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The 364 nm negative ion photoelectron spectra of CECL~, CBr,~, and C}~ exhibit transitions to two
different electronic states, thé; and®B;. The CR~ spectrum exhibits well-resolved transitions to both
electronic states. In the cases of €CICBr,~, and C}~, 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 sitiggdét splittings in the heavier halocarbenes

are much smaller than for GE 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 originsATste is found

to be the lower state for GFCCh, and CBg and the electron affinities have been determined to be (180
0.020, 1.59+ 0.07, and 1.88t 0.07 eV, respectively. For glthe triplet state is apparently the lower lying

state with an electron affinity of 2.08 0.07 eV. The singlettriplet splitting energy has been determined to

be 54+ 3, 3+ 3, 2+ 3, —1 £+ 3 kcal/mol for Ck, CCkL, CBr,, and C}, respectively. In addition, the
bending and symmetric stretching vibrational frequencies have been determined for either one or both states.

I. Introduction In addition to the long list of theoretical studies on £X

Carbenes have attracted a large amount of interest, both= F. Cl, Br, 1), there have also been various experimental
experimentally and theoretically, due to their importance as investigations. Most of the experiments on the dihalocarbenes
intermediates in many organic reactions. Of particular impor- have been performed on gFEarly electronic spectroscopy
tance are the low-lying neutral singlet and triplet states, which €xperiments determined the vibrational frequencies of
have different chemical properties that affect their reactivity with CF2(*A1).1"% There have also been a number of infrared studies
various organic moleculés? There have been many ab initio  Within matrix**??and gas-phase environmefts:’ as well as
calculations that focus on both the singlét; and the triplet @ microwave studd from which structures, frequencies, and
3B, neutral states of the dihalocarbenes: ,GECh, CBr,, and lifetimes were obtained. Few studies have involved the triplet
Cly. Early calculations by Bauschlicher and co-workers aimed °Bi1 state of CEk. Kode*®3° obtained an emission spectrum
at determining the structure and energetics of simple carbenesassigned to the GE®B1) — CF(*Ay) intercombination transi-
including CR,® CCl,,5 and CBg.5 There were also two early tion; the vibrational distribution and relaxation of &¥B;)
calculations that predicted the electronic spectrum and vibra- following the reaction of oxygen with tetrafluoroethylene was
tional frequencies of CGF8 Carter and Goddafd! reported also characterized. It is from these experiments that the only
a thorough study of the singletriplet splittings (Esy) in the experimental measurement of the singieiplet splitting in CF,
neutral dihalocarbenes. A great deal of effort was devoted to 56.6 kcal/mol, was obtained. More recently, Huber and co-
understanding the bonding of the halogen atoms to the carbonworkers* produced triplet CE-following the photodissociation
atom and the role it plays in determining the relative stabilities 0f C2F4. Various experimental investigations have been carried
of the singlet and triplet states. Gutsev and Ziéglpublished ~ out to characterize C&¥ 3 and CBg** **in their ground'A;

a study on both the anion and neutral states of the dihalocar-states. Both the geometries and vibrational frequencies have been
benes. These density functional calculations determined geom-determined. Squires and co-workers have performed various
etries, electron affinities\Est, and dissociation energies. Russo experimental and theoretical studies to determine the thermo-
et al3 later calculated the geometrieAEst, and vibrational chemical properties of several carbenes including @fd
frequencies for the two low-lying neutral states using density CCl.*¢4"They found a correlation between the thermochemical
functional computations at the linear combination of Gaussian- quantities and the singletriplet energy splittings. Finally, 488
type-orbital local-spin-density level. Within the past five years, nm (2.54 eV) photoelectron spectra of CFand CCh~ were

two other groups have focused on calculatkigsr for the series observed in this laboratorf.These spectra revealed the singlet
of dihalocarbenes using the difference-dedicated configuration states of CEand CC}, from which the electron affinities and
interaction methott and Mgller-Plesset perturbation theoty.  vibrational frequencies were obtained. The 2.54 eV photon
All of these calculations predict that the dihalocarbenes have aenergy did not access the triplet states of,Gfd CC}.
singlet ground state with th#éB; state lying 16-35 kcal/mol Similarly, the photoelectron spectra of GBiand Ch~ were not
higher in energy for CGJ CBr,, and C}. measured because of their high electron affinities. To our

* Corresponding author. Address for correspondence: JILA, University knowledge, no experiments have been performed to characterize

of Colorado, Campus Box 440, Boulder, CO 80309-0440. E-mail: wel@ the triplet states of Cglor CBr,. In addition, there are no
jila.colorado.edu. Fax: (303) 492-8994. experimental results on the L£dihalocarbene for either state.
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This paper presents the results of photoelectron spectroscopy

(PES) on CE~, CCl,—, CBr,, and Ch~. Vibrational frequen-
cies, origin transition energies, and singl&iplet 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 Il. The results of the
experiment are presented in section lll, followed by a detailed
discussion in section V. Section V contains a summary of these
results.

