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Electronic structure of halogen-substituted methyl radicals:
Excited states of CH 2Cl and CH 2F

Sergey V. Levchenko and Anna I. Krylov
Department of Chemistry, University of Southern California, Los Angeles, California 90089-0482

~Received 21 May 2001; accepted 16 July 2001!

Electronically excited states in CH2Cl and CH2F radicals are studied at the EOM–CCSD/6-311~31,
31!G~3df, 3pd! level of theory. Excited states’ characters and changes in the electronic spectrum in
the CH3→CH2F→CH2Cl sequence are interpreted in terms of a simple molecular orbital picture.
The key factors determining the electronic structure of these radicals are~i! the presence of lone
pairs on the halogen and~ii ! how strongly these lone pairs are bound to the halogen. In CH2Cl, the
small energy gap between the unpaired electron on carbon and the lone pair on chlorine results in
additional p-bonding between C and Cl. Moreover, the relatively weak binding energy of the
chlorine’s lone pairs is responsible for the presence of several low-lying valence states in CH2Cl. In
CH2F, where the lone pairs have a considerably lower energy, no additional bonding is found. The
character of two lowest valence states in CH2F is similar to that of the lowest states in CH2Cl, but
the excitation energies are considerably higher. The low-lying Rydberg states appear to be similar in
all three radicals. ©2001 American Institute of Physics.@DOI: 10.1063/1.1400143#
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I. INTRODUCTION

Halogen-substituted methyl radicals are intermediate
the photodecomposition and oxidation reactions of halo
nated hydrocarbons which represent an important sourc
halogen atoms in the atmosphere.1,2 Since atmospheric reac
tions occur at relatively low concentrations, and in the pr
ence of solar radiation, the photodissociation of these r
cals may compete with nonphotochemical pathways of th
decomposition, e.g., bimolecular reactions with other s
cies.

It has been revealed by earlier spectroscopic~see Ref. 3
for the summary of spectroscopic data! andab initio4 studies
that the seeming similarity between the methyl radical and
halogen-substituted derivatives is limited and even dec
tive: the interaction of the lone pairs of halogen~s! with the
unpaired electron is the cause of anomalously str
C-halogen bonds,5–9 deviations from planarity,5,6 and high
anharmonicity of the out-of-plane vibrations.7,8 Moreover,
the availability of nonbonding electrons suggests the p
ence of low-lying valence excited states in halogenated
thyl radicals, as opposed to the methyl radical whose low
electronically excited states are almost exclusively Rydb
states.10–14

Experimental studies of the excited states in halogena
methyl radicals are scarce.15–21 Several Rydberg states o
CH2F have been probed by resonance enhanced multiph
ionization ~REMPI! spectroscopy by Hudgenset al.15 Rous-
sel et al. have measured the ultraviolet absorption spectr
of CH2Cl in the 195–235 nm range.18 Recently, the photo-
dissociation dynamics of CH2Cl has been studied by the pho
tofragment imaging technique by Reisler and co-worker22

They have also employed the REMPI technique to pro
Rydberg states.22 Earlier, estimations of the energies of th
lowest excited state in CH2Cl and CH2F have been derived
from analysis of microwave spectra.23
7480021-9606/2001/115(16)/7485/10/$18.00
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Theoretical studies of excited states in the
species15–17,24–27have been mostly limited to a selected su
set of states such as excited states different in symmetry f
the ground state15–17,24–26~calculated by Hartree–Fock an
MP2!. The Rydberg states of these radicals have been i
rectly studied by calculating the corresponding ground s
cations.24–26,28 Recently, Li and Francisco have reporte
multireference configuration interaction~MRCI! calculations
of several valence states of CH2Cl and CH2Br.27

The goal of the present study is to accurately investig
both valence and Rydbergstates of the CH2F and CH2Cl
radicals. Since these species have low ionization potent
their Rydberg states are low in energy. On the other ha
due to the lone pairs of the halogen substituents, there e
low-lying valence states. Therefore, Rydberg and vale
states can strongly interact, and thus a balanced descrip
of both is crucial to the understanding the photoinduced
actions. We have also performed qualitative analysis of
excited states in terms of molecular orbitals, and can exp
the changes in the electronic spectra in the CH3→CH2F
→CH2Cl sequence. The focus of this study is on the verti
electronic excitation spectra. Optimized geometries for
excited states will be reported elsewhere.29

In this study, we employ the equation-of-motio
coupled-cluster singles and doubles~EOM–CCSD! method,
also known as the linear response CC~CCSDLR! model.30,31

As far as vertical excitation energies are concerned,
EOM–CCSD method can describe singly excited states w
remarkable accuracy~0.1–0.3 eV!. Unlike multireference
models, this accuracy is uniform for the valence and Rydb
states, provided that the excited states are derived pred
nantly from promotion of a single electron. However, in t
case of doublet radicals, the performance of EOM–CC
may degrade when specific doubly excited valence confi
rations become important. These configurations involve
5 © 2001 American Institute of Physics
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TABLE I. Ground state geometries for CH2X~X5Cl, F, H! radicals, and CH2F cation.

