
Beyond Vinyl: Electronic Structure of Unsaturated Propen-1-yl, Propen-2-yl, 1-Buten-2-yl,
and trans-2-Buten-2-yl Hydrocarbon Radicals

Lucas Koziol, Sergey V. Levchenko, and Anna I. Krylov*
Department of Chemistry, UniVersity of Southern California, Los Angeles, California 90089-0482

ReceiVed: September 21, 2005; In Final Form: NoVember 10, 2005

Vertical excitation energies and oscillator strengths for several valence and Rydberg electronic states of vinyl,
propen-1-yl, propen-2-yl, 1-buten-2-yl, andtrans-2-buten-2-yl radicals are calculated using the equation-of-
motion coupled cluster methods with single and double substitutions (EOM-CCSD). The ground and the
lowest excited state (nr π) equilibrium geometries are calculated using the CCSD(T) and EOM-SF-CCSD
methods, respectively, and adiabatic excitation energies for the nr π state are reported. Systematic changes
in the geometries, excitation energies, and Rydberg state quantum defects within this group of radicals are
discussed.

1. Introduction

Unsaturated hydrocarbon radicals have attracted attention as
reactive intermediates in hydrocarbon combustion since the late
1960s.1-3 Similar species containing the vinyl moiety have
become a versatile tool in the radical synthetic chemistry.4 The
smallest unsaturated hydrocarbon radical, vinyl, has been studied
extensively both experimentally and theoretically. The ground
state structure was derived by Kanamori et al. from the infrared
diode laser spectra.5 The first absorption band, with the origin
at about 2.49 eV and Franck-Condon maximum near 3.08 eV,
was measured in the region of 360-530 nm by visible
absorption spectroscopy,6 cavity ring-down laser absorption
spectroscopy,7,8 and action spectroscopy of the jet-cooled
radicals9 and was assigned to the A˜ 2A′′ r X̃2A′ (n r π)
transition. Two absorption features at 164.71 nm (7.53 eV) and
168.33 nm (7.37 eV) were detected from vacuum ultraviolet
flash photolysis and were assigned to a Rydberg transition.10 A
broad and featureless absorption was observed in the region of
225-238 nm (5.21-5.51 eV) using room temperature gas-phase
ultraviolet spectroscopy, with a maximum cross-section at 225
nm (5.51 eV).11 The absorption was attributed mainly to the
C̃2A′ r X̃2A′ (π r π*) excitation, with a small contribution
from the B̃2A′′ r X̃2A′ (π* r n) excitation, assuming a larger
intensity for the former transition.11

No direct spectroscopic measurements of propenyl or butenyl
radicals have been reported so far. Recently, Butler and co-
workers found evidence that the C-Br fission, the primary
channel of 2-bromo-1-butene photodissociation, produces 10-
20% electronically excited 1-buten-2-yl radicals (assigned to
the nr π transition based on our preliminary calculations).12

Similar behavior was observed for 2-chloro-2-butene.13

A fair number of theoretical studies on the structures and
energetics of the ground and several electronically excited states
of vinyl have been reported.14-19 High level ab initio calculations
of the vinyl ground state equilibrium structure were also reported
by Peterson and Dunning.20 Most of the vinyl excited state
calculations were on the valence nr π (the lowest electronic
state of vinyl),π* r n, andπ* r π states. Vertical excitation
energies for several Rydberg transitions were calculated by
Mebel et al.,17 although the Rydberg states were not character-
ized in terms of the quantum numbers, nlm.

Unlike vinyl, propenyl and butenyl radicals have not been
characterized theoretically. These radicals are derived from vinyl
by substituting one or two of its hydrogen atoms with methyl
or ethyl groups, and consequently, they inherit some of its
properties with slight modifications. However, the substituents
can also bring around some unique properties. In this work, we
present accurate ab initio calculations of the ground and first
excited state equilibrium structures of vinyl, propen-1-yl, propen-
2-yl, 1-buten-2-yl, andtrans-2-buten-2-yl radicals. We also
present vertical excitation energies and oscillator strengths for
both valence and Rydberg states, as well as permanent dipole
moments for the valence states. The changes in geometries,
excitation energies, and properties of the ground and excited
states in the above sequence of radicals are discussed and
analyzed. Moreover, a qualitative picture of the effect of methyl
or ethyl group substitutions on the electronic properties is
derived to provide a basis for understanding the effects of
molecular size and structure on the Rydberg states’ quantum
defect. In addition, we present new and interesting examples
of hyperconjugation in hydrocarbons.

The paper is organized as follows. Section 2.1 summarizes
the technical details of the calculations. Section 2.2 presents
the analysis of the ground state equilibrium geometries of the
radicals. The calculated vertical electronic spectra are discussed
in section 2.3. In sections 2.4, 2.6, 3, and 4, the changes in the
excitation energies and properties for different groups of excited
states are discussed for the vinylf propen-1-ylf propen-2-yl
f trans-2-buten-2-yl f 1-buten-2-yl sequence. Section 2.5
presents adiabatic excitation energies and optimized geometries,
as well as their changes in the above sequence for the lowest
excited2A′′ r 2A′ (n r π) state. Finally, section 5 summarizes
our conclusions.

2. Results and Discussion

2.1. Computational Details.The equilibrium ground state
geometries were optimized by CCSD(T)21,22 using the ACES
II electronic structure program.23 The restricted open-shell
Hartree-Fock (ROHF) doublet reference was used in all the
optimizations. We employed the 6-311(2+,2+)G(d,p) basis to
calculate the equilibrium structures of vinyl, propen-1-yl, and
propen-2-yl, and the 6-311(+,+)G(d,p) basis for 1-buten-2-yl
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and trans-2-buten-2-yl. The bases were derived from the
polarized split-valence 6-311G(d,p) basis24,25by augmenting it
with additional sets of diffuse functions. Pure angular momen-
tum spherical harmonics (5 d-functions) were used throughout
this study. As shown in Figure 1, all of the radicals except
1-buten-2-yl haveCs symmetry.

Relevant molecular orbitals are shown in Figure 2. In this
notation, the ground state electronic configuration is (π)2(n)1.
The vertical excitation energies are calculated using the EOM-
EE-CCSD method26,27 with the ROHF (π)2(n)1 doublet refer-
ence, except for theπ* r π states (one quartet and two
doublets), for which the EOM-SF-CCSD method28 with the
ROHF (π)1(n)1(π*)1 quartet reference was used. For the 3sr
π states, additional calculations were performed using the EOM-
SF-CCSD method with the ROHF (π)1(n)1(3s)1 quartet reference
and Hartree-Fock orbitals optimized for the ROHF doublet
reference. The ionization potentials (IPs) were calculated by
EOM-IP-CCSD.29-31

The 6-311(2+,2+)G(d,p) basis was employed for all single-
point excited state calculations, as well as for the IPs for the
ionization from the half-filled orbital n. The IPs for the
ionization from theπ bonding orbital were calculated using the
6-311++G(d,p) basis set. In the excited state calculations, four
lowest and four highest molecular orbitals were frozen for the
butenyl radicals, whereas all the orbitals were active for vinyl
and propenyls. The permanent dipole moment for the ground
and excited states was calculated using the nonrelaxed EOM-
CCSD one-particle density matrix.27,28The ground state density
matrix was calculated by the EOM-SF-CCSD method with the
ROHF (π)1(n)1(π*)1 quartet reference.

The geometries of the lowest excited state, nr π, were
optimized using the EOM-SF-CCSD method with the unre-
stricted Hartree-Fock (UHF) quartet reference. The 6-311-
(2+,2+)G(d,p) and 6-311(+,+)G(d,p) basis sets were used for
the vinyl and propenyl radicals and for the butenyl radicals,
respectively. All orbitals were active in the excited state

geometry optimizations. The assignment of the valence and
Rydberg character to the excited states was based on three
criteria: (i) the symmetry of the transitions, (ii) the character
of the molecular orbitals in the leading EOM-CCSD amplitudes,

Figure 1. The CCSD(T)/6-311(2+,2+)G(d,p) ground state optimized geometries of the vinyl, propenyl, and butenyl radicals, and the molecular
orientation in the Cartesian coordinate system. For 1-buten-2-yl, theOXYplane is the C1C2C3 plane.