Il. 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 hef@ 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 interactin
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
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igure 1. Negative ion photoelectron spectra of CKtop) and CCi~
bottom) recorded at the magic angle, S4(thick lines). The singlet
1A, and triplet®B; states are present in both spectra; they are separated
in CF, but overlapped in CGI Transitions that are attributed to the
symmetric stretching vibration are mark@dand combination bands

it intersects the ion beam at a right angle. The kinetic energy of one quantum of bend with a progression of the symmetric stretch
of the photodetached electrons is monitored by a hemisphericalare labeled *. The energies of the origin transitions determined from
energy analyzer positioned orthogonal to both the ion and laserSimulations (see text for details) in the singlet and triplet states are

beam axes. The electron energy resolution for each spectrum ig"

approximately 12 meV.

arked with a solid arrow and dashed arrow, respectively. In addition,
a simulation (thin line) of each spectrum is shown.

The photoelectron spectra are recorded as a function Ofphotoelectron differential cross section is given by

electron kinetic energy (eKE) and are subsequently converted

to electron binding energy (eBE), where eBEhv — 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 1103 eV as a refereAté
photoelectron spectrum of Os 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 valués.

In this experiment, the series of GX(X = F, CI, Br, 1)

% — Ototal
dQ 4n

[1 + SP,(cosh)]

where oioiar IS the total cross sectiorf is the asymmetry
parameteP? andP,(cos ) = (3 cog § — 1)/2. The value of3
ranges from—1 to +2. At the magic angle, 54°7P,(cos) =
0 and the spectrum is independentfof

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-

dihalocarbenes have been studied via photoelectron spectrostions were performed using the Gaussian 94 suite of progfams

copy. lons are formed via the,H abstraction reactio??,
CHX,+ 0O —CX, +H,0

The O ions are generated by passing a mixture of ap-
proximately 0.5 Torr of He and ©Othrough a microwave
discharge into the flow tube. The GK, is injected into the
flowing afterglow region through an adjustable inlet so that the
reaction with O can be optimized. Typical ion currents for
CF,~, CChL~, CBr,—, and C}~ are between 20 and 35 pA. The
production of the ions is optimized by varying the flows of the
helium, oxygen, and C§X, 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® = 0°, 54.7, and 90, referred to as
parallel, magic angle, and perpendicular, respectively. Here,

using second-order MglleiPlesset 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 6-31G* basis set

was used for Cf CCh, and CBp in order to simplify
comparisons among the systems. Fop, @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-workéPsHowever, our
calculations include up until the d functions. The 6+33* basis

set was used for the carbon atom in.Cl

Ill. Results

A. Magic Angle. The 364 nm negative ion photoelectron
spectra of the CX dihalocarbenes recorded at the magic angle
are displayed in Figures 1 and 2 (thick lines). Each spectrum

is defined as the angle between the laser polarization of the consists of transitions from the anion ground stéiB)(to both

incident light and the direction of the collected electrons. The

the singlet tA;) and the triplet 1) CX, neutral states. Each
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Figure 2. Negative ion photoelectron spectra of GB(top) and C}~
(bottom) recorded at the magic angle, S4(thick lines). The singlet

1A, and triplet®B; 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 marked®. 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 States

CR, CCl, CBr, Cl,
VDE
singlet ¢A;) 0.90 2.17 2.34 2.43
triplet GB1) 2.96 2.67 2.81 2.83
AVDEst 2.06 0.50 0.47 0.40

a All values are in electronvolts. Error bars are 0.05 eV.
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decreases dramatically from about 2.0 eV for,GB ap-
proximately 0.5 eV for CGl CBr,, and Ch. This decrease in
splitting is illustrated in Figures 1 and 2 where the states are
well separated in the case of £&nd are overlapped for the
other dihalocarbenes. A more detailed analysis of the singlet
triplet splittings including FranckCondon calculations is
discussed in section IV.C.

The CR~ 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 €F symmetric stretching vibration. The
smaller peaks are assigned to combination bands of the C
symmetric stretching progression and one quanta-eC+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 C&t photoelectron spectrum (bottom
of Figure 1), the singlet state shows well-resolved progressions
that can be assigned in a manner similar to the Gipectrum.

At low electron binding energies, the main peaks correspond
to a progression in the pure<Cl symmetric stretching vibration

(®) while the indicated smaller peaks (*) are attributed to the
C—CIl symmetric stretch with one quantum of -GC—CI
bending vibration. Assignments of individual peaks within the
singlet states of the CBr and CbL~ 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.AL.