Symm. r CH , Å r CX , Å aHCH Qc Enuc Etot

CH2Cla (X 2B1) C2v 1.076 1.691 124.17 180 45.620 937 2499.007 703
CH2F

a (X 2A8) Cs 1.079 1.335 124.11 153.11 32.246 535 2138.935 120
CH2F

a (X 2B1) C2v 1.076 1.332 127.60 180 32.274 065 2138.934 617
CH2F

1a (X 1A1) C2v 1.093 1.227 125.77 180 34.192 394 2138.608 190
CH3

b (X 2A29) D3h 1.0767 120 180 9.697 919

aGeometry optimized at CCSD~T!/6-311~11!G(3d f ,3pd) level. Pure angular momentum spherical harmon
are used.

bMRCI from Ref. 58.
cDihedral HCXH angle.
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simultaneous promotion of a spin-a electron from the singly
occupied orbital and a spin-b electron into the singly occu
pied orbital.32 The natural diagnostics for this situation a
provided by~i! the relative weight of doubly excited configu
rations in the EOM–CCSD wave function; and~ii ! the exis-
tence of larger spin-contamination. For the excited states
ported here, these diagnostics remain uniformly small, wh
suggests that the EOM–CCSD treatment of these radica
accurate and reliable.

We also investigate the performance of several com
tationally inexpensive electronic structure models for th
species. We report results for the configuration interact
singles ~CIS!33,34 method; CIS augmented by perturbati
corrections,@CIS~D!#;35 and time-dependent density fun
tional theory ~TD–DFT!36 employing the Tamm–Dancof
approximation.37,38

The structure of the paper is as follows: Sec. II A ou
lines computational details, Secs. II B, II C, and II D prese
the results of the vertical electronic spectra calculations
well as qualitative analysis of the excited states. Our fi
remarks and conclusions are given in Sec. III.

II. RESULTS AND DISCUSSION

A. Computational details

Vertical electronic excitation energies for CH2Cl, CH2F,
and CH3 are calculated at the geometries summarized
Table I. CH2Cl and CH3 are planar in the ground state, whic
agrees with the experiment.7,8,23,39,40Contrary to the experi-
mental results,15,41,42CH2F is found to be nonplanar, with a
inversion barrier of 0.014 eV. We shall address this issue
well as the vibrational spectra of these radicals, elsewhe29

In order to estimate how changes from the nonplanar to
nar geometry would affect the electronic spectrum, we a
report vertical excitation energies atC2v optimized geometry
~Table I!.

This study employs a 6-311~31, 31!G~3df, 3pd! basis
set, derived from the polarized split-valence 6-311G~d, p!
basis43,44 by augmenting it by additional sets of polarizatio
and diffuse functions.45,46 To confirm valence versus Ryd
berg assignment for low-lying Rydberg states, additional c
culations are performed in a 6-311~1, 1!G~3df, 3pd! basis
set. Pure angular momentum spherical harmonics are us
this study~5 d-functions, 7 f-functions!. The third set of dif-
fuse functions is crucial for the correct description of t
components of Rydbergp- and d-states which are perpen
t 2001 to 128.125.104.142. Redistribution subject to A
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dicular to the molecular plane. While adding a third set
diffuse functions has no effect on the valence states~includ-
ing states with high excitation energies!, the effect on Ryd-
berg states is very nonuniform. We have found that in
energy range considered the effect does not increase with
excitation energy. Rather, the effect is the greatest for st
whose electronic densities exhibit significant changes p
pendicular to molecular plane. This is an artifact of ato
centered orbital basis sets: for planar and nearly planar m
ecules atom-centered basis sets are capable of b
spanning of electronic density in the molecular plane than
the perpendicular direction.

As mentioned in the Introduction, in addition to th
EOM–CCSD calculations,30,31 we also report spin-
unrestricted CIS,33,34 CIS~D!,35 and TD–DFT36 results ob-
tained in a 6-311~31, 31!G~3df, 3pd! basis set. TD–DFT
calculations employ the Tamm–Dancoff approximation,37,38

and Becke3–Lee–Yang–Parr~B3LYP! functional with LYP
and VWN correlation functionals.47

Calculations were performed using theACES II48 and
Q-Chem49 ab initio programs. Some basis sets used in t
work were obtained from the EMSL database.50

One of the questions addressed in this study is the
lence versus Rydberg character of the excited states. E
though such assignment is not rigorous, it is of great qu
tative value for understanding the dynamics of the electro
cally excited radicals. To achieve a robust assignment,
required that the following three characteristics be con
tent: ~i! the spherical average of the charge distribution~cal-
culated as an expectation value of the operatorR2! for the
ground and excited states~valence states exhibit a smalle
increase in electronic density size than Rydberg states!; ~ii !
the effect of removing two sets of diffuse functions from t
basis set~valence states are rather insensitive!; and ~iii ! the
character of the molecular orbital to which excitation main
occur ~we identify a canonical Hartree–Fock orbital as ha
ing predominantly valence character if it has large over
with one of the MP2 natural orbitals having largest natu
populations51!.

Quantum numbers are assigned to the Rydberg st
based on the following considerations:~i! the Rydberg for-
mula~see below!;10 ~ii ! the symmetry; and~iii ! the calculated
second moments, i.e.,^X2&, ^Y2&, and ^Z2&, of the charge
distribution.~ii ! and~iii ! are in particular useful for discrimi-
nating between differentm components.

The Rydberg formula is often used to determine t
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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quantum numbersn and l of Rydberg states:10

Eex5IP2
13.61

~n2d!2 , ~1!

where Eex is the excitation energy~in eV! of the Rydberg
state, IP is the ionization potential~in eV!, n is the principal
quantum number, and quantum defectd is an empirical pa-
rameter whose role is to account for the difference betw
the positively charged complex core cation and the b
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nucleus in a hydrogenlike atom. Typical values ofd are 0.9–
1.2 for s states, 0.3–0.6 forp states, and smaller or equal t
0.1 for d states.10 We used experimental values for the ver
cal ionization potentials, i.e., 8.87 eV for CH2Cl,52 9.22 eV
for CH2F,53 and 9.84 eV for CH3.

