subtracted spectra were also fit with a Gaussian in order
to determine the VDE of the triplet states. The values are in
good agreement with those determined in section III.A and the
differences in the fits are included in the error bars listed in
Table 1.

C. Calculations.Ab initio calculations were carried out for
the ground state of the anion and both the singlet and triplet
state of the neutrals to determine the geometries and vibrational
frequencies for each system. For all of the dihalocarbenes, the
anion state exhibits the largest C-X (X ) F, Cl, Br, I) bond
length and the smallest X-C-X angle in comparison to the
corresponding neutral states. In CF2, that C-F bond length in
the singletstate is slightly smaller (∼1%) than that calculated
for the triplet state. This is in agreement with calculations
performed by Russo et al.13 On the other hand, the C-X bond
length is smaller in thetriplet state than in the singlet state for
CCl2, CBr2, and CI2. The trend for the X-C-X angle is the
same for all of the dihalocarbenes; the angle increases slightly
from the anion to the singlet state and more substantially to the
triplet state. All values are listed in Table 3. Two of the normal
modes are totally symmetric and could be active in the
photoelectron spectra: the C-X symmetric stretching (ν1) and
the X-C-X bending (ν2) vibrations (see Table 4). The degree
to which they are active depends on the displacement between
corresponding modes in the anion and the neutral states.

The geometrical parameters and frequencies were used for
Franck-Condon analysis to determine the relative intensities
of the vibrational transitions expected in the photoelectron
spectra (see section IV.B). The intensities are essential in
determining the possibility of observing the 0-0 transition in
the singlet and triplet states of the dihalocarbenes especially in
the cases where there is a large geometry change and therefore
a long vibrational progression.

IV. Discussion

A. Vibrational Frequencies.1. Singlet State.The singlet state
of CF2 shows vibrational structure that is well resolved allowing
for an accurate determination of both frequencies,ν1 and ν2.
Labeled in the top spectrum of Figure 1 with a filled circle, the
symmetric stretch is approximately 1220( 15 cm-1, which is
in very close agreement with the value of 1228( 30 cm-1

previously determined via photoelectron spectroscopy in this
laboratory.48 In addition, this value is consistent with the gas
phase value, 1225.08 cm-1, determined by Davies et al.,25 and
the matrix value,22 1221 cm-1. The bending frequency, marked
with an asterisk in Figure 1, is determined to be 670( 15 cm-1.
This value is slightly different from that measured previously
by photoelectron spectroscopy, 706( 30 cm-1, but agrees well
with the matrix value22 of 668 cm-1. Additionally, calculations
by Russo et al.13 predict values of 1196 and 634 cm-1 for the
symmetric stretching and bending frequencies, respectively.

TABLE 2: Asymmetry Parameter, â, for Photodetachment
of CF2

-, CCl2-, CBr2
-, and CI2

- a

CF2 CCl2 CBr2 CI2

singlet (1A1)
peak 2.64 1.46
âb -0.4 -0.7 <0c <0c

triplet (3B1)
peak 0.38 0.67 0.59 0.69
âb 2.0 0.5 0.4 0.4

a Peak positions are electron kinetic energies in electronvolts.b Error
bars are 0.1.c Lack of structure in the singlet states and the overlap of
the singlet and triplet states inhibit the determination of an accurate
value forâ.

TABLE 3: Bond Distances (rCX) and Angles (θXCX) (X ) F,
Cl, Br, I) for All of the Dihalocarbenes in Both the Anion
and Neutral Statesa

