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Vibrational and electronic properties ofp-benzosemiquinone radical anions are important indicators of charge
transfer in ion pairs, charge-transfer salts, and electron-transfer reactions. To provide missing data for radical
anions ofp-chloranil,p-fluoranil, andp-benzoquinone, and to test the capabilities of various computational
methods, calculated structures, spin properties, and harmonic vibrational frequencies and mode assignments
are reported based on molecular orbital, density functional, and hybrid Hartree-Fock/density functional
computations. Qualitative structural changes upon reducing the neutral quinones to their semiquinone radical
anions are predictable from the nodal structure ofp-benzoquinone’s LUMO. Furthermore, trends in calculated
CO and CdC bond distance changes for the three molecules follow a pattern expected from theπ-bonding
abilities of the substituents. The most accurate calculated spin densities and isotropic hyperfine coupling
constants show qualitative agreement with experimentally derived values forp-benzosemiquinone radical
anion, whereas predicted spin densities and hyperfine coupling constants are reported for the other two species.
Although calculated vibrational frequencies display small average absolute differences from experimentally
measured frequencies (24 cm-1 for p-chloranil’s radical anion), forp-chloranil’s radical anion calculations
generally fail to reproduce several important details of the vibrational spectra.

Introduction

p-Benzoquinones find extensive use as electron acceptors in
synthetic electron-transfer assemblies1,2 and charge-transfer
salts.3-6 They are also ubiquitous in biological electron
transfer.7-9 Plastoquinones and ubiquinones, for example, are
substitutedp-benzoquinones that function as electron acceptors
for energy storage in the photosynthetic reaction center9 and
energy utilization in mitochondria.10,11 Moreover, the radical
anions ofp-benzoquinones (see1 for the neutral molecules)sp-
benzosemiquinones (see2)sare increasingly used in funda-
mental studies of ion pairing in solution.12 Identifying and
characterizing thep-benzosemiquinone radical anions present
in these various environments can be problematical and typically
rely on measured vibrational frequencies13,14and spin densities
inferred from electron paramagnetic resonance (EPR) experi-
ments.15,16 Although thep-benzoquinones are relatively well
characterized,17-43 their corresponding radical anions, in general,
are not. This contribution presents and compares calculated
structures, electronic spin density distributions, and harmonic
vibrational frequencies for the radical anions ofp-benzoquinone
(2a), p-fluoranil (2b), andp-chloranil (2c). Before presenting
our results, however, we briefly summarize experimental data
for the radical anions shown in2 and the computational methods
used.

Radical Anions of p-Chloranil, p-Fluoranil, and
p-Benzoquinone

Although X-ray diffraction structures are available for crystals
containing the radical anion ofp-chloranil and alkali metal
cations sequestered by crown ethers,44 analogous structures for
p-benzoquinone andp-fluoranil are to our knowledge unavail-
able. Moreover, the X-ray diffraction structures ofp-chloranil’s
radical anion probably differ from the molecule’s gas-phase

structure because close contacts between quinone oxygens and
the alkali cations, evident in the crystal,44 suggest strong
interactions between the semiquinone anions and the alkali
cations. Thus, the structure ofp-chloranil’s semiquinone anion44

displays different bond lengths and angles at each end of the
molecule, depending upon the distance between quinone oxy-
gens and alkali metal cations. The quinone anion-alkali cation
interaction is particularly evident in the CdO bond distances
of 1.29 and 1.31 Å at each end of the molecule. The effect of
the alkali cation is transmitted throughout the molecule, as even
the CdC bonds are slightly affected by the oxygen atom’s
interaction with the metal cation, as the two carbon-carbon
distances of 1.34 and 1.36 Å differ by 0.02 Å. Carbon-chlorine
distances average 1.72 Å, but range from 1.66 to 1.80 Å. The
high degree of disorder evident in the structure also makes the
reported geometry imprecise, as standard deviations in bond
distances of approximately 0.2 Å are quite large.
The sketch in3 shows the atom number system subsequently

used, spin densities inferred from EPR experiments in several
aprotic solvents for the atoms of thep-benzosemiquinone radical
anion,45 and the oxygen atom’s spin density for the radical anion
of p-chloranil.45 To our knowledge, analogous information for
p-fluoranil’s radical anion is unknown. Forp-benzosemiquinone
radical anion, the spin density is greatest on the oxygen atoms
(0.161-0.166) and decreases for carbon atoms further from the
oxygens. Thus the spin density on the oxygen-bearing C1/C1′X Abstract published inAdVance ACS Abstracts,October 15, 1997.
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atoms is 0.149-0.154, whereas the other carbons carry spin
density of 0.092-0.093. These spin densities were inferred
from measured proton hyperfine coupling constants (hfcc’s), a
rigorous measure of spin density at the hydrogen atom’s nucleus.
The measured proton hyperfine coupling constants forp-
benzosemiquinone radical anion (-2.419 to-2.425) is expected
to provide a more stringent test of computational methods than
derived spin densities.46-53 Forp-chloranil’s radical anion, no
hyperfine coupling constants are available for any magnetic
nuclei, but the spin densities on oxygen (0.139-0.150) have
been measured and are smaller than those on the oxygens of
p-benzosemiquinone radical anion. Whether the remaining spin
density onp-chloranil’s radical anion resides on the carbon or
the chlorine atoms is apparently uncertain.