54

B. CH2Cl

The leading electronic configuration in the ground st
wave function is
~1a1!2~2a1!2~3a1!2~1b1!2~4a1!2~1b2!2~5a1!2~6a1!2~2b2!2~7a1!2~2b1!2~3b2!2~3b1!1, ~2!
s
n-

eV.
f.
ble
er-

ug-
er-

is
lar
with the overall symmetry of the electronic wave functio
beingB1 . 1a1 , 3a1 , 1b1 , 4a1 , and 1b2 are 1s, 2s, 2py ,
2pz , and 2px chlorine’s core orbitals, respectively; the 2a1

orbital is 1s core orbital of carbon. 6a1 and 2b2 correspond
to symmetric and antisymmetric linear combination of tw
sCH bonds. 5a1 is the 3s orbital of chlorine, and 7a1 is the
C–Cl s-bonding orbital,sCCl ~the corresponding antibond
ing orbital, sCCl* , is the virtual 11a1 orbital!. 3b2 is 3px

~lone pair! orbital on chlorine. Up to this point, our assign
ment of the molecular orbitals is identical to that of Li an
Francisco.27 However, we have found that there is a stro
interaction between the 3py lone pair of Cl and the 2py

unpaired electron of C. As a result, two delocalized orbita
pCCl (2b1) andpCCl* (5b1), are formed. The bondingpCCl

orbital is doubly occupied, and the antibondingpCCl* orbital
hosts the unpaired electron. Thus, an additional half-p bond
is formed between C and Cl in the CH2Cl radical.

The (p–p) p additional bonding has been original
suggested by Andrews and Smith in order to explain
shorter bond length and the higher force constant of
C–Cl bond in the CH2Cl radical~relative to the correspond
ing saturated compounds!.8 They have also noticed that th
type of bonding would result in an anomalous charge dis
bution: a complete delocalization of the chlorine lone p
and the unpaired electron from carbon would give a20.5
charge on carbon, and a10.5 charge on chlorine. We hav
found that the carbon indeed hosts relatively large nega
charge ~'20.38!, whereas chlorine is slightly positivel
charged~'10.03!. Even though the exact values for the
charges depend on the electronic density used, and on
partial charge definition employed~i.e., Mulliken or Löwdin
charges,55 or natural atomic charges56!, the overall trend~i.e.,
a large negative charge on carbon and a small positive on
chlorine! remains unchanged.

Table II contains the vertical transition energies, oscil
tor strengths, squared electronic transition dipole mome
~further on called transition strengths!, and the directions of
the transition dipole moments. The vertical transition en
gies from Table II are shown in Fig. 1@panel~a!#. A molecu-
lar orbital picture of the ground state and valence exci
states is shown in Fig. 2.

The lowest excited state of CH2Cl, 1 2A1 , derives from
a valence transition from the antibondingpCCl* orbital to the
,
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antibondingsCCl* orbital. Therefore, it is possible that thi
state is bound, but with the CCl bond considerably elo
gated. The vertical excitation energy is found to be 4.92
This value is 0.31 eV lower than the MRCI result from Re
27. The EOM–CCSD value agrees better with the availa
experimental information, i.e., 4.96–5.02 eV recently det
mined by Reisler and co-workers.22 By using the imaging
technique, a maximum photofragment yield~Cl and CH2!
was observed around 4.96–5.02 eV. Their results also s
gest that the transition dipole moment for this state is p
pendicular to the CCl bond.22 A similar value~5.01 eV! has

TABLE II. Excited states of CH2Cl radical. EOM–CCSD/
6-311~31,31!G(3d f ,3pd), pure angular momentum.

Statea Eex , eV D tr
b m tr

2, a.u.c Transitiond

1 2A1(V) 4.92 0.0051 0.0423 (y) pCCl* →sCCl*
1 2B2(V) 5.24 nx

Cl→pCCl*
2 2A1(3sR) 5.54 0.0008 0.0056 (y) pCCl* →3s
2 2B1(V) 6.33 0.0711 0.4584 (z) pCCl→pCCl*
2 2B2(3pxR) 6.34 pCCl* →3px

3 2B1(3pyR) 6.61 331025 0.0002 (z) pCCl* →3py

3 2A1(3pzR) 6.72 0.0083 0.0505 (y) pCCl* →3pz

4 2A1(3dz2R) 7.15 0.0002 0.0009 (y) pCCl* →3dz2

5 2A1(3dx22y2R) 7.33 0.0089 0.0496 (y) pCCl* →3dx22y2

3 2B2(3dxzR) 7.38 pCCl* →3dxz

4 2B1(3dyzR) 7.45 331025 0.0001 (z) pCCl* →3dyz

6 2A1(4sR) 7.47 0.0022 0.0120 (y) pCCl* →4s
1 4A2(V) 7.54 nx

Cl→sCCl*
4 2B2(4pxR) 7.67 pCCl* →4px

5 2B1(4pyR) 7.75 0.0027 0.0144 (z) pCCl* →4py

7 2A1(4pzR) 7.76 0.0062 0.0326 (y) pCCl* →4pz

8 2A1(4dz2R) 7.99 0.0051 0.0262 (y) pCCl* →4dz2

9 2A1(V) 8.02 431026 231025(y) sCCl→pCCl*
5 2B2(4dxzR) 8.07 pCCl* →4dxz

102A1(5sR) 8.09 0.0001 0.0005 (y) pCCl* →5s
6 2B1(4dyzR) 8.12 0.0002 0.0011 (z) pCCl* →4dyz