CF2
b CCl2b CBr2b CI2c

anion
rCX 1.44 1.87 2.05 2.25
θXCX 100.30 104.85 105.49 107.39

neutral singlet
rCX 1.30 1.71 1.88 2.09
θXCX 104.91 110.36 110.66 112.66

neutral triplet
rCX 1.32 1.68 1.84 2.03
θXCX 119.16 127.52 129.27 132.21

a All values are taken from MP2 level Gaussian 94 calculations using
the indicated basis set. Distances are in angstroms and angles are in
degrees.b 6-311+G*. c LanL2DZ effective core potential was used for
the core electrons of iodine and the valence electrons basis set
coefficients were taken directly from ref 55. 6-31+G* was used for
the carbon atom.
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Similarly, the singlet state of CCl2 can be accurately assigned
and vibrational frequencies can be extracted. In the bottom
portion of Figure 1, the symmetric stretching frequency is
measured to be 735( 20 cm-1, very close to the previous PES
result48 of 730 ( 40 cm-1 and the calculated frequency, 728
cm-1. There is also agreement with the value determined from
experiments in solid Ar,∼720 cm-1.32,35 The other prominent
progression identifiable in the photoelectron spectrum of CCl2

-

is a progression of the symmetric stretch with one quantum of
Cl-C-Cl bend, marked with an asterisk in Figure 1. This
progression reveals a bending frequency of 340( 20 cm-1,
the same value determined from PES earlier.48 These values
agree well with theory,13 326 cm-1, and experiment,35 333 cm-1.
In general, these measured vibrational frequencies are in
agreement with our unscaled calculated values.

The singlet state in the CBr2
- spectrum does not exhibit

vibrational structure. A simulation using the unscaled values
determined by our calculations,ν1 ) 625 cm-1 andν2 ) 206
cm-1, reproduces the experimental spectrum after applying a
full-width at half-maximum (fwhm) of 15 meV. These calculated
frequencies agree well with those determined experimentally.
Bondybey and English42 collected a spectrum of CBr2 in solid
Ar, obtaining 595 cm-1 for the C-Br symmetric stretching
vibration and 196 cm-1 for the Br-C-Br bending vibration.
Additionally, calculations by Russo et al.13 are also in close
agreement, 613 and 186 cm-1 for ν1 andν2, respectively. The
singlet state of CI2 is treated in a similar manner since there is
very little vibrational resolution seen in the spectrum. Again,
the vibrational frequencies from the calculations performed in
this laboratory were used to simulate the spectrum. The spectrum
is well reproduced withν1 ) 505 cm-1 and ν2 ) 142 cm-1.
Since there have been no previous studies on CI2, no compari-
sons can be made. A summary of some theoretical and
experimental singlet state vibrational frequencies is in Table 4.

2. Triplet State.Considerably less information is known about
the vibrational frequencies in the triplet states of CF2, CCl2,
CBr2, and CI2. To our knowledge, only theoretical calculations
are available13 and this paper reports the first experimental
measurements of these vibrational frequencies. For CF2, the
triplet state displays some vibrational resolution, shown in Figure
1, such that the frequencies may be measured. The main
progression is assigned to the pure symmetric stretching
vibration, resulting inν1 ) 1020 ( 30 cm-1; this can be

compared to the calculated value of 1195 cm-1.13 A less
prominent progression is attributed to the bending mode at 520
( 30 cm-1. For CCl2, the triplet state in the bottom portion of
Figure 1 reveals very little structure, making the experimental
determination of frequencies impossible. Similar to the CBr2

and CI2 singlet states, the frequencies from our calculations were
used to simulate the CCl2 triplet state. The values used were
715 and 315 cm-1 for ν1 and ν2, respectively. They compare
well with those determined using a higher level of theory as
listed in Table 4.13

The triplet states of CBr2 and CI2 (Figure 2) are the most
prominent parts of the respective photoelectron spectra. Accurate
determinations of the symmetric stretching frequencies for both
CBr2 and CI2 have been made. For CBr2, ν1 ) 525( 20 cm-1

and for CI2, ν1 ) 500( 20 cm-1, these frequencies are marked
with filled circles in Figure 2. The bending frequencies are more
difficult to measure, givingν2 ) 200( 40 and 120( 40 cm-1,
for CBr2 and CI2, respectively. The values for CBr2 are in close
agreement with theory,13 ν1 ) 540 cm-1 andν2 ) 182 cm-1;
however, there are no previous theoretical predictions for the
CI2 system. In addition, estimates from our calculations provided
a good template for these measurements. The outcome of these
calculations is very close to those measured:ν1 andν2 for CBr2
and CI2 are 550 and 192 cm-1 and 430 and 135 cm-1,
respectively. These frequencies from the calculations performed
in this laboratory have not been scaled. The experimental and
unscaled calculated frequencies are found in Table 4.