Similar to the singlet state of GFthe triplet state, which
lies at high electron binding energy in Figure 1, shows
vibrational progressions attributed to the pure EEsymmetric
stretching vibration along with a progression of the symmetric
stretch combined with the FC—F bend. With the aid of
theoretical calculations, the distinct peaks in the £Bnd Cp~
photoelectron spectra are assigned te-XC (X Br, 1)
symmetric stretching vibrations and bergtretch combination
bands within their respective triplet states. Unlike,CEBI»,

spectrum shows long vibrational progressions for both statesand Cp, the CC} triplet state does not exhibit resolvable

due to the difference in the-€X bond length and the XC—X

vibrational structure. A detailed discussion of this analysis is

bond angle between the anion and neutral geometries. There iyresented in Section IV.A.2.
a great deal of overlap between the singlet and triplet states B polarization Study and Angular Distributions. Photo-

except in the CE 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 CF

electron spectra of the GX dihalocarbenes collected at two
other laser polarization angles relative to the direction of electron
collection,® = 0° (parallel) andd = 90° (perpendicular), are

singlet state where a distinct feature can be assigned as the originjisplayed in Figure 3. The changes in the photoelectron spectra

transition at 0.18Gt 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 nff.

Although most of the origin transitions cannot be identified,
the vertical detachment energy (VDE), the energy at which the
neutral CX% geometry is the same as the anion minimum energy
configuration, can be obtained directly from the position of the

upon changing can be characterized quantitatively by deter-
mining the value of the asymmetry paramefgrfor each state

|0_ |9o

lo

5+ lao

maximum photoelectron signal. Both states in each spectrumwherely is the intensity of a single peak ét= 0° andlgy is

have been fit with a Gaussian in order to obtain the VDE. The
difference in the VDE of the singlet and triplet statd&/DEsr)
provides only an approximation for the singtétiplet splitting

the intensity of the same peak @t= 90°.
The angular distribution of the detached electron depends on
the symmetry of the orbital from which it originated in the anion

energy (AEst) as will be discussed in section IV.C. We define ground state. To better understand the angular distribution of
AEst as the difference between the origin transition energies the ejected electron and the effects it has on the photoelectron
that will lie to lower electron binding energy of the VDE in all  spectra, consider atomic photoelectron detachifeéPhotode-
cases. The individual VDEs are listed in Table 1 along with tachment of an s electron adds one unit of angular momentum
the AVDEst. The most striking result is that thAVDEgst from the photon resulting in an outgoing p-wave, with an angular
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Figure 3. Negative ion photoelectron spectra of CFCCL~, CBr,~, and Ch~ recorded at laser polarizatiors= 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 parapeter,

distribution that is independent of the electron kinetic energy lowest partial wave dominates giving an isotropic angular
and has a c@s@ distribution with 3 = 2. An electron that distribution andgs = 0. As the electron kinetic energy increases
originates fren a p orbital in an atomic anion can have an toward 1 eV, approaches-1, a sir? 6 distribution. At even
outgoing s- or d-wave; the one unit of angular momentum from higher eKE &1 eV) the value of approaches 2.

the photon either adds to or subtracts from the one unit of For a molecule, the lack of spherical symmetry and the effects
angular momentum of the electron. These two partial waves of rotational averaging make the understanding of the asymmetry
interfere giving an angular distribution that is a function of the parameter more complicated. In general, an electron that
electron kinetic energy. Near zero electron kinetic energy, the originates from an s-type orbital results fh~ 2, a co3 0
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TABLE 2: Asymmetry Parameter, f, for Photodetachment TABLE 3: Bond Distances (cx) and Angles @xcx) (X = F,
of CF,~, CCl,~, CBr,~, and Cl,~ 2 Cl, Br, 1) for All of the Dihalocarbenes in Both the Anion
Ch cch CBr ch and Neutral State$
b b b c
singlet eAl) CKF, CCl CBry Cly
peak 2.64 1.46 anion
b -0.4 -0.7 <Q° <Qe rex 1.44 1.87 2.05 2.25
triplet (°B1) Oxcx 100.30 104.85 105.49 107.39
peak 0.38 0.67 0.59 0.69 neutral singlet
P 2.0 0.5 0.4 0.4 rex 1.30 1.71 1.88 2.09
7 104.91 110. 110. 112.66
aPeak positions are electron kinetic energies in electronvdisor neu?gl triplet ° 0-36 0.66 6
bars are 0.1¢ Lack of structure in the singlet states and the overlap of Fex 1.32 1.68 1.84 2.03
the singlet and triplet states inhibit the determination of an accurate Oxex 119.16 127.52 129.27 132.21

value forp.