Figure 2. The σCC, π, n, π*, and 3s ROHF orbitals of vinyl. These
orbitals are very similar in all the radicals.
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and (iii) the second moments,〈X2〉, 〈Y2〉, and〈Z2〉, of the EOM-
CCSD electron density. All EOM calculations were performed
using Q-CHEM.32 The character of the Hartree-Fock orbitals
was determined using the Spartan interface.

2.2. Ground State Equilibrium Structures. The equilibrium
geometries of the vinyl, propenyl, and butenyl radicals are
presented in Figure 1 (we calculated only the lowest energy,
that is, trans-conformers, of the propen-1-yl and 2-buten-2-yl
radicals). The common feature of all the species is the C-C
double bond and the unpaired electron on one of the unsaturated
sp2-like carbon orbitals. In the subsequent discussion, we shall
refer to the carbon hosting the unpaired electron asR-C, and
the other unsaturated carbon atom asâ-C. Atoms (groups)
attached toR-C or â-C will be referred to asR-atom (R-group)
or â-atom (â-group), respectively. The distance between theR-
andâ-carbons will be referred to asrCC. The notationRCC will
be used for the angle between the twoσ bonds connectingR-C
to other atoms.

The simplest member of this family, the vinyl radical, is
derived from ethylene by removing one hydrogen atom. This
results in a slight contraction of the C-C bond (rCC ) 1.325 Å
in vinyl vs 1.330 Å in ethylene) and a largerRCC angle (∠RCC
) 136.6° in vinyl vs 121.7° in ethylene). Both effects can be
explained by the delocalization of the unpaired electron leading
to a larger weight of the p orbital in the singly occupied sp2

hybrid orbital on R-C, which, consequently, changes the
hybridization of the other two sp2 orbitals toward sp, with the
angle closer to 180°. The H-â-C-H angle is not affected by
the hydrogen removal, while theâ-group is rotated as a whole
toward the R-H atom in the plane of the molecule. This
observation suggests that the steric repulsion between the
neighboring H atoms is not the dominant factor in theRCC
angle increase. This is also supported by a very weak depen-
dence of theRCC angle on the distance between the neighboring
hydrogens and by the fact that this angle is, in most cases, larger
for species where the distance between the neighboring H atoms
is larger.

Derived by the substitution of aâ-hydrogen by a methyl
group, the propen-1-yl radical exhibits only slight changes in
the RCC angle and therCC distance relative to vinyl. Interest-
ingly, whereas the angle between theâ-hydrogen and the methyl
group remains almost the same as that in vinyl and ethylene,
the rotation of theâ-group towardR-H is more pronounced in
propen-1-yl than in vinyl. This implies that the rotation is due
to the repulsion between the diffuse unpaired electron and the
electron density localized betweenâ-C and the attached atom
or group, while the angle between the twoâ-hydrogens in vinyl
or the â-hydrogen and the methyl group in propen-1-yl is
determined by the sp2 hybridization onâ-C. The repulsion is
also responsible for the small increase inrCC in propen-1-yl
relative to vinyl.

The propen-2-yl radical is derived by substituting the
R-hydrogen of vinyl with a methyl group. A small increase
(∼1°) in the RCC angle indicates an enhanced delocalization
of the unpaired electron due to its repulsion from electrons
localized along the C-C bonds. The delocalization leads to a
slightly largerâ-group rotation than in vinyl, although not as
large as that in the propen-1-yl radical, where the unpaired
electron interacts with more dense electronic cloud betweenâ-C
and the methyl group.

All the effects described above are found to be additive. If
bothR-H andâ-H of vinyl are replaced with methyl groups to
produce thetrans-2-buten-2-yl radical, the value of theRCC

angle approaches that of propen-2-yl, and theâ-group rotates
by the same number of degrees as in propen-1-yl.

The structural consequences of the substitution of the
R-hydrogen from vinyl with an ethyl group, which leads to the
1-buten-2-yl radical, are very similar to those due to a methyl
group in propen-2-yl, except that in 1-buten-2-yl the vinyl
moiety is slightly nonplanar (∠6125) 179.79°, according to
atom numbering from Figure 1).

The equilibrium orientation of methyl groups in hydro-
carbons is an interesting problem (see ref 33 for a comprehensive
review). As shown by Prophristic and Goodman,34 the major
factor responsible for the staggered geometry of ethane (i.e.,
structure with dihedral angle HCCH) 60°) is not the steric
repulsion of the C-H bonds, but rather the transfer of electrons
from one methyl group to the other, leading to their participa-
tion in the C-H bonding of the other methyl group. This effect,
termed hyperconjugation, stabilizes the relative orientation of
the methyl groups, which maximizes the overlap ofσCH bond-
ing orbitals on one methyl group with the antibonding orbitals
on the other methyl group. The mechanism of the hyperconju-
gative charge transfer was first suggested by Weinhold35 and
varies from one molecule to another. For example, in the
propene molecule, which can be derived from both propen-1-
yl and propen-2-yl radicals by adding hydrogen to the radical
center, the orientation of the methyl group is the same as that
in the radicals (see Figure 1). This orientation (called eclipsed
in ref 33) is stabilized by participation of theσCH electrons of
the two out-of-plane C-H bonds in theπ bonding of the double
bond (in other words, it is stabilized by the hyperconjuga-
tive charge transfer from theσCH bond of the methyl group to
theπ antibonding orbital of the double bond33). Certainly, this
type of hyperconjugation plays a role in stabilizing the struc-
tures of the propenyl andtrans-2-buten-2-yl radicals. However,
there is a stronger hyperconjugative effect in the propen-2-yl
and both butenyl radicals, namely, the transfer of electron
density from the in-planeσCH bond to the radical center. This
follows from the observation that one of the hydrogens in the
ethyl group of 1-buten-2-yl is almost coplanar with the vinyl
moiety, indicating that it is the overlap between the in-plane
σCH bonding orbital and the partially filled lone pair ofR-C
that stabilizes the orientation of the ethyl group in 1-buten-2-
yl. This is also confirmed by a small but systematic elongation
of the in-planeσCH bond in all the propenyl and butenyl radicals.
The hyperconjugation with unpaired electrons has been sug-
gested to stabilize radical products of bond dissociation for
several other molecular systems.36 Note that the geometry of
the ethyl group in 1-buten-2-yl is staggered and is very close
to that of ethane.

2.3. Electronically Excited States: Vertical Spectra.The
vertical excitation energies, oscillator strengths, and dipole
strengths (squared transition dipole moments) for vinyl, propen-
1-yl, propen-2-yl, 1-buten-2-yl, andtrans-2-buten-2-yl are
summarized in Tables 1, 2, 3, 5, and 4, respectively. The〈S2〉
values are also given as a measure of reliability of the calculated
energies and, especially, properties: large spin contamination
indicates possible errors in the excitation energies, as well as
large errors in transition strengths and permanent dipole
moments. The results are also visualized in Figures 3-7 as stick
spectra. Note that only singly excited states are shown. Also,
since the highestπ* r π state was calculated separately from
the rest, there are more states in the energy region between this
state and the second-highest one shown on the pictures. The
electronic spectra of the radicals at hand are very dense and
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are dominated by the Rydberg excitations. In the following
sections, we discuss the systematic changes in excitation
energies and intensities of the calculated transitions. The
permanent dipole moments of the radicals in the ground and
valence excited states (at the ground state equilibrium geom-

etries) are shown in Figures 9 and 11. The ground state
permanent dipole moments (in atomic units) are (0.106,-0.243,
0) for vinyl, (0.216, -0.164, 0) for propen-1-yl, (-0.110,
-0.318, 0) for propen-2-yl, (-0.113, -0.309, -0.014) for
1-buten-2-yl, and (-0.001,-0.246, 0) fortrans-2-buten-2-yl.