B. Franck-Condon Analysis. Two different Franck-
Condon analysis methods have been employed on the singlet
and triplet states of the dihalocarbenes to aid in the identification
of the 0-0 transition energies and to simulate the photoelectron
spectra. In both methods, each state was simulated individually.
The absolute energy was determined by aligning the VDE of
the simulated spectrum to that of the experimental spectrum.
The first method is the same as that previously used in this
laboratory for the HCX (X) F, Cl, Br, I) halocarbenes.48 The
anion and neutral potential energy surfaces were assumed to
be harmonic. The ab initio geometries were used as a guide;
however, the change in geometry between the anion and the
neutral was an adjustable parameter in order to match the breadth
of the vibrational progression in the experimental spectrum. The
simulations were generated by utilizing the measured frequencies
(see section IV.A) or the ab initio frequencies for the states

TABLE 4: Experimentally Determined Vibrational Frequencies for CX 2 (X ) F, Cl, Br, I) in the Singlet 1A1 and Triplet 3B1
States. Also Listed for Comparison Are Values Determined in Previous Experiments, Those Calculated Using MP2(FULL)/
6-311+G*, and Those Predicted Previouslya

CF2 CCl2 CBr2 CI2
1A1

3B1
1A1

3B1
1A1

3B1
1A1

3B1

ν1

expt
this work 1220(15) 1020(3) 735(20) 525(20) 500(20)
other 1221b 720c 595d

theory
this work 1254 1159 773 716 625 550 505e 431e

other 1196 1195 728 694 613 540

ν2

expt
this work 670(15) 520(30) 340(20) 200(20) 120(20)
otherf 668b 327c 196d

theory
this work 680 522 357 315 206 192 142e 136e

otherf 634 527 326 303 186 182

a ν1 is the C-X symmetric stretch andν2 is the XCX bend. All values are in wavenumbers. Values in parentheses are error bars.b Reference 22.
c Reference 34.d Reference 42.e LanL2DZ effective core potential was used for the core electrons of iodine and the valence electrons basis set
coefficients were taken directly from ref 55. 6-31+G* was used for the carbon atom.f Reference 13.
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with unresolved vibrational structure (Table 4) and a vibrational
temperature of 300 K. Lastly, the fwhm was varied between
15 and 20 meV in order to match the widths of the experimental
peaks. The addition of anharmonicity did not affect the quality
of the simulations significantly. The simulations of the singlet
and triplet states within each dihalocarbene were added together
to obtain a total simulation of the experimental spectra. These
simulations are shown with thin lines in Figures 1 and 2.

The second method for Franck-Condon analysis also has
been implemented previously in this laboratory.56 This method
involves using a slightly modified version of the CDECK
program.57,58In this case, the normal modes and geometries from
the calculations were also utilized but were not variable
parameters when determining the Franck-Condon intensities
and the breadth of the spectrum. Again, experimental frequencies
were used when available, otherwise, the ab initio frequencies
were used. A simulation of the photoelectron spectrum has been
generated by convoluting the Franck-Condon transitions with
Gaussians using a fwhm of 15-20 meV. These simulations are
not shown in this paper; however, they do agree well with those
shown in Figures 1 and 2.