2 4A2(3sR) 8.26 nx
Cl→3s

aFor valence states, the spherical average of charge distribution,^R2&, is
smaller than or equal to 44 bohr2. In the ground state,̂R2&'38 bohr2.

bOscillator strength.
cDirection of transition dipole is shown in parentheses. The OZ axis
parallel to the CCl bond, and OY axis is perpendicular to the molecu
plane.

dHalf-filled molecular orbital ispCCl* (5b1) ~see Fig. 2!.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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FIG. 1. Vertical excitation energies for CH2Cl ~a!,
CH2F ~b!, and CH3 ~c!. Intensities of the transitions are
proportional to the oscillator strengths~no Franck–
Condon factors are taken into account!. Empty bars are
used to show positions of forbidden transitions, i.e
those for which oscillator strength is zero due to th
symmetry. Transitions are defined as parallel when
transition dipole moment is parallel to the CX bon
and perpendicular otherwise.
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been derived by Endoet al. from their analysis of the micro
wave spectrum of CH2Cl.23

The next excited state, 12B2 at 5.24 eV, is optically dark
in C2v symmetry. This is also a valence transition, name
nx

Cl→pCCl* . This dark state is closely followed by a Rydbe
2 2A1 (3s) state at 5.54 eV. Note that the MRCI study27

FIG. 2. Molecular orbital picture for the ground and valence excited st
of CH2Cl radical. 7a1 orbital is thesCCl bonding orbital; 2b1 orbital is the
(p–p)pCCl bonding orbital; 3b2 is the 3px lone pair on Cl atom; 3b1 orbital
is the singly occupiedp-antibonding orbital; and virtual 11a1 orbital is the
sCCl* -antibonding orbital.
Downloaded 24 Oct 2001 to 128.125.104.142. Redistribution subject to A
,

which employs ~i! the full valence active space for th
ground and all reported excited states, and~ii ! a basis set
with no diffuse functions, overestimates the valence char
ter of this transition, and places it 1.4 eV higher in ener
The dominant Rydberg character of this state is confirmed
all three criteria listed in the Sec. II A. In particular, remo
ing two sets of diffuse functions from the basis increases
excitation energy by 0.09 eV. For reference, the biggest
served change in this radical for the valence states is 0.04
~detected for the 22B1 and 92A1 states!.

The strongest transition in the studied energy interva
to the valence 22B1 state at 6.33 eV. The large value of th
transition dipole moment is in agreement with our assig
ment of this state aspCCl→pCCl* excitation ~transitions in-
volving the promotion of an electron from a bonding orbit
to the corresponding antibonding orbital are usually
strongest, as shown by Mulliken57!. This transition was ob-
served experimentally as a broad peak centered around
eV in the ultraviolet absorption spectrum of CH2Cl,18 and it
was shown that the transition dipole moment is parallel
the C–Cl bond.22 The transition is so strong~the absorption
cross section is about 1.45310217cm2 molecule21!, that sev-
eral other states are likely to be buried under its tails. N
that the EOM–CCSD value for the excitation energy~6.33
eV! is closer to the observed maximum in the absorpt

s
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TABLE III. Excitation energies~eV! for CH2Cl radical. A comparison between EOM–CCSD, CIS, CIS~D!,
TD–DFT/B3LYP, and MRCI methods.

State EOM–CCSDa TD–DFTa CISa CIS(D)a ^S2&CIS MRCIb Expt.

1 2A1(V) 4.92 4.53 5.72 5.13 0.95 5.23 4.96–5.02~Refs. 22 and 23!
1 2B2(V) 5.24 4.75 6.85 5.51 0.85 5.35
2 2A1(3sR) 5.54 5.00 6.52 5.67 0.93 6.93
2 2B1(V) 6.33 6.04 8.00 6.67 0.90 6.51 6.20~Ref. 18!
2 2B2(3pxR) 6.34 5.54 7.30 6.39 0.87
3 2B1(3pyR) 6.61 5.64 7.43 6.55 0.91 6.59~Ref. 22!
3 2A1(3pzR) 6.72 5.75 7.65 6.80 0.97
4 2A1(3dz2R) 7.15 5.83 8.13 7.23 0.87
5 2A1(3dx22y2R) 7.33 5.97 8.28 7.36 0.93
3 2B2(3dxzR) 7.38 5.91 8.37 7.37 0.92
4 2B1(3dyzR) 7.45 6.00 8.42 7.44 0.94
6 2A1(4sR) 7.47 6.03 8.43 7.41 0.91
1 4A2(V) 7.54 7.08 7.73 7.63 2.64
4 2B2(4pxR) 7.67 5.99 8.64 7.59 0.89
5 2B1(4pyR) 7.75 6.22 8.70 7.65 0.90
7 2A1(4pzR) 7.76 6.17 8.71 7.74 1.03
8 2A1(4dz2R) 7.99 6.36 8.97 7.91 0.92
9 2A1(V) 8.02 7.75 8.87 8.47 1.51
5 2B2(4dxzR) 8.07 6.27 9.04 7.97 0.91
102A1(5sR) 8.09 6.54 9.05 7.98 0.92
6 2B1(4dyz) 8.12 6.63 9.09 8.03 0.94
2 4A2(3sR) 8.26 7.64 8.78 8.28 2.69

a6-311(31,31)G(3d f ,3pd) basis set, pure angular momentum. Geometry is from Table I.
bMRCI from Ref. 27. The full valence active space is used for CASSCF reference. Basis set is cc-pVT
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spectrum~6.20 eV! than the MRCI value of 6.51 eV.27