_ ﬁ . . a All values are taken from MP2 level Gaussian 94 calculations using
distribution. An electron from a p-type orbital givs< 0 and the indicated basis set. Distances are in angstroms and angles are in
from a d-type orbital = 0. degreesP 6-3114+G*. ¢ LanL2DZ effective core potential was used for

Since transitions to a singlet versus a triplet state originate the core electrons of iodine and the valence electrons basis set
from different orbitals in the anion ground state, one would coefficients were taken directly from ref 55. 6-BG* was used for

expect a difference in the peak direction of the detached the carbon atom.

electrons. Figure 3 shows the £F CCL~, CBr,~, and Cp~ lculati N lculat . ;
photoelectron spectra, which illustrate an obvious preference C. Calculations. Ab initio calculations were (_:amed out for
the ground state of the anion and both the singlet and triplet

in photodetachment to the singlet and/or triplet states depending . - L
on the polarization of the incident laser light. There is a general state of the neutrals to determine the geometries and vibrational
trend that the singlet state preferentially detaches perpendiculard€dUencies forh_ea_lch ;ysltem. For all of_the dlralocarbenes, the
to the laser polarization and the triplet state peaks parallel to lanlonhstatée ix ibits I'I[ e largest-& (IX =F, Cl Br, ) bo”?]

the laser polarization. In the GF photoelectron spectrum  €ngth and the smallest XC—X angle in comparison to the
recorded a# = 0° (Figure 3a), both the triplet and singlet states c0'responding neutral states. In CEhat C-F bond length in

are present in equal proportions. At = 90° (Figure 3e) the singletstate is slightly smaller~1%) than that calculated
however, there is only a hint of the triplet state present in the for the triplet state. This is in agreement with calculations

spectrum while the intensity of the singlet state is essentially Performed by Russo et &.0n the other hand, the-€X bond
the same as that measured in éhe 0° spectrum. In the CGF, length is smaller in thériplet state than in the singlet state for

CBr,, and Ch~ photoelectron spectra ét= 0° (Figure 3b- CCl,, CBrz, and Cp. .The trend for the )eC—X_angIe Is th?
d), the triplet state is dominant with only a hint at the presence same for all of the dihalocarbenes; the angle increases slightly

of the singlet state. It is clear that the presence of the singlet 7o the anion to the singlet state and more substantially to the
state decreases from €Fo Cl, at parallel polarization. In triplet state. All values are listed in Table 3. Two of the normal

contrast, there is significant detachmenbtih the singlet and modes are totally symmetric and Cquld be _active in the
triplet states of CG| CBr, and Ch at# = 90° (Figure 3fh). photoelectron spectra: the-X symmetric stretchingy) and

These observations confirm that two different orbitals, each 1€ X~C—X bending ¢») vibrations (see Table 4). The degree
with different symmetry in the ground state of the anion, are to which they are active depends on the displacement between

involved in the transitions to the two observed states. Evaluating corresponding modes in the anion and the ngutral states.

f for each state supports the singlet and triplet assignment of _ 1€ geometrical parameters and frequencies were used for
each electronic state. Due to spectral overlap and insufficient Franck—(_:ono!on anaIyS|_s_to determine the relative intensities
vibrational structure in the singlet state of GBind Cb, the 3 of the vibrational .transmons expe_cted in the photoeleqtron
parameter could only be determined for C&nd CCh with spectra (see section IV.B). The intensities are essential in

values ofg < 0, indicating that the electron has been detached determining the possibility of observing the-0 transition in
from az orbital, resulting in the singlet state. For the triplet the singlet and triplet states of the dihalocarbenes especially in

states, @ parameter could be obtained for each dihalocarbene. the cases where there is a large geometry change and therefore

The values are all greater than zero, decreasing from 2.0 for2 long vibrational progression.
CF; to 0.4 for Cb. The value of 2.0 suggests that the electron
detachment occurs froma@orbital in the anion, giving rise to
the triplet state. As the halogen atom gets larger, it is less A. Vibrational Frequencies. 1. Singlet StateThe singlet state
appropriate to describe the orbitals as purelgr 7. A more of CF, shows vibrational structure that is well resolved allowing
detailed explanation of the orbitals is found in section IV.D. for an accurate determination of both frequencigsand v..
The 8 values along with the electron kinetic energies of the Labeled in the top spectrum of Figure 1 with a filled circle, the
peaks can be found in Table 2. symmetric stretch is approximately 122015 cnt?t, which is

The spectra in Figure 3 are also used to separate thein very close agreement with the value of 122830 cnt?!
overlapping singlet and triplet states. The triplet state can be previously determined via photoelectron spectroscopy in this
isolated from the singlet state through a subtraction scheme.laboratory!® In addition, this value is consistent with the gas
After normalizing the spectra takenét= 90° to those recorded  phase value, 1225.08 cr determined by Davies et & and
at 0 = 0°, the spectra are subtracted, resulting in a spectrum the matrix value2 1221 cnt. The bending frequency, marked
that is attributed mainly to transitions within the triplet state. with an asterisk in Figure 1, is determined to be 8705 cntt.
These subtracted spectra were also fit with a Gaussian in orderThis value is slightly different from that measured previously
to determine the VDE of the triplet states. The values are in by photoelectron spectroscopy, 7860 cnt?, but agrees well
good agreement with those determined in section I1I.A and the with the matrix valué? of 668 cnt. Additionally, calculations
differences in the fits are included in the error bars listed in by Russo et al? predict values of 1196 and 634 cinfor the
Table 1. symmetric stretching and bending frequencies, respectively.