From these Franck-Condon simulations, the origin transitions
for both the singlet and triplet states have been obtained by
extrapolating to lower electron binding energy. In addition, the
relative intensities of the VDE (IVDE) and the origin transition
(I0-0) have been determined for each state. In order to observe
a peak in the spectrum assigned to the origin transition, the
Franck-Condon factor for the 0-0 transition needs to be large
enough relative to those for the higher energy transitions. This
requires the geometries of the anion and neutral states to be
relatively similar. For many systems, the geometry change is
large so that it is impossible to detect the 0-0 transition.
According to Franck-Condon analysis, the ratioIVDE:I0-0 is
approximately 20:1 in the singlet states of CX2 which is close
to the signal-to-noise limit in the photoelectron spectra. As
discussed in the previous section, the 0-0 transition for the
CF2 singlet state has been observed experimentally; however,
those for CCl2, CBr2, and CI2 have not been. From the
extrapolation, the origin transitions have been determined to
be 1.59( 0.07, 1.88( 0.07, and 2.15( 0.07 eV for CCl2,
CBr2, and CI2, respectively. These energies are marked with
solid arrows in Figures 1 and 2.

The triplet states of the dihalocarbenes were analyzed in a
similar manner. The large differences in the anion and triplet
state geometries result in a very low intensity 0-0 peak for
CCl2, CBr2, and CI2. It is predicted to be too small to be
observed in the photoelectron spectrum with an averageIVDE:
I0-0 of approximately 105:1. This is in contrast to CF2, which
has a ratio of 20:1. After extrapolation, the 0-0 transition
energies for the triplet states were determined to be 2.52( 0.12,
1.71( 0.07, 1.98( 0.07, and 2.09( 0.07 eV for CF2, CCl2,
CBr2, and CI2, respectively. These energies are labeled with
dashed arrows in Figures 1 and 2. From this analysis, it appears
that the triplet state of CI2 is lower than the singlet state. The
same was found true for HCI, which is thought to have a triplet
ground state.59 The origin transition energies of both the singlet
and triplet states are listed in Table 5. The difference in the
results from the two Franck-Condon analysis methods is
included in the error bars.

C. Singlet-Triplet Splittings. Many theoretical studies on
carbenes throughout the past several decades have concentrated
on determining the singlet-triplet splitting energies for the
dihalocarbenes.12-15 The level of theory that has been imple-
mented to predict∆EST has improved throughout the years.

Although many experimental investigations have been per-
formed on the neutral dihalocarbenes, few have focused on
determining∆EST. Until the present study, there has been only
one experimental value for the∆EST reported for any of the
dihalocarbenes. An emission and energy transfer study of triplet
CF2 by Koda29 in 1978 revealed a∆EST for CF2 of 56.6 kcal/
mol. In 1988, Murray et al.48 obtained a lower limit on the∆EST

for CF2 of 50 kcal/mol using photoelectron spectroscopy;
however a precise value was not possible due to low photon
energies. The same PES experiment did not attempt to quantify
the singlet-triplet splitting of CCl2.

To this point, only an approximation of the∆EST has been
reported using the measured vertical detachment energies. Using
the origin transition energies listed in Table 5, revised singlet-
triplet splitting energies have been determined to be 54( 3, 3
( 3, 2 ( 3, and-1 ( 3 kcal/mol for CF2, CCl2, CBr2, and
CI2, respectively. Again, the error bars include the discrepancy
in the results from the different Franck-Condon analysis
methods. These values and those determined through calcula-
tions are presented in Table 6. The calculations have been
relatively successful at estimating the∆EST for CF2 with values
ranging from 46.5 to 57.6 kcal/mol. The present value of 53.9
( 3 kcal/mol is within error of the 56.6 kcal/mol obtained by
Koda.29 In comparison to CF2, the discrepancy between experi-
ment and theory is large in the determination of∆EST for CCl2,
CBr2, and CI2. For these dihalocarbenes, the experimental value
is lower than that calculated by at least a factor of 4. For CCl2

and CBr2 where∆EST is reported to be 3( 3 and 2( 3 kcal/
mol, respectively, the theoretical values are between 10 and 32
kcal/mol. In the case of CI2, we have found thetriplet state to
be approximately 1( 3 kcal/molmorestable than the singlet
state, which is in contrast to all theoretical results that predict
the singlet to be the lower state by 11.2-16.5 kcal/mol.12-15 In
general, both the experimental and theoretical determinations
conclude that the singlet-triplet splitting decreases from CF2

to CI2; however, the experimental data suggest that the relative
energies of the states may switch in the case of CI2. In all cases,
the CF2 singlet-triplet splitting is the largest by a considerable
amount.