Figure 3. Calculated vertical electronic excitation energies and oscillator strengths of the vinyl radical. The reported experimental excitation
energies (see Introduction for references) are shown by hollow bars. The intensity of the experimental transitions is arbitrary.

Figure 4. Calculated vertical electronic excitation energies and oscillator strengths of propen-1-yl.

Figure 5. Calculated vertical electronic excitation energies and oscillator strengths of propen-2-yl.
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It was first pointed out by Mebel et al.17 that the two
absorption features of vinyl, at 7.37 and 7.53 eV, observed by
Fahr and Laufer,10 could be due to different electronic states
rather than vibrational spacing. On the basis of their calculations,

Mebel et al. suggested nr σ (excitation energy 7.31 eV) and
Ryd r π (excitation energy 7.48 eV) as candidates for these
transitions. Their excitation energy for the Rydberg state is very
close to our excitation energy for the 3sr π state (7.47 eV).
Our excitation energy for the nr σ state of vinyl is larger
(7.67 eV); however, we found another state, 3pz r n, at 7.38
eV, which is very close to one of the observed peaks. Moreover,
this state, as well as the 3sr π one, is much more intense than
the nr σ state. Thus, we suggest that the 3pz r n and 3sr
π states are responsible for the observed transitions.

2.4. Valence Excited States Derived from the nr π, π*
r n, and n r σCC Transitions. The valence excited states
derived from the nr π, π* r n, and nr σCC transitions do
not have analogues in ethylene. These states correspond to
electron promotion to or from the half-filled orbital. Thus, single
excitations from the doublet reference determinant provide a
spin-complete zeroth-order description of these states. Therefore,
EOM-EE-CCSD describes these states accurately.28,37

Figure 8 shows changes in these vertical excitation energies
in the vinyl f propen-1-ylf propen-2-ylf 1-buten-2-ylf
trans-2-buten-2-yl series. The corresponding changes in the
oscillator strengths and permanent dipole moments are shown
in Figure 9. The nr π state, which corresponds to the excitation
from theR-C-â-C π bond to the partially filledR-C sp2 orbital,

Figure 6. Calculated vertical electronic excitation energies and oscillator strengths of 1-buten-2-yl.

Figure 7. Calculated vertical electronic excitation energies and oscillator strengths oftrans-2-buten-2-yl.

Figure 8. Changes in the nr π, π* r n, and nr σCC vertical
excitation energies.
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is the lowest in all the radicals. The vertical excitation energy
for this state is about 3.3 eV in vinyl, propen-2-yl, and 1-buten-
2-yl, whereas it is lower by 0.3 eV in propen-1-yl andtrans-
2-buten-2-yl. This change is consistent with the structural
differences (see Figure 1): the radicals with the sameâ-group
have similar excitation energies, which means that it is not the
change in the half-filled orbitals, rather the change in theπ
bonding orbitals that is responsible for the change of the
excitation energy. The same holds for theπ* r n state (see
Figure 8), although theâ-group substitution has an opposite
effect: the vertical excitation energy is about 4.9 eV for vinyl,
propen-2-yl, and 1-buten-2-yl, but it ishigherby about 0.2 eV
for propen-1-yl andtrans-2-buten-2-yl. This can be rationalized
as follows: the increase of electron density on theâ-group upon
the substitution of hydrogen with a methyl group causes the
energies of theπ andπ* orbitals to increase, while at the same
time having minor relative effect on the energy of the half-
filled orbital. Consequently, it becomes easier to move an
electron from theπ orbital to n, but harder to excite an electron
from n toπ*. Moreover, the energy gap between theπ andπ*
orbitals is not affected by the substitution, as follows from the

structural insensitivity of the firstπ* r π doublet vertical
excitation energy (see Figure 10).

The changes in the nr σCC excitation energies are more
complicated. There are as many different nr σCC states as
there are differentσCC bonds. The molecular orbital and the
EOM-CCSD amplitude analyses reveal that the differentσCC

bonds form a delocalizedσCC system, from which the excitation
occurs. Finally, the nr σCC states are fairly high in energy
(above 7 eV), where the density of states is high, and they mix
with the Rydberg states of the same symmetry. This explains
why some of the nr σCC states are missing, such as nr σCC

+

for the propen-2-yl radical. There are two nr σCC transitions
in propen-1-yl: at 7.31 eV (nr σCC

-) and 7.47 eV (nr σCC
+),

with both of them being lower than the nr σCC transition in
vinyl (7.67 eV). We interpret this in terms of reduced repulsion
between theσCC bonds, due to removal of an electron from one
of the bonds. Alternatively, one can picture the resulting positive
σCC system as being stabilized by the higher number of bonds
in the system, analogous to the decreasing basicity of amines
in the order tertiary, secondary, and primary. The two methods
are equivalent in explaining the observed trend of decreasing n
r σCC excitation energies with increasing number ofσCC bonds
(see Figure 8).

Despite the delocalization of the nr σCC excitations in
propen-1-yl, we can assign, based on the values of the dipole
strengths, the nr σCC

- transition at 7.31 eV as an excitation
from the σCC bond betweenR-C and â-C (lower transition
strength, the electron is transferred to n from the closer bond),
whereas the nr σCC

+ transition at 7.47 eV is from theσCC

bond betweenâ-C and the carbon atom of the methyl group
(higher transition strength, the charge is transferred over larger
distance). This is also consistent with changes in the permanent
dipole moment upon excitation (see Figure 9).

The higher excitation energy for the nr σCC
- transition in

propen-2-yl (7.43 vs 7.31 in propen-1-yl) is due to increased
repulsion between the additional electron on the half-filled
orbital and the electrons participating in the carbonσ bonding.
The excitation occurs mainly from the longer C-C bond; the
electrons from the C-H bonds of the methyl group compensate
for the decrease in electron density between the carbons due to
high polarizability of the C-H bonds. This electron transfer

Figure 9. Changes in the oscillator strengths for the nr π, π* r n,
and nr σCC transitions. The ground and vertical excited state permanent
dipole moments are shown by arrows. The plane of the figure is
considered as theOXYplane, and theOZ axis is perpendicular to this
plane (see Figure 1). For 1-buten-2-yl, theZ-component of the
permanent dipole moment is shown in parentheses.

Figure 10. Changes in theπ* r π vertical excitation energies.

Figure 11. Changes in the oscillator strengths for theπ* r π
transitions. The ground and vertical excited state permanent dipole
moments are shown by arrows. The plane of the figure is considered
as theOXYplane, and theOZ axis is perpendicular to this plane (see
Figure 1). For 1-buten-2-yl, theZ-component of the permanent dipole
moment is shown in parentheses.
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explains the high oscillator strength for the nr σCC
- transition

in propen-2-yl (see Figure 9).
In trans-2-buten-2-yl and 1-buten-2-yl, the increased number

of σCC bonds relative to propen-1-yl and propen-2-yl results in
increased repulsion between the electrons forming these bonds
and, consequently, in the decrease of the nr σCC excitation
energies. The lowest nr σCC

- excitation intrans-2-buten-2-
yl corresponds mainly to the excitation from the double bond.
The positive charge created is farther from the methyl hydro-
gens, which results in a decreased electron donation from the
methyl groups and consequent lower oscillator strength relative
to propen-2-yl. Due to the lower symmetry, the nr σCC and
3s r π states are allowed to mix in the 1-buten-2-yl radical.
The EOM-CCSD amplitude analysis supports this interpretation.
The driving force for this mixing is the increase of the repulsion
between the lone pair onR-C and theπ bond upon the nr
σCC excitation. The possibility to remove an electron from the
π bond provides an additional degree of freedom for relaxation,
which explains the lower excitation energy for the nr σCC

transition in 1-buten-2-yl (7.03 eV) relative totrans-2-buten-
2-yl (7.20 eV).