IV. Discussion
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TABLE 4: Experimentally Determined Vibrational Frequencies for CX, (X = F, Cl, Br, 1) in the Singlet *A; and Triplet 3B,
States. Also Listed for Comparison Are Values Determined in Previous Experiments, Those Calculated Using MP2(FULL)/
6-311+G*, and Those Predicted Previously

Ck CC|2 CBn, Cl,
1A1 381 1A1 3Bl 1Al 3Bl 1A1 381
V1
expt
this work 1220(15) 1020(3) 735(20) 525(20) 500(20)
other 122% 720 595
theory
this work 1254 1159 773 716 625 550 505 431
other 1196 1195 728 694 613 540
V2
expt
this work 670(15) 520(30) 340(20) 200(20) 120(20)
otherf 668 32F 196
theory
this work 680 522 357 315 206 192 42 136
otherf 634 527 326 303 186 182

2y, is the C-X symmetric stretch and, is the XCX bend. All values are in wavenumbers. Values in parentheses are errérRefsrence 22.
¢ Reference 349 Reference 42 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. 6-86G* was used for the carbon atofrReference 13.

Similarly, the singlet state of Cg&tan be accurately assigned compared to the calculated value of 1195 @i# A less

and vibrational frequencies can be extracted. In the bottom prominent progression is attributed to the bending mode at 520
portion of Figure 1, the symmetric stretching frequency is =+ 30 cnt. For CC}, the triplet state in the bottom portion of
measured to be 73% 20 cntl, very close to the previous PES  Figure 1 reveals very little structure, making the experimental
result® of 7304 40 cnT! and the calculated frequency, 728 determination of frequencies impossible. Similar to the £Br
cm L. There is also agreement with the value determined from and C} singlet states, the frequencies from our calculations were
experiments in solid Ar,~720 cnT1.3235The other prominent  used to simulate the Cgtriplet state. The values used were
progression identifiable in the photoelectron spectrum o,CCl 715 and 315 cmt for v, and vy, respectively. They compare

is a progression of the symmetric stretch with one quantum of well with those determined using a higher level of theory as
Cl—C—ClI bend, marked with an asterisk in Figure 1. This listed in Table 43

progression reveals a bending frequency of 34@0 cnr?, The triplet states of CBrand Ch (Figure 2) are the most
the same value determined from PES eaffiefhese values  prominent parts of the respective photoelectron spectra. Accurate
agree well with theory? 326 cnt?, and experiment 333 cnt?. determinations of the symmetric stretching frequencies for both
In general, these measured vibrational frequencies are inCBr, and Ch have been made. For CBw; = 525+ 20 cnt?!
agreement with our unscaled calculated values. and for Cb, v; = 500+ 20 cntl, these frequencies are marked

The singlet state in the CBr spectrum does not exhibit  with filled circles in Figure 2. The bending frequencies are more
vibrational structure. A simulation using the unscaled values difficult to measure, giving, = 2004 40 and 120k 40 cnT?,
determined by our calculations; = 625 cnt! andv, = 206 for CBr, and C}, respectively. The values for CBare in close
cm™1, reproduces the experimental spectrum after applying a agreement with theord, v, = 540 cnt! andv, = 182 cn1?;
full-width at half-maximum (fwhm) of 15 meV. These calculated however, there are no previous theoretical predictions for the
frequencies agree well with those determined experimentally. Cl, system. In addition, estimates from our calculations provided
Bondybey and Englis® collected a spectrum of CBin solid a good template for these measurements. The outcome of these
Ar, obtaining 595 cm! for the C-Br symmetric stretching calculations is very close to those measuredandv, for CBr,
vibration and 196 cm! for the B—C—Br bending vibration. and Cp are 550 and 192 cm and 430 and 135 cm,
Additionally, calculations by Russo et Hl.are also in close respectively. These frequencies from the calculations performed
agreement, 613 and 186 cirfor v; andv,, respectively. The in this laboratory have not been scaled. The experimental and
singlet state of Glis treated in a similar manner since there is unscaled calculated frequencies are found in Table 4.
very little vibrational resolution seen in the spectrum. Again, B. Franck—Condon Analysis. Two different Franck
the vibrational frequencies from the calculations performed in Condon analysis methods have been employed on the singlet
this laboratory were used to simulate the spectrum. The spectrumand triplet states of the dihalocarbenes to aid in the identification
is well reproduced withy; = 505 cnt! andv, = 142 cntl, of the 00 transition energies and to simulate the photoelectron
Since there have been no previous studies enri@ compari- spectra. In both methods, each state was simulated individually.
sons can be made. A summary of some theoretical and The absolute energy was determined by aligning the VDE of
experimental singlet state vibrational frequencies is in Table 4. the simulated spectrum to that of the experimental spectrum.