TABLE 5: Origin Transition Energies of the Singlet and
Triplet States of CF2, CCl2, CBr2, and CI2

a

transition CF2 CCl2 CBr2 CI2
1A1(V)0) r 2B1(V′)0)b 0.180(20) 1.59 1.88 2.15
3B1(V)0) r 2B1(V′)0)b 2.52(12) 1.71 1.98 2.09

a All values are in electronvolts. Error bars are 0.07 eV unless
otherwise noted in parentheses.b Values are obtained from simulations
of the experimental spectra (see section IV.B for details).

TABLE 6: Singlet-Triplet Splitting Energies (∆EST) for
CX2 (X ) F, Cl, Br, I) a

CF2 CCl2 CBr2 CI2

experiment
this workb 54 ( 3 3 ( 3 2 ( 3 -1 ( 3
otherc 56.6

theory
MP4d 57.6 20.5 16.5 11.2
LCGTO-LSD/NLCe 54.1 23.4 18.5 15.3
LDA/NL f 55.6 23.8 22.4 16.5
DDCIg 56.3 19.7 15.6
CCCIh 57.5 25.9
DZPi 8.6

a Positive values indicate that the singlet state is more stable. All
values are in kcal/mol.b Values are determined using the quantities
found in Table 5.c References 29 and 30.d Reference 15.e Reference
13. f Reference 12.g Reference 14.h Reference 10.i Reference 6.
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As discussed above, the∆EST of CF2 is much greater than
those determined for CCl2, CBr2, and CI2. The theoretical
predictions for∆EST of CCl2, CBr2, and CI2 are too high even
though the experimental values are based on extrapolated data
and cannot be as accurately determined as would be possible
with a well-resolved spectrum and smaller geometry changes
between the anion and the neutral. For example, the calculated
∆EST for CCl2 is, on average 20 kcal/mol (∼ 0.9 eV) and the
EA of CCl2 is well determined at 1.59 eV.48 A ∆EST of 0.9 eV
would place the origin of the triplet state at 2.49 eV. According
to the photoelectron spectrum in the bottom of Figure 1, this is
clearly too high, falling near the peak of the triplet state portion
of the spectrum. Given the overestimation of the∆EST of CCl2,
it is not surprising that there is similar discrepancy between
the theoretical and experimental values for the more electron-
rich species, CBr2 and CI2.

D. Stabilization Effects. It is useful to discuss the orbitals
of the dihalocarbenes to better understand the relative energies
of the singlet and triplet states. The anion ground state of the
dihalocarbenes is a2B1 state and has the electronic configuration,
a1

2b1
1, where a1 hasσ symmetry and b1 is of π symmetry, giving

σ2π1; both are nonbonding orbitals (see Figure 4a).11,12 The
electronic configuration of the neutral state that is accessed upon
photodetachment depends on the orbital from which the electron
originated. Generally, the carbenes are electron deficient with
two orbitals of relatively low energy that are competing for the
same pair of electrons. Detachment of an electron from theσ
orbital produces a triplet state (3B1) in the neutral, leaving one
valence electron in each of two nonbonding orbitals on the
carbon atom,σ1π1 as illustrated in Figure 4b. If the electron in
theπ orbital is photodetached then the neutral is a singlet state,
1A1. Both nonbonding electrons are in theσ orbital, giving rise
to aσ2 electronic configuration, shown in Figure 4c. An electron
can be detached from either orbital, yielding a photoelectron
spectrum that contains features corresponding to transitions to
both the singlet and triplet states as seen in Figures 1 and 2. It
is not, however, obvious which will be the ground electronic
state for each dihalocarbene and what will govern the relative
stabilities of these states.