Except for the very weaksCCl→pCCl* transition at 8.02
eV ~to the 92A1 state!, all other doublet states in this energ
interval are Rydberg states. Since all Rydberg states repo
here involve excitations of the unpaired electron from
pCCl* orbital, we expect them to have planar structures wit
contracted CCl bond, and a higher C–Cl and out-of-pl
vibrational frequencies. Reisler and co-workers22 have de-
tected a 3p Rydberg state at 6.59 eV by 211 REMPI tech-
nique. Most likely, this is the 32B1 (3py) state for which the
EOM–CCSD energy is 6.61 eV.

In the energy region examined there are two qua
states, both ofA2 symmetry: the valence (nx

Cl→sCCl* ) state at
7.54 eV, and the Rydberg (nx

Cl→3s) state at 8.26 eV. As
expected from qualitative considerations, the correspond
doublet states lie higher in energy~for quartet states, Pau
repulsion keeps the electrons apart, thus resulting in sm
electron–electron repulsion!. Note that in closed shell mol
ecules, where any excitation unpairs electrons, the low
excited state is usually a triplet state. In doublet radic
however, low-lying states are promotions of the unpai
electron, and, therefore, are doublets. Nevertheless, whe
citation energy becomes high enough to involve excitation
‘‘core’’ electrons, quartets have lower energies than the c
responding doublets.

Table III compares the results of CIS, CIS~D!, and TD–
DFT methods with the EOM–CCSD model, and summari
the available experimental data. As usual, CIS systematic
overestimates the excitation energies by at least 1 eV~up to
1.7 eV for the valence 12B2 and 22B1 states!. The seem-
ingly smaller errors for the quartet states are artifacts of
large spin-contamination of these states.

Since the electronic spectrum is rather dense, errors
t 2001 to 128.125.104.142. Redistribution subject to A
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eV and more could result in a totally incorrect ordering
the excited states, but, since the CIS errors are system
the relative order of states has only a few errors.

CIS~D! model represents a systematic improvement:
rors against EOM–CCSD are about 0.1 eV or less for m
of the states~the maximum error does not exceed;0.45 eV!.
Moreover, the double corrections partially restore the corr
order of the excited states.

The TD–DFT results are more accurate for valen
states than those of CIS: excitation energies are under
mated by 0.3–0.5 eV. However, due to the incorre
asymptotic behavior of the functional used, the errors

FIG. 3. Errors in the TD–DFT excitation energies vs spherical averag
the charge distribution for the CH2Cl radical.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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Rydberg states increase from 0.54 eV for the 3s state up to
about 1.5–1.7 eV for the higher states. As shown in Fig
the TD–DFT errors are proportional to the size of the el
tron density.

As explained above, due to a poor basis set selection
MRCI results27 overestimate the valence character of the
nic
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cited states, resulting in errors in the excitation energies
0.11–1.39 eV.

C. CH2F

The leading electronic configuration in the ground st
wave function is
~1a8!2~2a8!2~3a8!2~4a8!2~1a9!2~5a8!2~6a8!2~2a9!2~7a8!1, ~3!
nd

s of
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er

e
en-
of

lanar,
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-
rge
with the overall symmetry of the ground state electro
wave function beingA8. 1a8 and 2a8 are 1s core orbitals on
fluorine and carbon, respectively. 6a8 orbital is the sCF

bond, 2a9 is the 2pz lone pair orbital on fluorine~perpen-
dicular to the symmetry plane!, and 7a8 is the singly occu-
pied 2px lone pair on carbon. 3a8 is the 2s orbital on F, 4a8
and 1a9 are the symmetric and antisymmetric combinatio
of the localizedsCH bonds. 5a8 orbital is the 2px lone pair
on fluorine, which is significantly lowered in energy by pa
tial hybridization with the 2s orbital on F. Note that, unlike
in CH2Cl, there is no significant (p–p)p bonding between
C and F because the large energy gap between the lone
on F and the unpaired electron on carbon prevents delo
ization. Consequently, there is no anomalous charge distr
tion in CH2F ~carbon and fluorine host positive and negat
charges, respectively!, and there is only a minor C–F bon
contraction in CH2F relative to the corresponding saturat
compounds.42

The absence of additional (p–p)p bonding and the
lower energies of the fluorine’s lone pairs are the two fact
that cause the major differences in the electronic spectrum
CH2F as compared to CH2Cl. As shown in Table IV and Fig
1 @panel~b!#, ~i! the lowest excited state in CH2F is a Ryd-
berg 22A8(3s) state at 5.74 eV;~ii ! in the energy interval
studied, there are only two valence states, 32A8 at 6.05 eV
and 12A9 at 6.64 eV.
s

irs
al-
u-

s
of

Figure 4 shows a molecular orbital picture of the grou
and excited valence states in CH2F. The two lowest valence
states can be correlated with two lowest valence state
CH2Cl: in both cases the lowest valence state derives fr
the promotion of the unpaired electron to thesCX* orbital,
while the second state derives from the promotion of an e
tron to the half-filled orbital. However, the different charact
of orbitals involved, i.e., delocalization in CH2Cl versus lo-
calization in CH2F, results in a more than 1 eV rise in th
excitation energies. The rest of the excited states in this
ergy interval are Rydberg states deriving from promotions
the unpaired electron. These states are expected to be p
with a slightly contracted CF bond.