2.5. Equilibrium Geometries and Adiabatic Excitation
Energies for the nr π Excited States.Equilibrium geometries
of the n r π states are summarized in Figure 15. The most
prominent change in the geometric parameters upon the nr π
excitation is the elongation of theR-C-â-C bond and the
decrease of theRCC angle. The elongation of the C-C bond
is, of course, due to the decrease in the bond order from 2 (one
σ and oneπ bond) to 1.5 (oneσ and half of aπ bond). The
decrease of theRCC angle is due to the decreased delocalization
of the lone pair onR-C, plus the repulsion between the lone
pair and the bonds connectingR-C with neighboring atoms.
Because of the decrease of theRCC angle, the steric repulsion
between theR- andâ-hydrogens becomes competitive with the
repulsion between the lone pair onR-C and the closest bonds
in theâ-group, resulting in the opposite rotation of theâ-group
with respect to the ground state (see section 2.2). TheRCC angle
in propen-2-yl, 1-buten-2-yl, andtrans-2-buten-2-yl is about 5°
larger than that in vinyl and propen-1-yl due to the repulsion
of the C-C bonds. These changes in the equilibrium geometries
and bond angles are much larger than the error bars for the
CCSD and CCSD(T) methods.38 Changes discussed below are
comparable to the systematic and nonsystematic errors of CCSD
vs CCSD(T) and, therefore, should be taken with a grain of
caution.

An interesting consequence of the partial breaking of theπ
bond upon the nr π excitation is the increase of electron
donation from the out-of-plane C-H bonds to theR-C-â-C π
bond, leading to the shortening of theR-C-â-C bond in the
vinyl f propen-2-ylf 1-buten-2-ylf propen-1-ylf trans-
2-buten-2-yl sequence. This is confirmed by the increase of the
out-of-plane C-H bond lengths relative to the ground state.
Although the elongation of the C-H bonds is very small
(∼0.002 Å), it is likely not due to the difference between the
methods used to optimize excited and ground state structures
because the bonds areelongated, while CCSD systematically
underestimatesbond lengths relative to CCSD(T).38 The maxi-
mum of error distribution of CCSD is shifted toward shorter
bond lengths relative to CCSD(T). Also, since the excited
electron is partially transferred fromâ-C toR-C, the C-C bond
in theâ-group of propen-1-yl andtrans-2-buten-2-yl is shortened
by about 0.02 Å by the excitation. TheR-C-H bond in propen-
1-yl and the C-C bond in theR-group of propen-2-yl,trans-
2-buten-2-yl, and 1-buten-2-yl are elongated by∼0.01-0.02
Å relative to the ground state because the orbitals ofR-C become
more sp3-like hybridized, and the contribution of the 2s orbital
to theR-C-H or R-C-C bond decreases.

The equilibrium geometry of the 1-buten-2-yl radical in the
n r π excited state is slightly nonplanar (dihedral angle C4-

Figure 12. Changes in the nlm r n vertical excitation energies. Figure 13. Changes in the oscillator strengths for the nlm r n
transitions. The ground and vertical excited state permanent dipole
moments are shown by arrows. The plane of the figure is considered
as theOXYplane, and theOZ axis is perpendicular to this plane (see
Figure 1). For 1-buten-2-yl, theZ-component of the permanent dipole
moment is shown in parentheses.

Figure 14. Changes in the nlm r π vertical excitation energies.

2752 J. Phys. Chem. A, Vol. 110, No. 8, 2006 Koziol et al.



C3-C2-C1 is 161°). The calculated energy difference between
the optimized planar and nonplanar structures is very small (82
cm-1). We explain the small energy increase for the planar
structure by the increased repulsion between the lone pair on
R-C and theσ-C-C bond of the ethyl group.

The nr π adiabatic excitation energies for the vinyl, propen-
1-yl, propen-2-yl,trans-2-buten-2-yl, and 1-buten-2-yl radicals
are 2.47, 2.24, 2.39, 2.14, and 2.33 eV, respectively. The
calculated adiabatic excitation energy of vinyl, 2.47 eV, is very
close to the observed origin of the lowest electronic transition,
2.49 eV.6-8 Note that while the vertical excitation energies for
the nr π transition decrease very slowly within the vinylf
propen-2-ylf 1-buten-2-yl and propen-1-ylf trans-2-buten-
2-yl groups (see section 2.4 and Figure 8) the adiabatic excitation
energies decrease faster within these two groups (0.06-0.1 eV
adiabatic vs 0.01-0.02 eV vertical excitation energy difference
between the neighboring radicals in the groups). The steeper
decrease of the adiabatic excitation energies is due to the
increase of the number of degrees of freedom with the system
size, which facilitates the relaxation of the excited state.

2.6. Excitedπ* r π States.Unlike the transitions described
in section 2.4, theπ* r π excitation is present in ethylene,
where it yields two states: the triplet3B3u state at 4.49 eV and
the singlet1B3u state at 8.18 eV vertically.39 Due to the unpaired
electron, there arethreeπ* r π states in the radicals: one (low-
spin) quartet and two doublets. The spin-pure zeroth-order wave
functions of these states are38

It is easy to see that some of the above configurations are
formally double excitations from the doublet (π)2(n) refer-
ence, which results in a large spin contamination of the

EOM-EE-CCSD target states. The large spin contamination
can cause large errors in excitation energies40 and, especially,
in oscillator strengths and permanent dipole moments. On the
other hand, all of the above configurations are single spin-
flipping excitations from the quartet (Rπ)(Rn)(Rπ*) reference
and can be described by EOM-SF-CCSD. Consequently, the
spin contamination of the EOM-SF-CCSD target states is much
smaller.

The systematic changes in vertical excitation energies and
properties of theπ* r π states are summarized in Figures 10
and 11. The excitation energies for the quartet state of vinyl
and propen-1-yl are very close (4.35 and 4.37 eV, respectively).
The same is true for the propen-2-yl, 1-buten-2-yl, andtrans-
2-buten-2-yl radicals (4.43, 4.42, and 4.44 eV, respectively).
However, the differences in excitation energy for the radicals
from these two groups are larger; that is, it is at least 0.05 eV
higher for propen-2-yl and both buten-2-yl isomers. We attribute
this difference to the more diffuse character of the unpaired
electron in the propen-2-yl and buten-2-yl isomers (confirmed
by the geometry change mentioned in section 2.2), which results
in a stronger Pauli repulsion for the quartet state. Indeed, this
effect is observed only for the quartetπ* r π state, for which
the Pauli repulsion is stronger, while the transition energy for
the first doublet is almost the same for all the radicals. The
reason for the excitation energies to the quartet state for the
radicals being lower than the corresponding excitation energy
in ethylene is the better overlap of the carbon out-of-plane p
orbitals in ethylene, due to higher symmetry.

As shown by Mulliken,41 the transitions from a bonding
orbital to the corresponding antibonding orbital are usually very
strong. However, the oscillator strength of theπ* r π transition
to the first doublet in the radicals is weak (<0.001). The origin
of this was first explained by Zhang and Morokuma for the
vinyl radical.18 In the lower energy doublet of vinyl, the unpaired
electron is coupled to the spin-forbidden “triplet”π* r π
configuration. However, in the second doublet, the unpaired
electron is coupled to the “singlet”π* r π configuration, and

Figure 15. The EOM-SF-CCSD lowest excited state (nr π) optimized geometries of the vinyl, propenyl, and butenyl radicals, and the molecular
orientation in Cartesian coordinate system. For 1-buten-2-yl, theOXYplane is the C1C2C3 plane.