2. Triplet StateConsiderably less information is known about The first method is the same as that previously used in this
the vibrational frequencies in the triplet states of,CECL, laboratory for the HCX (X= F, Cl, Br, 1) halocarbene® The
CBr,, and C}. To our knowledge, only theoretical calculations anion and neutral potential energy surfaces were assumed to
are availabl® and this paper reports the first experimental be harmonic. The ab initio geometries were used as a guide;
measurements of these vibrational frequencies. Fai, €ie however, the change in geometry between the anion and the
triplet state displays some vibrational resolution, shown in Figure neutral was an adjustable parameter in order to match the breadth
1, such that the frequencies may be measured. The mainof the vibrational progression in the experimental spectrum. The
progression is assigned to the pure symmetric stretching simulations were generated by utilizing the measured frequencies
vibration, resulting inv; = 1020 & 30 cnT?; this can be (see section IV.A) or the ab initio frequencies for the states
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with unresolved vibrational structure (Table 4) and a vibrational TABLE 5: Origin Transition Energies of the Singlet and
temperature of 300 K. Lastly, the fwhm was varied between Triplet States of CF,, CCly, CBr,, and Cl;?
15 and 20 meV in order to match the widths of the experimental transition CkL CCl,  CBr, Cly
peaks. The addition of anharmonicity did not affect the quality 1A,(y=0) — 2B,(/=0) _ 0.180(20) 159 188 515
of the simulations significantly. The simulations of the singlet  3p,(,=0)— 2B,(y=0%  2.52(12) 1.71 1.98 2.09
and triplet states within each dihalocarbene were added together .
to obtain a total simulation of the experimental spectra. These *All values are in electronvolts. Error bars are 0.07 eV unless
. . . S - ) otherwise noted in parenthes@&/alues are obtained from simulations

simulations are shown with thin lines in Figures 1 and 2. of the experimental spectra (see section IV.B for details).

The second method for FranelkCondon analysis also has ) ) o )
been implemented previously in this laborat&tyhis method TABLE 6 Slnglet—TerIet Splitting Energies (AEsr) for
involves using a slightly modified version of the CDECK CX, (X = F, Cl, Br, 1)

program®”-58|n this case, the normal modes and geometries from CR CCL  CBr Clp
the calculations were also utilized but were not variable experiment

parameters when determining the Fran€ondon intensities this work® 54+3 3+3 2+£3 143
and the breadth of the spectrum. Again, experimental frequencies _othef 56.6

were used when available, otherwise, the ab initio frequencies the,\‘/l)g4d 576 05 165 112
were used. A simulation of the photoelectron spectrum has been | cgTo-LSDINLG  54.1 23.4 185 153
generated by convoluting the Frare€ondon transitions with LDA/NLf 55.6 23.8 22.4 16.5
Gaussians using a fwhm of 20 meV. These simulations are DDCI¢ 56.3 19.7 15.6

not shown in this paper; however, they do agree well with those ggg'h 57.5 25.9 a6

shown in Figures 1 and 2.

From these FranekCondon simulations, the origin transitions a Positive_ values indicate that the singlgt state _is more stablt_a_. All
for h the sinal nd triol hav n in values. are in kcal/moP Values are determined using the quantities
c;(trbot | ttir? St Ig(\j\;[ ? (lj ttrp ﬁtbisrtlzti(rels 2 ? belt:] 83;[3 ne(:hbyfound in Table 5¢ References 29 and 3®Reference 15¢ Reference
extrapoiating to lower electro g energy. ina on, e 13 rReference 129 Reference 14"

relative intensities of the VDE\(pg) and the origin transition

(lo-0) have been determined for each state. In order to observe Although many experimental investigations have been per-

a peak in the spectrum assigned to the origin transition, the ¢, 104 on the neutral dihalocarbenes, few have focused on
Franck-Condon factor for the 90 transition needs to be large determiningAEsr. Until the present study, there has been only

enough relative to those for the higher energy transitions. This . experimental value for th&Esr reported for any of the

requjres thg geometries of the anion and neutral states to ,bedihalocarbenes. An emission and energy transfer study of triplet
relatively 5|m|lgr.'qu many systems, the geometry c.h.ange IS CF, by Kod&® in 1978 revealed &Es; for CF of 56.6 kcall
large S0 that it is impossible to de_tect the(]_D transition. mol. In 1988, Murray et &t obtained a lower limit on thAEst
According to FranckCondon analysis, the ratityoe:lo—o is for CR, of 50 kcal/mol using photoelectron spectroscopy;
approximately 20:1 in the singlet states of £¥hich is close 5 ever a precise value was not possible due to low photon

Lq the sign.al-tﬁ-noise_limit in the pf;}c:oelectrgp sp:(ectrﬁ. As energies. The same PES experiment did not attempt to quantify
iscussed in the previous section, thetransition for the the singlet-triplet splitting of CC.