Unlike the CH2Cl case, the assignment of the Rydbe
states is more problematic for CH2F: the calculated spectrum
does not agree well with the one estimated by Eq.~1!. More-
over, the calculated second momenta of the charge distr
tion suggest significant mixing of different angular mome
tum components, i.e.,ns, np, and nd Rydberg states.
Therefore, the assignment given in the Table IV is very a
proximate. A possible reason for the strong coupling~and,
therefore, mixing! of the different angular momentum com
ponents of Rydberg states may be the relatively large cha
separation in the core cation.

Since the barrier between the twoCs minima in the
o

TABLE IV. Excited states of CH2F radical. EOM–CCSD/6-311~31,31!G(3d f ,3pd).

Statea Eex , eV D tr
b m tr

2, a.u.c Transitiond At C2v geometrye

2 2A8(3sR) 5.74 0.0262 0.1862 (xy) 2px
C→3s 5.47 (A1)

3 2A8(V) 6.05 0.0010 0.0069 (xy) 2px
C→sCF* 5.76 (A1)

1 2A9(V) 6.64 0.0004 0.0022 (z) nz
F→2px

C 6.90 (B2)
2 2A9(3pzR) 6.81 0.0003 0.0015 (z) 2px

C→3pz 6.50 (B2)
4 2A8(3pxR) 7.05 0.0084 0.0480 (xy) 2px

C→3px 6.80 (B1)
5 2A8(3pyR) 7.64 0.0044 0.0233 (xy) 2px

C→3py 7.31 (A1)
6 2A8(3dy2R) 7.91 0.0070 0.0362 (xy) 2px

C→3dy2 7.62 (A1)
3 2A9(3dzyR) 8.00 0.0035 0.0179 (z) 2px

C→3dzy 7.75 (B2)
7 2A8(4pyR) 8.03 0.0158 0.0802 (xy) 2px

C→4py 7.75 (A1)
8 2A8(3dxyR) 8.16 0.0014 0.0068 (xy) 2px

C→3dxy 7.91 (B1)

aFor valence states, the spherical average of charge distribution is smaller than or equal to 29 bohr2. In the
ground state,̂R2&'22 bohr2.

bOscillator strength.
cDirection of transition dipole is shown in parentheses. TheCs plane is OXY, and the C–F bond is parallel t
OY axis. OZ axis is perpendicular to the symmetry plane.

dHalf-filled molecular orbital is 2px
C ~see Fig. 4!.

eSee Table I.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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ground state is very small, i.e., 0.014 eV at the CCSD~T!
level, it is possible that the zero-point vibrational level
above the barrier. In this case, the radical would behave
effectively planar, which would reconcile the theoretical p
dictions ~Cs structure! with the experimental observation
supporting aC2v symmetry.15,41,42We shall address this poin
in a subsequent publication.29 In order to estimate the pos
sible effect of this pseudo-planar behavior on the electro
spectrum, we also report~Table IV! excitation energies cal
culated at theC2v optimized geometry~Table I!. Note that
the difference in excitation energies exceeds the ground s
energy difference of 0.014 eV: all excitations energies
lowered by 0.25–0.33 eV~relative to theCs structure!, ex-
cept for the 12A9 state, which is 0.26 eV higher inC2v . This
behavior is readily rationalized: all excited states exc
1 2A9 involve excitation of the unpaired electron and thus
expected to exhibit a more cationlike~i.e., planar! structure.
Therefore, their energies are lower at the planar geometr
contrast, the 12A9 state involves a promotion of an electro
from the lone pair on fluorine to a half-filled 2p orbital of
carbon. This electronic configuration suggestssp3 hybridiza-
tion of carbon, and, subsequently, a nonplanar struct

FIG. 4. Molecular orbital picture for the ground and valence excited st
of CH2F radical. 6a8 is thesCF bonding orbital; 2a9 is the 2pz lone pair on
F atom; 7a8 is the carbonp-orbital hosting the unpaired electron; and virtu
12a8 orbital is thesCF* -antibonding orbital.
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Therefore, the energy of this state is lower forCs geometry.
The important conclusion, however, is that the overall eff
does not exceed 0.33 eV.

Some of the Rydberg states of the CH2F radical have
been probed experimentally by Hudgenset al.15 They have
reported the 00

0 transition energies for the 3p, 4p, and 5p
states of 6.55, 7.85, and 8.34 eV, respectively. The com
nents~i.e., x,y,zcomponents of thenp states! have not been
assigned.15 This, as well as the poor performance of th
Rydberg formula~which has been used to assign the expe
mentally observed transitions15!, complicates the compariso
with the experimental results. Unfortunately, the calcula
transition strengths cannot be used to identify which com
nents of thenp states were detected, since the experim
involves two-photon transitions.15 Assuming that the EOM–
CCSD errors do not exceed 0.3 eV, the experimentally
served transitions can be assigned as excitations to thepz

and 4py states~based on bothCs andC2v vertical excitation
energies!. We also performed a simple estimation of the ad
batic excitation energies by calculating excited states at
equilibrium geometry of the cation, CH2F

1 ~Table I!, as well
as estimations of the zero-point energy contributions by
ing the experimental frequencies.15 The corresponding exci
tation energies are 6.53 and 7.79 eV for the 3pz and 4py

states, respectively. Lastly, with zero-point energy corr
tions, the theoretical 00

0 transition energies for the 3pz and
4py states are 6.62 eV and 7.88 eV, respectively. These n
bers are also within 0.3 eV of the experimental values.