4Ψ ) (Rπ)(Rn)(âπ*) + (Rπ)(ân)(Rπ*) + (âπ)(Rn)(Rπ*)
2Ψ1 ) 2(Rπ)(ân)(Rπ*) - (âπ)(Rn)(Rπ*) -

(Rπ)(Rn)(âπ*)
2Ψ2 ) (âπ)(Rn)(Rπ*) - (Rπ)(Rn)(âπ*) (1)
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this transition is indeed the strongest among the calculated
transitions of vinyl (see Table 1). This applies to the other
species as well.

The structural dependence of the second doublet is determined
by the interplay between electron repulsion and attraction of
electrons to partially positive hydrogens on the methyl/ethyl
groups. Indeed, due to the Coulomb repulsion between the
unpaired electron and an electron on aπ* orbital in vinyl, the
latter tends to be as far away from the former as possible, but
it cannot go too far because of nuclear attraction. As a result,
the excitation energy for the second doublet in vinyl (8.34 eV)
is higher than the singletπ* r π excitation in ethylene (8.18
eV). In propen-1-yl, the energy of the excited electron on the
π* orbital is lowered by the attraction to the out-of-plane
hydrogens (see Figure 1), and the excitation energy becomes
8.15 eV, even lower than in ethylene. In propen-2-yl, in which
the unpaired electron and the out-of-plane hydrogens of the
methyl group are on the same side of theπ bond, two trends
are in opposition. Nevertheless, the energy is lowered by the
attraction to the hydrogens, and the second doublet in propen-
2-yl (8.23 eV) is lower than in vinyl, although it is higher than
in ethylene. In 1-buten-2-yl, we have an ethyl group instead of
a methyl group, and the energy of an electron on theπ* orbital
is lowered even more than in propen-2-yl, resulting in a low
excitation energy of 8.04 eV. Finally, intrans-2-buten-2-yl, the
stabilizing effects of the two methyl groups lead to a less diffuse
distribution of an electron on theπ* orbital, resulting in a high
excitation energy of 8.38 eV, which is close to vinyl. Note that
this behavior is completely different from the structural depen-
dence of the quartet and the first doublet states because only
for the second doublet are the energetics of the transition
determined by Coulomb interactions rather than exchange
interactions.

3. Rydberg nlm r n States

The Rydberg nlm r n states, which are well described by
EOM-EE-CCSD, are predominantly single excitations of the

unpaired electron to a diffuse Rydberg orbital. Since there are
no unpaired electrons in ethylene, these excitations are unique
to the radicals.

The excitation energy for the Rydberg states of small
polyatomic molecules can be approximated by the Rydberg
formula42

whereEex is the excitation energy (in eV), IP is the ionization
potential of the molecule (in eV),n is the principal quantum
number, andδ is the quantum defect parameter accounting for
the penetration of the excited Rydberg electron to the cation
core (δ ) 0.9-1.2 for s states, 0.3-0.6 for p states, and smaller
or equal to 0.1 for d states42). The ionization potential of a
molecule is determined by two factors: the energy of the orbital
from which the ionization occurs, and the redistribution of the
electron density in the ion core upon ionization. The quantum
defect δ depends on the size and the shape of a molecule.
Finally, the Rydberg states can mix with valence states and other
Rydberg states of the same symmetry.

The calculated IPs of vinyl, propen-1-yl, propen-2-yl, 1-buten-
2-yl, andtrans-2-buten-2-yl radicals are 9.63, 9.28, 8.79, 8.66,
and 8.51 eV, respectively. The decrease of IPs in this sequence
is due to increased repulsion between an unpaired electron and
other electrons as the number of electrons increases. This
explains the monotonic decrease (except the 3px r n state in
propen-1-yl, which is discussed below) of the excitation energies
for the nlm r n Rydberg states in the above sequence, as well
as a larger decrease upon the vinylR-hydrogen substitution
compared to aâ-hydrogen substitution (i.e., propen-2-yl vs
propen-1-yl and propen-1-yl vstrans-2-buten-2-yl), as shown
in Figure 12.

However, the excitation energies for Rydberg states of many-
electron systems are also influenced by the interaction of the
excited electron with the cation core. The strength of this
interaction is characterized by the quantum defect,δ. Despite
the repulsion of the valence electrons, there is a nonvanishing
probability to find a Rydberg electron in such proximity to a
heavy nucleus that it “feels” its higher positive charge, resulting
in a positiveδ in eq 2. Figure 16 presents the summary of the
quantum defects for the 3s and the three components of the 3p
Rydberg states of vinyl, propenyl, and butenyl radicals, along
with the changes in IPs and the excitation energies upon
substitution of hydrogens with methyl (ethyl in the case of
1-buten-2-yl) groups. The general trend is that the quantum
defect decreases as the system size increases, which leads to a
slower excitation energy drop relative to the drop in IP. This is
due to the increase in the number of electrons, which screen
the nuclei in the cation core.

The most intriguing result is the very large (0.76 vs 0.69 in
CH3, calculated at the same level) quantum defect for the 3px

(directed along the C-C bond) Rydberg state of vinyl and its
sharp drop in propen-1-yl and propen-2-yl (by about 0.16),
which, as mentioned above, leads to the increased excitation
energy for the propen-1-yl despite the decrease in IP. The NBO
analysis43 of the electron density for the 3px state reveals a large
weight of carbon 2s orbitals in the Rydberg orbital (occupied
by the excited electron) in vinyl, but not in propen-1-yl and
propen-2-yl.

We did not observe any substantial mixing of the valence
and the 3s or 3p Rydberg states, which would manifest itself in
excitations shared by two or more EOM-CCSD target states.
This does not exclude, of course, the Rydberg-valence interac-

TABLE 1: Vertical Excitation Energies, Oscillator
Strengths, and Properties of the Excited States of the Vinyl
Radicala

state transition ∆E, eV fL µtr
2 〈S2〉

2A′′ n r π 3.31 0.0012 0.0144 0.75
4A′ b π* r π 4.35 0 0 3.75
2A′′ π* r n 4.93 0.0030 0.0250 0.76
2A′ b π* r πd 5.60 0.0002 0.0011 0.75
2A′ 3sr n 6.31 0.0051 0.0327 0.76
2A′ 3px r n 6.88 0.0126 0.0748 0.76
2A′ 3py r n 7.09 0.0581 0.3346 0.76
4A′′ c 3sr π 7.31 (7.33) 0 0 3.75
2A′′ 3pz r n 7.38 0.0096 0.0534 0.81
2A′′ c 3sr πe 7.47 (7.63) 0.0594 0.3247 0.76
2A′′ c 3sr πf 8.11 0.0249 0.1255 0.82
2A′ n r σCC 7.67 0.0009 0.0046 0.83
4A′′ 3px r π 7.95 0 0 2.20
2A′ b π* r πg 8.34 0.2204 1.0782 1.10

a EOM-CCSD/6-311(2+,2+)G(d,p) level of theory using ROHF
doublet reference at the geometry from Figure 1 (spherical d-functions,
EHF ) -77.403554 hartree).b Calculated by EOM-SF-CCSD with the
ROHF (π)1(π*) 1(n)1 quartet reference (spherical d-functions,EHF )
-77.287220 hartree).c Calculated by EOM-SF-CCSD with the ROHF
(π)1(n)1(3s)1 reference (orbitals are optimized for the doublet reference,
the 3s orbital is the 16thR-spin orbital by energy in the Hartree-Fock
ROHF doublet reference). The EOM-EE-CCSD excitation energy
is shown in parentheses.d 2(Rπ)(ân)(Rπ*) - (âπ)(Rn)(Rπ*) -
(Rπ)(Rn)(âπ*). e (âπ)(Rn)(R3s)- (Rπ)(Rn)(â3s). f 2(Rπ)(ân)(R3s)-
(âπ)(Rn)(R3s) - (Rπ)(Rn)(â3s). g (âπ)(Rn)(Rπ*) - (Rπ)(Rn)(âπ*).