CF; singlet state has been observed experimentally; however, To this point, only an approximation of th&Esr has been

th(:se flort_ CC;JihCBrz_, _antd Ci?t_ haveh not bbeen.d Ftrom_ thg i reported using the measured vertical detachment energies. Using
eéxtrapolation, the origin transitions have been determined 10 y,q origin transition energies listed in Table 5, revised singlet

be 1.59+ 0.07, 1'88i. 0.07, and 2.15- 0.'07 ev for CCj, .. triplet splitting energies have been determined to bet53, 3

CBr,, and C}, respectively. These energies are marked with 13 2+ 3, and—1 + 3 keal/mol for C, CCh, CBr,, and

solid arrt_aws in Figures 1 an_d 2. ~ Cly, respectively. Again, the error bars include the discrepancy
The triplet states of the dihalocarbenes were analyzed in ajn the results from the different FranelCondon analysis

similar manner. The large differences in the anion and triplet methods. These values and those determined through calcula-

state geometries result in a very low intensity ® peak for tions are presented in Table 6. The calculations have been

CCl, CBrp, and Cp. It is predicted to be too small to be  relatively successful at estimating th&st for CF, with values

Reference 10.Reference 6.

observed in the photoelectron spectrum with an avetage  ranging from 46.5 to 57.6 kcal/mol. The present value of 53.9
lo—o of approximately 181. This is in contrast to Gf which + 3 kcal/mol is within error of the 56.6 kcal/mol obtained by
has a ratio of 20:1. After extrapolation, the-0 transition Koda?® In comparison to CF; the discrepancy between experi-
energies for the triplet states were determined to be 2.8212, ment and theory is large in the determinationm\@st for CCl,

1.71+ 0.07, 1.98+ 0.07, and 2.09 0.07 eV for Ck, CCl, CBr,, and C. For these dihalocarbenes, the experimental value
CBrz, and Cp, respectively. These energies are labeled with js jower than that calculated by at least a factor of 4. For,CCl
dashed arrows in Figures 1 and 2. From this analysis, it appearsand CBp whereAEgr is reported to be 3 3 and 2+ 3 kcal/
that the triplet state of Glis lower than the singlet state. The  mo|, respectively, the theoretical values are between 10 and 32
same was found true for HCI, which is thought to have a triplet kcal/mol. In the case of Gl we have found thériplet state to
ground staté? The origin transition energies of both the singlet pe approximately = 3 kcal/molmorestable than the singlet
and triplet states are listed in Table 5. The difference in the state, which is in contrast to all theoretical results that predict
results from the two FranekCondon analysis methods is the singlet to be the lower state by 1326.5 kcal/mol2-251n
included in the error bars. general, both the experimental and theoretical determinations
C. Singlet—Triplet Splittings. Many theoretical studies on  conclude that the singletriplet splitting decreases from GF
carbenes throughout the past several decades have concentratéd Cl,; however, the experimental data suggest that the relative
on determining the singletriplet splitting energies for the  energies of the states may switch in the case efi@lall cases,
dihalocarbene¥-15 The level of theory that has been imple- the CR singlet-triplet splitting is the largest by a considerable
mented to predicAEst has improved throughout the years. amount.
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X with empty & orbitals on the carbon atom. Therefore, the
X @ \@ stabilization will be the greatest in the singlet state when both
\C® C@ electrons are in the orbital, resulting in thes? configuration.
/ This leads to the possibility of resonance structures ip The
X /O good overlap between the p orbitals of the F and C atoms allows
X for the possibility of a partial double bond between the C and

F atoms as illustrated in Figure 4d. The same arguments for

2 b the large singlet state stabilization in £¢an also be made for
the destabilization of the GRriplet state.
X O F\ These stabilization effects are greatly reduced in the cases
\C C@ of ClI, Br, and | because of less favorable orbital overlap given
the increase in the size of the substituent. An explanation as to