The vertical excitation energies for the CH2F radical cal-
culated by CIS, CIS~D!, and TD–DFT are presented in Tab
V. CIS and CIS~D! perform rather similarly to the CH2Cl
case, the errors being slightly larger. The spin-contamina
of the CIS states is smaller and more uniform. That is w
the ordering of states by CIS and CIS~D! is almost correct
~and, perhaps, also because the spectrum is less dense!. The
performance of TD–DFT in this case is poor: the errors
not uniform, and gradually increase from 0.4–0.6 eV~for
valence states! up to 1.87 eV for the higher Rydberg state
The errors are larger than in the CH2Cl case because of th
increasing Rydberg character in the excited states.

s

TABLE V. Excitation energies~eV! for CH2F radical. A comparison between EOM–CCSD, CIS, CIS~D!, and
TD–DFT/B3LYP methods.a

State EOM–CCSD TD–DFT CIS CIS~D! ^S2&CIS Expt. (E00) ~Ref. 15!

2 2A8(3sR) 5.74 4.97 6.76 5.82 0.78
3 2A8(V) 6.05 5.42 7.05 6.19 0.79
1 2A9(V) 6.64 6.21 8.05 6.98 0.81
2 2A9(3pzR) 6.81 5.72 7.82 6.80 0.78 6.55
4 2A8(3pxR) 7.05 5.86 8.06 7.06 0.79
5 2A8(3pyR) 7.64 6.00 8.77 7.66 0.79
6 2A8(3dy2R) 7.91 6.11 9.01 7.84 0.79
3 2A9(3dzyR) 8.00 6.13 9.15 7.93 0.79
7 2A8(4pyR) 8.03 6.30 9.13 7.92 0.78 7.85
8 2A8(3dxyR) 8.16 6.31 9.32 8.06 0.79

a6-311(31,31)G(3d f ,3pd) basis set, pure angular momentum. Geometry is from Table I.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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D. Comparisons of the excited states in the
CH3\CH2F\CH2Cl sequence

In order to address the issue of the effect of the halo
atoms on the electronic spectrum, we compare the chara
of the excited states in the CH3→CH2F→CH2Cl sequence.

The electronic configuration of the ground state of t
CH3 radical is

~1a18!2~2a18!2~1e8!4~1a29!1. ~4!

The electronic symmetry of the ground state isA29 . 1a18 is
the carbon core orbital, 2a18 and 1e8 are totally symmetric
and doubly degenerate combinations of the localizedsCH

bonds, respectively, and 1a29 is the singly occupied 2py or-
bital.

Table VI and Fig. 1@panel~c!# show vertical excitation
energies for CH3. The molecular orbital picture of the
ground and a valence excited states is shown in Fig. 5.

Due to the absence of the lone pairs of halogen,
lowest valence state in CH3 involves excitation from a bond
ing sCH orbital to a half-occupiedpy orbital on carbon, lo-
cated at 7.01 eV. The rest of the states in this energy inte
are Rydberg states involving promotion of the unpaired e
tron.

Note that the lowest Rydberg state in all three radic
derives from a promotion of the unpaired electron to as

TABLE VI. Excited states of CH3 radical. EOM–CCSD/6-311~31,31!
G(3d f ,3pd), pure angular momentum.

Statea Eex , eV D tr
b m tr

2, a.u.c Transitiond

1 2A18(3sR) 5.90 0.0431 0.2983 (y) 2py
C→3s

1 2E8(V) 7.01 sCH→2py
C

2 2E8(3px,zR) 7.18 2py
C→3px,3pz

2 2A29(3pyR) 7.40 2py
C→3py

3 2E8(3dyz,xyR) 8.00 2py
C→3dyz,3dxy

2 2A18(4sR) 8.07 0.0038 0.0193 (y) 2py
C→4s

3 2A18(3dxzR) 8.42 0.0670 0.3250 (y) 2py
C→3dxz

4 2E8(4px,zR) 8.53 2py
C→4px,4pz

3 2A29(4pyR) 8.61 2py
C→4py

aFor valence states, the spherical average of charge distribution is sm
than or equal to 12 bohr2. ^R2& for the ground state is 10 bohr2.

bOscillator strength.
cDirection of transition dipole is shown in parentheses. The CH3 molecule is
in OXZ plane.

dHalf-filled molecular orbital is 2py
C ~see Fig. 5!.
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Rydberg orbital. The excitation energies for this Rydbe
state appear to be surprisingly insensitive to the core ca
nature~5.90 eV in CH3, 5.74 eV in CH2F, and 5.54 eV in
CH2Cl!. The similar result holds for the 3p Rydberg states as
well: the excitation energies for all three radicals lie within
eV, the differences being smaller between CH3 and CH2F
~about 0.4 eV!. Therefore, the nature and even the excitat
energies for the low-lying Rydberg states are similar in
three radicals. The transition strengths, however, are v
different due to symmetry imposed selection rules, i.e.,
B1→B2 transition is forbidden inC2v , and theA29→A28 ,
A29→A29 , A29→E8, andA29→A19 ones are forbidden inD3h

symmetry.
The valence states, however, are very different. T

number of low-lying valence states increases as we m
from CH3 to CH2F, and then to CH2Cl. The key factors
determining the character and excitation energies of the
lence states are the presence of the lone pairs on halogen
how strongly they are bound to the halogen. As far as
lence states in CH2F and CH2Cl are concerned, the nature o
the two lowest valence states is very similar, however,
lowest valence state in CH2F lies more than 1 eV above th
lowest valence state in CH2Cl.