Eex ) IP - 13.61

(n - δ)2
(2)
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tions due to the mixed Rydberg-valence character of the HF
orbitals that reflects the diffuseness of the valence orbitals due
to electron repulsion. Thus, we distinguish between the mixing
of many-electron states and mixing of one-electron states. The
large quantum defect for the 3px state of vinyl cannot be
explained by mixing of the Rydberg and valence electronic
states.

To understand this quantum defect, we performed NBO43

analysis of the 3p Rydberg state electron density. We also
analyzed the relevant MOs by using the Spartan interface.32 The
analysis clearly demonstrates that about one-half of the positive
charge in the cation core is distributed among the hydrogens.
Due to the high polarizability of the C-H bonds, the carbons
effectively strip the hydrogens off the electrons, thus acquiring
a negative charge. The MO analysis shows that the orientation
of the in-plane 3px,y components in the radicals is determined
by the anisotropy of the potential created by the positively
charged hydrogens. This is why one of the 3p components (3px

in our notations) is directed along the line connecting the two
far-most carbons in the radicals ofCs symmetry (vinyl, propenyl,
and trans-2-buten-2-yl).

Contrary to atoms, the quantum defect in molecules depends
also on the charge distribution in the cation core. To explain
the role of this charge distribution, we consider two model
systems: the methyl and methylene radicals. It is known44 that
the quantum defectδ for the in-plane components of the 3p
Rydberg states in methyl (∼0.7) is larger thanδ for the out-
of-plane component (∼0.6), which is close to a free carbon atom.
Largeδ values for the in-plane components can be explained
by the finite dimension of the molecule in the plane. Since the

positive charge of the cation is distributed over a finite area,
the maxima of the in-plane Rydberg electron wave function tend
to approach the center of the charge distribution, which is the
carbon atom, resulting in a higher probability of finding a
Rydberg electron near the carbon nucleus. Note that both in-
plane and out-of-plane Rydberg 3p electrons must have a node
on the carbon nucleus inD3h symmetry.

In methylene,δ values are 0.77 for the 3px state (in-plane,
perpendicular to the symmetry axis), 0.64 for the 3py state (in-
plane, parallel to the symmetry axis), and 0.60 for the 3pz state
(perpendicular to the molecular plane).45 The largerδ for the
3px state of methylene relative to that of methyl is due to the
fact that all the positive charge of the methylene cation core is
distributed mainly in thex direction, whereas in methyl, it is
spread in the two dimensions of the molecular plane. Note that
δ for the 3px Rydberg state of methylene is almost the same as
that in vinyl. The important role of the charge distribution in
determiningδ values for the in-plane 3p Rydberg states of
methylene and methyl is confirmed by the fact that the sum of
theseδ values is almost the same in both radicals (2.41 in
methylene and 2.4 in methyl). Also, this sum for methylene
depends only slightly on the H-C-H angle.45

Thus, similar to methylene, we explain the large quantum
defect for the 3px Rydberg state of vinyl, which is directed
mainly along the C-C bond, by the distribution of the cation
core’s positive charge along the molecule. In they direction,
the charge distribution in vinyl is similar to that of methyl, and
it makesδ for the 3py Rydberg state of vinyl (0.69) close toδ
for the in-plane 3p Rydberg state components of methyl (∼0.7).

There is another effect which may contribute to the largeδ
for the 3px state of vinyl. Namely, the center of the charge
distribution and, consequently, the nodes of the Rydberg electron
wave function no longer coincide with the carbon nuclei, which
further increases the probability of finding the Rydberg electron
on the carbon nuclei. This is confirmed by the increase ofδ for
larger RCC angles (up to 0.86 forRCC ) 180°), contrary to
methylene, in which it changes only slightly upon the increase
of the H-C-H angle.45 This is also confirmed by the increase
of the R-C 2s orbital contribution to the Rydberg NBO orbital
as theRCC angle increases.

In propen-1-yl or propen-2-yl, as we substituteR- or
â-hydrogens with a methyl group, the positive charge distributed
along the cation core is more effectively screened by the
electrons on the carbonσ bonds. This results in a much smaller
penetration of the Rydberg electron into the carbon nuclei,
reflected by the large decrease in the quantum defect.

Another interesting observation is a larger decrease inδ
relative to vinyl for the 3py Rydberg state of propen-2-yl
compared to propen-1-yl (δ ) 0.62 vs 0.67 relative to 0.69 in
vinyl). We attribute this difference to the presence of twoσ
bonds connectingR-C to the other carbons in propen-2-yl versus
one in propen-1-yl, which results in a more effective screening
of R-C with electrons. Moreover, due to the partial positive
charge on the hydrogens, the 3py Rydberg electron in propen-
2-yl tends to move aroundR-C from which it was removed,
which is not the case in propen-1-yl (see Figure 1).

The correlation of the oscillator strengths is shown in Figure
13. Note that the nlm r n transitions are relatively strong. In
fact, 3py r n is one of the most intense transitions after the
very strongπ* r π. The large transition dipole moment for
this excitation is due to the large overlap of the singly occupied
orbital with the 3py Rydberg orbital.

The spectral density of the nlm r n Rydberg states increases
rapidly with the decrease in IP, as seen in Figures 3-7. For

Figure 16. Quantum defects,δ, for the nlm r n Rydberg states; see
eq 2. Arrows connect species that are different by a single substitution
of a hydrogen by a methyl or ethyl group. Next to the arrows, the
differences in IPs, as well as in the excitation energies for the 3s, 3px,
3py, and 3pz states (from top to bottom) for the connected species are
shown.
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example, the 3dr n states appear at about 7.1 eV in propen-
2-yl, but are above 7.5 eV in propen-1-yl. However, the density
of Rydberg states in the radicals is even larger due to Rydberg
excitations from theπ bonding orbital, which appear at relatively
low energies.

4. Rydberg nlm r π States

Since the nlm r π transitions do not involve the half-occupied
orbital, they are present in ethylene as well. Similar to theπ*
r π transitions (see eq 1 in section 2.6), the coupling of an
unpaired electron with the nlm r π excitation results in one
low-spin quartet and two doublet states:

and EOM-SF-CCSD should be used instead of EOM-EE-CCSD
to reduce spin contamination. In the case of nlm r π excitations,
however, application of the EOM-SF-CCSD method is prob-
lematic because usually Rydberg states can only be described
as an excitation to a linear combination of several diffuse
Hartree-Fock molecular orbitals. Nevertheless, we attempted
EOM-SF-CCSD calculations for the 3sr π states. The “3s”
orbital in the high-spin quartet reference (π)(π*)(3s) was taken
to be the molecular orbital with the largest contribution to the
3s state calculated by the EOM-EE-CCSD method (see section
2.1). As can be seen from Tables 1-5, the difference between
the EOM-SF-CCSD and EOM-EE-CCSD excitation energies
for the quartet state is less than 0.1 eV, and for the two-
configurational doublet it is less than 0.2 eV. Contrary to the

π* r π states, of the two doublets, the two-configurational one
is lower in energy. The high excitation energy for theπ* r π
two-configurational doublet is due to the Coulomb repulsion
between an electron on aπ* orbital and the unpaired electron.
In the case of 3sr π transitions, the determining factor is the
repulsion between the unpaired electron and an electron on the
π orbital rather than the diffuse 3s electron. Since the three-
configurational doublet has larger contribution of determinants
in which the electrons on theπ and n orbitals have opposite
spin, the Coulomb electron repulsion in this doublet is higher
than that in the two-configurational one. For similar reasons,
the excitation energy for the quartet 3sr π state is smaller
than that for the corresponding doublets. Thus, one may expect
the same behavior for other nlm r π Rydberg states.