As discussed earlier, there is a large singlet state stabilization
in CF2 relative to the other dihalocarbenes. Several effects can
dictate this singlet state stabilization. The F atom, with lone
pairs in the p orbitals, preferentially binds to the p orbitals on
carbon throughπ bonds. The F atom can withdraw electron
density from theσ orbital and can donate it back to carbon
through theπ orbitals. This bonding will be the most favorable

with empty π orbitals on the carbon atom. Therefore, the
stabilization will be the greatest in the singlet state when both
electrons are in theσ orbital, resulting in theσ2 configuration.
This leads to the possibility of resonance structures in CF2. The
good overlap between the p orbitals of the F and C atoms allows
for the possibility of a partial double bond between the C and
F atoms as illustrated in Figure 4d. The same arguments for
the large singlet state stabilization in CF2 can also be made for
the destabilization of the CF2 triplet state.

These stabilization effects are greatly reduced in the cases
of Cl, Br, and I because of less favorable orbital overlap given
the increase in the size of the substituent. An explanation as to
why the triplet state may be the ground electronic state of CI2

also may be related to the size of the halogen substituent. As
the size of the halogen substituent increases, the X-C-X angle
also increases as seen in Table 3. As the angle approaches 180°,
the triplet state will become more stable as theσ andπ orbitals
become equivalent.4

The energy of the origin transitions is also determined by
the energy of the CX2- anion state. Therefore, comparisons of
the relative energies of the states between the different carbenes
are difficult to make. The anion stability is mainly determined
by the electronegativity of the halogen substituent. However,
other issues may affect the stability of the anion. In general,
the stability should decrease from CF2

- to CI2- due to the
decrease in the electronegativity. This stabilization effect would
result in the largest origin transition energy for CF2 and the
smallest for CI2. The origin transition energies, however, depend
on the energies of both the neutral and the anion. There is a
competition between the stabilization effects in the anion and
neutral. As seen in Table 5, there is a trend to a less stable
singlet state from CF2 to CI2 indicating that the neutral state
stabilization effects dominate the determination of the energy
of the origin transition as is expected considering the same
orbital argument.

The effects due to the change in the anion energy are canceled
out when comparing the singlet-triplet splitting energies. The
large stability of the singlet state with respect to the triplet state
of CF2 leads to the large∆EST observed in the photoelectron
spectrum. Consistent with the idea that the stabilization effects
for the neutral singlet and triplet states are not as great in the
other halogenated species, the∆EST decreases sharply from CF2

to CCl2 and remains relatively constant for CBr2 and CI2.

V. Conclusions

Negative ion photoelectron spectra have been recorded for
CF2

-, CCl2-, CBr2-, and CI2- using the 364 nm line from the
output of an Ar ion laser. Vibrational transitions within both
the 1A1 r 2B1 and3B1 r 2B1 electronic transitions have been
observed for all of the dihalocarbenes. Some of the states exhibit
resolved vibrational structure enabling the determination of
stretching and/or bending frequencies, all of which have been
compared with other values.13,22,34,42There is a clear dependence
of the spectra on the laser polarization indicating that two
different orbitals in the anion state are involved in the transitions
to the neutral states resulting in a singlet and a triplet state.

Ab initio calculations have been carried out on the anion and
neutral states. These results are utilized in Franck-Condon
calculations to simulate the photoelectron spectra. From the
simulations, the origin transition energies for the singlet and
triplet states have been extracted allowing for the determination
of the singlet-triplet splitting energies. A comparison of these
values has been made with many theoretical calculations5,6,10,12-15

and experimental determinations.29,30 In the case of CF2, the

Figure 4. Orbital representations of the anion (a), triplet (b), and singlet
(c) states of the CX2 (X ) F, Cl, Br, I) dihalocarbenes. Also shown
(d) is a possible resonance structure for the singlet state of CF2.
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theoretical values are very close to the experimental value. This
is in contrast to CCl2, CBr2, and CI2 where the theoretical values
are much higher than those determined experimentally. CF2,
CCl2, and CBr2 all were determined to have singlet ground states
but in the case of CI2, the triplet state is probably the more
stable state.
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