/O F%/ﬂ why the triplet state may be the ground electronic state ef Cl

also may be related to the size of the halogen substituent. As
c d the size of the halogen substituent increases, th€XX angle
Figure 4. Orbital representations of the anion (a), triplet (b), and singlet also increases as seen in Table 3. As the angle approacltfes 180
(c) states of the CX(X = F, Cl, Br, 1) dihalocarbenes. Also shown  the triplet state will become more stable as ¢hend orbitals
(d) is a possible resonance structure for the singlet state af CF become equivalerit.
) . The energy of the origin transitions is also determined by
As discussed above, theEst of CF; is much greater than  yhe energy of the CX anion state. Therefore, comparisons of
those determined for C&ICBr, and Ch. The theoretical 4 relative energies of the states between the different carbenes
predictions forAEsy of CCl, CBr,, and Cp are too high even e gifficult to make. The anion stability is mainly determined
though the experimental values are based on extrapolated datgy, {he electronegativity of the halogen substituent. However,
and cannot be as accurately determined as would be possiblgyiher jssues may affect the stability of the anion. In general,
with a weII-resqued spectrum and smaller geometry changes o stability should decrease from £Fto Cl,~ due to the
between the anion and the neutral. For example, the calculatedyecrease in the electronegativity. This stabilization effect would
AEsr for CCly is, on average 20 kcal/mot(0.9 eV) and the  oq it in the largest origin transition energy for Cand the
EA of CCl is well determined at 1.59 e¥.A AEsrof 0.9eV  gqjiest for GJ. The origin transition energies, however, depend
would place the origin of the triplet state at 2.49 eV. According , the energies of both the neutral and the anion. There is a
to the photoelectron spectrum in the bottom of Figure 1, this i o5 hetition between the stabilization effects in the anion and
clearly too high, fal'ling near the pegk of the triplet state portion neutral. As seen in Table 5, there is a trend to a less stable
of the spectrum. Given the overestimation of fkiésy of CCl, singlet state from CFto Cl, indicating that the neutral state

it is not surprising that there is similar discrepancy between giapijization effects dominate the determination of the energy
the theoretical and experimental values for the more electron- ;¢ 1he origin transition as is expected considering the same

rich species, CBrand Cb. orbital argument.

D. Stabilization Effects. It is useful to discuss the orbitals The effects due to the change in the anion energy are canceled
of the dihalocarbenes to better understand the relative energieg) ;; \when comparing the singtetriplet splitting energies. The

of the singlet and triplet states. The anion ground state of the |54 stapility of the singlet state with respect to the triplet state
dihalocarbenes is%B; state and has the electronic configuration, of CF; leads to the large\Est observed in the photoelectron

2h. 1 i i
b whﬁre ahaso symmetry and lb's of x sy_mmeta/ a,}glwhng spectrum. Consistent with the idea that the stabilization effects
or'; both are nonbonding orbitals (see Figure #df. The for the neutral singlet and triplet states are not as great in the

electronic configuration of the neutral state that is accessed UPONyiher halogenated species, thEsr decreases sharply from €F
photodetachment depends on the orbital from which the electron, CCh and remains relati\’/ely constant for GRind Cb

originated. Generally, the carbenes are electron deficient with
two orbltgls of relatively low energy that are competing for the V. Conclusions
same pair of electrons. Detachment of an electron fronwthe
orbital produces a triplet statég;) in the neutral, leaving one Negative ion photoelectron spectra have been recorded for
valence electron in each of two nonbonding orbitals on the CF,~, CCL~, CBr,~, and Cb~ using the 364 nm line from the
carbon atomglz?! as illustrated in Figure 4b. If the electron in  output of an Ar ion laser. Vibrational transitions within both
the s orbital is photodetached then the neutral is a singlet state, the A; — 2B; and3B; < 2B; electronic transitions have been
1A1. Both nonbonding electrons are in therbital, giving rise observed for all of the dihalocarbenes. Some of the states exhibit
to ao? electronic configuration, shown in Figure 4c. An electron resolved vibrational structure enabling the determination of
can be detached from either orbital, yielding a photoelectron stretching and/or bending frequencies, all of which have been
spectrum that contains features corresponding to transitions tocompared with other valuég?23442There is a clear dependence
both the singlet and triplet states as seen in Figures 1 and 2. Itof the spectra on the laser polarization indicating that two
is not, however, obvious which will be the ground electronic different orbitals in the anion state are involved in the transitions
state for each dihalocarbene and what will govern the relative to the neutral states resulting in a singlet and a triplet state.
stabilities of these states. Ab initio calculations have been carried out on the anion and
As discussed earlier, there is a large singlet state stabilizationneutral states. These results are utilized in Frar@&ndon
in CR; relative to the other dihalocarbenes. Several effects can calculations to simulate the photoelectron spectra. From the
dictate this singlet state stabilization. The F atom, with lone simulations, the origin transition energies for the singlet and
pairs in the p orbitals, preferentially binds to the p orbitals on triplet states have been extracted allowing for the determination
carbon throughr bonds. The F atom can withdraw electron of the singlet-triplet splitting energies. A comparison of these
density from theo orbital and can donate it back to carbon values has been made with many theoretical calcul&tfgfig®1>
through ther orbitals. This bonding will be the most favorable and experimental determinatioffs®® In the case of Cf the
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theoretical values are very close to the experimental value. This

is in contrast to CG| CBr,, and C} where the theoretical values
are much higher than those determined experimentally, CF
CCl, and CBg all were determined to have singlet ground states
but in the case of GJ the triplet state is probably the more
stable state.
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