The changes in the nlm r π excitation energies are shown in
Figure 14. The IPs for ionization from theπ orbital resulting
in the triplet cation state of vinyl, propen-1-yl, and propen-2-yl
are 10.53, 9.78, and 9.76 eV, respectively. Note that the IPs
for ionization resulting in the triplet cation state must be used
in eq 2 to estimate excitation energies for the quartet nlm r π
states. Interestingly, the quantum defectδ for the 3px r π
quartet state of vinyl is large (0.70) and decreases sharply in
propen-1-yl (δ ) 0.55) and in propen-2-yl (δ ) 0.54), very
similar to the 3px r n states (see section 3).

The vertical excitation energies for the triplet 3px r π, 3py

r π, and 3pz r π transitions in ethylene are 7.95, 7.94, and
8.21 eV, respectively, and the ionization potential (IP) is 10.56
eV.46 This gives quantum defectδ ) 0.72 for the in-plane 3p

TABLE 2: Vertical Excitation Energies, Oscillator
Strengths, and Properties of the Excited States of the
Propen-1-yl Radicala

state transition ∆E, eV fL µtr
2, au 〈S2〉

2A′′ n r π 3.04 0.0011 0.0151 0.75
4A′ b π* r π 4.37 0 0 3.75
2A′′ π* r n 5.13 0.0030 0.0241 0.76
2A′ b π* r πd 5.60 0.0002 0.0014 0.75
2A′ 3sr n 6.14 0.0090 0.0598 0.76
2A′ 3py r n 6.77 0.0611 0.3679 0.77
2A′ 3px r n 6.92 0.0018 0.0103 0.77
4A′′ c 3sr π 6.79 (6.82) 0 0 3.75
2A′′ 3pz r n 7.09 0.0166 0.0954 0.96
2A′′ c 3sr πe 6.94 (7.12) 0.0187 0.1099 0.74
2A′′ c 3sr πf 7.65 0.0005 0.0025 1.10
2A′ n r σCC

- 7.31 0.0029 0.0165 0.76
2A′ n r σCC

+ 7.47 0.0093 0.0510 0.86
4A′′ 3px r π 7.52 0 0 1.99
4A′′ 3py r π 7.56 0 0 2.01
4A′ 3pz r π 7.57 0 0 1.31
2A′ b π* r πg 8.15 0.1999 1.0010 1.16

a EOM-CCSD/6-311(2+,2+)G(d,p) level of theory using ROHF
doublet reference at the geometry from Figure 1 (spherical d-functions,
EHF ) -116.451791 hartree).b Calculated by EOM-SF-CCSD with the
ROHF (π)1(π*) 1(n)1 quartet reference (spherical d-functions,EHF )
-116.332735 hartree).c Calculated by EOM-SF-CCSD with the ROHF
(π)1(n)1(3s)1 reference (orbitals are optimized for the doublet reference,
the 3s orbital is the 16thR-spin orbital by energy in the Hartree-Fock
ROHF doublet reference). The EOM-EE-CCSD excitation energy
is shown in parentheses.d 2(Rπ)(ân)(Rπ*) - (âπ)(Rn)(Rπ*) -
(Rπ)(Rn)(âπ*). e (âπ)(Rn)(R3s)- (Rπ)(Rn)(â3s). f 2(Rπ)(ân)(R3s)-
(âπ)(Rn)(R3s) - (Rπ)(Rn)(â3s). g (âπ)(Rn)(Rπ*) - (Rπ)(Rn)(âπ*).

4Ψ ) (Rπ)(Rn)(ânlm) + (Rπ)(ân)(Rnlm) + (âπ)(Rn)(Rnlm)

2Ψ1 ) 2(Rπ)(ân)(Rnlm) - (âπ)(Rn)(Rnlm) -
(Rπ)(Rn)(ânlm)

2Ψ2 ) (âπ)(Rn)(Rnlm) - (Rπ)(Rn)(ânlm) (3)

TABLE 3: Vertical Excitation Energies, Oscillator
Strengths, and Properties of the Excited States of the
Propen-2-yl Radicala

state transition ∆E, eV fL µtr
2, au 〈S2〉

2A′′ n r π 3.29 0.0017 0.0205 0.75
4A′ b π* r π 4.43 0 0 3.75
2A′′ π* r n 4.87 0.0022 0.0186 0.76
2A′ b π* r πd 5.61 0.0008 0.0062 0.75
2A′ 3sr n 5.70 0.0024 0.0174 0.76
2A′ 3py r n 6.39 0.0597 0.3817 0.76
2A′ 3px r n 6.45 0.0036 0.0231 0.76
2A′′ 3pz r n 6.66 0.0070 0.0429 0.78
4A′′ c 3sr π 6.75 (6.80) 0 0 3.75
2A′′ c 3sr πe 6.92 (7.01) 0.0225 0.1326 0.73
2A′′ c 3sr πf 7.34 0.0026 0.0143 0.76
2A′ 3dxy r n 7.10 0.0034 0.0195 0.76
2A′ 3dx2 r n 7.22 0.0094 0.0532 0.76
2A′ 4sr n 7.29 0.0021 0.0115 0.76
2A′′ 3dxz r n 7.36 0.0003 0.0018 0.77
2A′′ 3dyz r n 7.42 0.0000 0.0000 0.77
2A′ n r σCC

- 7.43 0.0250 0.1371 0.79
2A′ dy2-z2 r n 7.47 0.0013 0.0071 0.77
4A′′ 3px r π 7.52 0 0 2.01
4A′′ 3py r π 7.58 0 0 1.94
4A′ 3pz r π 7.58 0 0 1.13
2A′ 4py r n 7.72 0.0167 0.0884 0.77
2A′′ 3px r π 7.73 0.0043 0.0229 1.66
2A′ 4px r n 7.74 0.0012 0.0062 1.05
2A′ b π* r πg 8.23 0.1886 0.9350 1.29

a EOM-CCSD/6-311(2+,2+)G(d,p) level of theory using ROHF
doublet reference at the geometry from Figure 1 (spherical d-functions,
EHF ) -116.457027 hartree).b Calculated by EOM-SF-CCSD with the
ROHF (π)1(π*) 1(n)1 quartet reference (spherical d-functions,EHF )
-116.335488 hartree).c Calculated by EOM-SF-CCSD with the ROHF
(π)1(n)1(3s)1 reference (orbitals are optimized for the doublet reference,
the 3s orbital is the 16thR-spin orbital by energy in the Hartree-Fock
ROHF doublet reference). The EOM-EE-CCSD excitation energy
is shown in parentheses.d 2(Rπ)(ân)(Rπ*) - (âπ)(Rn)(Rπ*) -
(Rπ)(Rn)(âπ*). e (âπ)(Rn)(R3s)- (Rπ)(Rn)(â3s). f 2(Rπ)(ân)(R3s)-
(âπ)(Rn)(R3s) - (Rπ)(Rn)(â3s). g (âπ)(Rn)(Rπ*) - (Rπ)(Rn)(âπ*).
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components, which is almost the same asδ for the in-plane 3p
components of the methyl radical. This indicates similar cation
core positive charge distributions in ethylene and methyl. The
calculated quartet 3px r π excitation energy for vinyl is the
same as the triplet 3px r π excitation energy for ethylene (7.95
eV). Also, the IP for the ionization of vinyl resulting in the
triplet cation state, 10.53 eV, is very close to the IP of ethylene,
10.56 eV. However, the IP for the ionization resulting in the
singlet cation state of vinyl is higher, 11.30 eV. The reason for
the higher-multiplicity cation and the 3px r π excited state of
vinyl being similar to those of ethylene is also the reduced
Coulomb repulsion between an electron on the half-filled orbital
and the remaining electron on theπ bonding orbital. Note that,
although this reduction in the Coulomb repulsion lowers the
quartet 3px r π state of vinyl relative to the corresponding
doublets, the penetration of the Rydberg electron to the cation
core (δ ) 0.70) is less than that in the case of the 3px r n
excitation (δ ) 0.76).