FIG. 5. Molecular orbital picture for the ground and valence excited sta
of CH3 radical. 1 and 2e8 are the doubly degenerate combination of t
localized C–H bonds; and 1a29 is carbon’sp-orbital hosting the unpaired
electron.

ller
TABLE VII. Excitation energies~eV! for CH3 radical. A comparison between EOM–CCSD, CIS, CIS~D!,
TD–DFT/B3LYP, and MRCI methods.a

State EOM-CCSD TD-DFT CIS CIS~D! ^S2&CIS MRCI ~Ref. 11! Expt. (E00)

1 2A18(3sR) 5.90 5.20 6.55 6.02 0.76 5.86 5.73~Ref. 12!
1 2E8(V) 7.01 6.87 7.95 7.31 0.78 7.13
2 2E8(3px,zR) 7.18 6.06 7.77 7.18 0.77 6.95
2 2A29(3pyR) 7.40 6.17 7.95 7.46 0.77 7.37 7.44~Ref. 13!
3 2E8(3dyz,xyR) 8.00 6.40 8.72 8.05 0.76 8.03
2 2A18(4sR) 8.07 6.27 8.75 8.07 0.76 8.10
3 2A18(3dxzR) 8.42 6.64 9.07 8.45 0.76 8.36 8.2~Ref. 12!
4 2E8(4px,zR) 8.53 6.62 9.21 8.47 0.76
3 2A29(4pyR) 8.61 6.62 9.26 8.54 0.77 8.66~Ref. 14!

a6-311~31,31!G(3d f ,3pd) basis set, pure angular momentum. Geometry is from Table I.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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Table VII presents the excitation energies calculated
the CIS, CIS~D!, and TD–DFT methods. CIS overestimat
excitation energies by about 0.5–0.7 eV, except the vale
state, for which the error is 0.94 eV. CIS~D! performs very
well for the Rydberg states: it gives an error of 0.12 eV
the first (3s) state, and then the errors become less than
eV. The excitation energy to the valence 12E8 state is over-
estimated by 0.3 eV. Similarly to CH2Cl and CH2F, the TD–
DFT errors in excitation energies for the Rydberg states
large, i.e., 0.7–2 eV. Moreover, the TD–DFT ordering
states is erroneous, despite the fact that the spacing bet
individual states is relatively large for this radical. Th
MRCI excitation energies, calculated by Mebel and Lin11

~see Table VII!, differ from the EOM–CCSD excitation en
ergies by no more than 0.23 eV, with the difference for fo
states out of the seven considered being smaller than 0.0

III. CONCLUSIONS

In this work, we report the vertical electronic excitatio
energies for CH2Cl, CH2F, and CH3 radicals, and present
qualitative molecular orbital picture for the ground and e
cited states. The key factors determining the character of
ground state and valence excited states are~i! the presence o
lone pairs on halogen and~ii ! how strongly these lone pair
are bound to the halogen. The small energy gap between
unpaired electron of carbon and the lone pair of chlor
results in an additional (p–p) –p bonding in CH2Cl. This
explains why the CCl bond is shorter and stronger in CH2Cl
as compared to the saturated compound. In contrast, the
no significant electron delocalization, and, therefore, ad
tional bonding in CH2F.

The energies and the character of the valence exc
states are also determined by the energies of halogen
pairs. As expected, the number of low-lying valence sta
increases in CH3→CH2F→CH2Cl sequence. In CH2F and
CH2Cl the nature of the two lowest valence states is simi
but the lowest valence state in CH2F lies more than 1 eV
above the lowest valence state in CH2Cl. The low-lying
Rydberg states appear to be similar in all three radicals,
the excitation energies for 3s, 3p, and 4s states are found to
be rather insensitive to the core cation nature. The transi
strengths, however, are very different due to symmetry se
tion rules. As a general trend, the Rydberg excited state
CH2F are more similar to those in CH3, rather than to those
in CH2Cl.

We have also investigated the performance of less
pensive electronic structure models for these radicals.
major conclusion is that TD–DFT/B3LYP47 yields rather
large and nonsystematic errors~due to the incorrect
asymptotic behavior of the functional employed!. The perfor-
mance of CIS is more uniform, and, even though the err
are rather large~.1 eV!, the accuracy of CIS is approxi
mately the same for all three radicals, and the ordering
states is reproduced better than by TD–DFT. CIS~D! model
presents a systematic improvement over CIS.

The atmospheric implications concern the interest
question posed by Li and Francisco:27 do these radicals ab
sorb significantly solar light at the wavelengths available
altitudes around 30 km, i.e., where there is a maximum
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ozone abundance.1 At this altitude, significant actinic fluxes
are available at the wavelengths.280 nm (E,4.43 eV).
The vertical excitation for the lowest excited state in CH2Cl
is about 0.5 eV higher. Nevertheless, a definite conclus
about the importance of the photoabsorption at these wa
lengths can be drawn only when Franck–Condon factors
taken into account. We shall address this question in a s
sequent publication.29 The actinic fluxes available at 190
230 nm~5.34–6.53 eV! are two orders of magnitude lowe
but still considerable. Therefore, one may expect a consi
able absorption by CH2Cl, since its strongest electronic tran
sition has been found to be at 6.20–6.33 eV. The strong
transition in CH2F, i.e., to the 22A8 state, also occurs in this
interval ~at 5.74 eV!.
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