5. Conclusions

We presented the results of high-level ab initio calculations
of the ground and first excited state equilibrium geometries,
vertical excitation energies, oscillator strengths, and valence
states’ permanent dipole moments for the vinyl, propen-1-yl,
propen-2-yl, 1-buten-2-yl, andtrans-2-buten-2-yl radicals. The
electronic spectrum of these species is very dense and is
dominated by Rydberg transitions. The electronic structure and
energetics of the valence low-lying excited states are similar in
all the radicals, except for the nr σ states, which change

substantially with the number of adjacentσ bonds. The
excitation energies for the Rydberg states, however, depend
strongly on the size and the structure of the radicals. The major
factor responsible for the changes in the Rydberg states’ energies
is the strong dependence of the ionization potentials on the size
and geometric structure. Our results suggest that the quantum
defectδ for the 3px, 3py, and 3pz Rydberg states is determined
by the geometry-dependent charge distribution within the cation
core.

We interpret the elongation of the in-plane C-H bonds in
the ground state propen-1-yl, propen-2-yl, andtrans-2-buten-
2-yl radicals as an indication of the hyperconjugative charge
transfer from the in-plane C-H bonds to the half-filled orbital.
This is consistent with the orientation of the ethyl group in
1-buten-2-yl, in which one of the C-H bonds is also elongated
and is almost in one plane with the half-filled orbital.

On the basis of the results of accurate ab initio calculations,
we derived the qualitative picture encompassing the effects of
substitution of hydrogens with methyl or ethyl groups in
unsaturated hydrocarbons. We hope that this qualitative under-
standing will be useful in prediction of excited state properties
and reaction pathways of these and similar species.
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TABLE 4: Vertical Excitation Energies, Oscillator
Strengths, and Properties of the Excited States of the
trans-2-Buten-2-yl Radicala

state transition ∆E, eV fL µtr
2, au 〈S2〉

2A′′ n r π 3.02 0.0014 0.0196 0.75
4A′ b π* r π 4.44 0 0 3.75
2A′′ π* r n 5.10 0.0021 0.0170 0.76
2A′ b π* r πd 5.62 0.0007 0.0050 0.75
2A′ 3sr n 5.64 0.0015 0.0109 0.77
2A′ 3py r n 6.14 0.0650 0.4321 0.76
2A′ 3px r n 6.26 0.0254 0.1654 0.77
2A′′ 3pz r n 6.38 0.0085 0.0546 0.86
4A′′ c 3sr π 6.38 (6.44) 0 0 3.75
2A′′ c 3sr πe 6.58 (6.63) 0.0068 0.0422 0.76
2A′′ c 3sr πf 7.05 0.0004 0.0025 1.05
2A′ 4sr n 6.89 0.0015 0.0088 0.77
4A′′ 3px r π 6.94 0 0 1.97
4A′′ 3py r π 6.99 0 0 1.94
2A′ 3dxy r n 6.99 0.0010 0.0056 0.76
2A′′ 3dyz r n 7.01 0.0002 0.0014 0.77
2A′ 3dx2 r n 7.03 0.0036 0.0212 0.77
4A′ 3pz r π 7.06 0 0 1.87
2A′′ 3dxz r n 7.15 0.0001 0.0006 0.78
2A′′ 3px r π 7.19 0.0000 0.0001 1.74
2A′ n r σCC 7.20 0.0012 0.0065 0.86
2A′ 3dy2-z2 r n 7.29 0.0012 0.0068 0.85
2A′ b π* r πg 8.38 0.4053 1.9747 1.04

a EOM-CCSD/6-311(2+,2+)G(d,p) level of theory using ROHF
doublet reference at the geometry from Figure 1 (spherical d-functions,
EHF ) -155.504207 hartree).b Calculated by EOM-SF-CCSD with the
ROHF (π)1(π*) 1(n)1 quartet reference (spherical d-functions,EHF )
-155.380248 hartree).c Calculated by EOM-SF-CCSD with the ROHF
(π)1(n)1(3s)1 reference (orbitals are optimized for the doublet reference,
the 3s orbital is the 26thR-spin orbital by energy in the Hartree-Fock
ROHF doublet reference). The EOM-EE-CCSD excitation energy
is shown in parentheses.d 2(Rπ)(ân)(Rπ*) - (âπ)(Rn)(Rπ*) -
(Rπ)(Rn)(âπ*). e (âπ)(Rn)(R3s)- (Rπ)(Rn)(â3s). f 2(Rπ)(ân)(R3s)-
(âπ)(Rn)(R3s) - (Rπ)(Rn)(â3s). g (âπ)(Rn)(Rπ*) - (Rπ)(Rn)(âπ*).

TABLE 5: Vertical Excitation Energies, Oscillator
Strengths, and Properties of the Excited States of the
1-Buten-2-yl Radicala

state transition ∆E, eV fL µtr
2, au

2A n r π 3.28 0.0014 0.0216
4Ab π* r π 4.42 0 0
2A π* r n 4.81 0.0026 0.0216
2Ab π* r πd 5.58 0.0008 0.0055
2A 3s r n 5.73 0.0024 0.0173
2A 3py r n 6.27 0.0616 0.4014
2A 3px r n 6.40 0.0054 0.0346
2A 3pz r n 6.52 0.0081 0.0505
4Ac 3sr π 6.78 (6.83) 0 0
2Ac 3sr πe 6.94 0.0300 0.1764
2Ac 3sr πf 7.35 0.0056 0.0309
2A n r σCC, 3sr π 7.03 0.0199 0.1157
2A n r σCC 7.04 0.0111 0.0645
2A 4s r n 7.05 0.0038 0.0218
2A 3d r n 7.10 0.0025 0.0147
2A 3d r n 7.18 0.0021 0.0121
2A 3d r n 7.23 0.0003 0.0015
2A 3d r n 7.26 0.0004 0.0023
2A 3d r n 7.42 0.0068 0.0372
4A 3pz r π 7.45 0.0777 0.4257
4A 3py r π 7.48 0.0013 0.0073
4A 3px r π 7.57 0 0
2A 4py r n 7.58 0.0109 0.0585
2A 4px r n 7.61 0.0033 0.0176
2A 3px r π 7.63 0.0502 0.2684
2A 3py r π 7.67 0.0032 0.0170
2A 4pz r n 7.71 0.0011 0.0057
2A 3px r π 7.77 0.0062 0.0328
2Ab π* r πg 8.04 0.2395 1.2163

a EOM-CCSD/6-311(2+,2+)G(d,p) level of theory using ROHF
doublet reference at the geometry from Figure 1 (spherical d-functions,
EHF ) -155.500917 hartree).b Calculated by EOM-SF-CCSD with the
ROHF (π)1(π*) 1(n)1 quartet reference (spherical d-functions,EHF )
-155.379309 hartree).c Calculated by EOM-SF-CCSD with the ROHF
(π)1(n)1(3s)1 reference (orbitals are optimized for the doublet reference,
the 3s orbital is the 17thR-spin orbital by energy in the Hartree-Fock
ROHF doublet reference). The EOM-EE-CCSD excitation energy
is shown in parentheses.d 2(Rπ)(ân)(Rπ*) - (âπ)(Rn)(Rπ*) -
(Rπ)(Rn)(âπ*). e (âπ)(Rn)(R3s)- (Rπ)(Rn)(â3s). f 2(Rπ)(ân)(R3s)-
(âπ)(Rn)(R3s) - (Rπ)(Rn)(â3). g (âπ)(Rn)(Rπ*) - (Rπ)(Rn)(âπ*).

Electronic Structure of Hydrocarbon Radicals J. Phys. Chem. A, Vol. 110, No. 8, 20062757



area of unsaturated hydrocarbon radicals and providing us with
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