Table 1 compares experimentally determined vibrational
frequencies, mode descriptions, and mode symmetries for the
radical anions ofp-benzoquinone,54-56 p-fluoranil,55 and p-
chloranil.57 Only four vibrational frequencies, all with ag
symmetry, have been measured forp-benzosemiquinone radical
anion.54-56 They include the in-phase CO stretch (1435 cm-1),
the in-phase CdC stretch (1620 cm-1), a CH bend (1161 cm-1),
and a CCC bend (481 cm-1). Comparing measured vibrational
frequencies forp-benzosemiquinone radical anion with corre-
sponding modes for the neutralp-benzoquinone molecule38

provides insight into changes in chemical bonding upon one-
electron reduction ofp-benzoquinone, indicated in1and2. Thus,
the in-phase CdO stretching frequency of 1663 cm-1 for
p-benzoquinone38 is decreased by 228 cm-1 in p-benzosemi-
quinone radical anion and indicates that the CdO bond is
substantially weaker in the radical anion. Likewise, the CdC
stretching frequency of 1657 cm-1 is 37 cm-1 higher for
p-benzoquinone38 than for p-benzosemiquinone radical anion
and indicates a similar weakening of the CdC bond upon
reduction ofp-benzoquinone. The substantial increase in the
ag symmetry CCC bending mode’s frequency inp-benzosemi-

quinone radical anion, compared top-benzoquinone (447
cm-1),38 implies a more rigid carbon framework and indicates
a more delocalized benzenoid structure for the radical anion
compared to the neutral molecule. The virtually identical
experimentally measured frequencies for the ag symmetry CH
bending mode ofp-benzoquinone (1160 cm-1)38 and p-ben-
zosemiquinone radical anion indicate that CH bonding is
virtually identical in the two species.
Comparing experimentally measured vibrational frequencies

for the tetrahalogenatedp-benzoquinones and their radical
anions, displayed in Table 1, allows similar inferences concern-
ing differences in chemical bonding between the neutral and
reduced species. For example, frequencies for the ag symmetry
CO stretching (1556 cm-1) mode ofp-fluoranil’s radical anion
have been experimentally measured, appear at lower frequencies
than the CO stretching mode ofp-fluoranil (1700 cm-1),35 and
indicate weaker CO bonds for the radical anion. Although the
ag symmetry CC stretching frequency has been measured for
thep-fluoranil radical anion (1677 cm-1), this mode’s frequency
was not resolved forp-fluoranil.35 For p-chloranil’s radical
anion, frequencies for both the ag (1518 cm-1) and b1u (1525
cm-1) symmetry CO stretching modes have been measured
experimentally. Both the ag (1594 cm-1) and b2u (1545 cm-1)
symmetry CC stretching modes were also detected. A variety
of other vibrational modessincluding C-Cl stretches, C-Cl
bends, CO bends, an ag symmetry ring bend (CCC bend, 517
cm-1), a b1u symmetry CC stretch (918 cm-1), and a mixed
CC and C-Cl stretch (338 cm-1)shave been experimentally
measured. In general, both CO stretching and both CC
stretching frequencies are lower for the radical anion of
p-chloranil than for the neutral molecule.34 Thus, the ag
symmetry CO stretching mode ofp-chloranil (1693 cm-1)34

appears 175 cm-1 higher in frequency and the ag symmetry CC
stretching mode (1609 cm-1)34 appears 15 cm-1 higher in
frequency than the same modes of the radical anion. Further-
more, both the ag symmetry CCC bend (496 cm-1) and the b1u
symmetry CC stretch (908 cm-1) for p-chloranil34were detected
at lower frequencies (21 cm-1 for the CCC bend and 10 cm-1

for the b1u symmetry CC stretch) than the analogous modes of
the radical anion. Once again, this is entirely consistent with
chemical bonding changes implied by the resonance structures
shown in1 and2.
Although qualitative differences in chemical bonding and

vibrational frequencies between the neutralp-benzoquinones,
1, and their radical anions,2, are available from their resonance
structures, we seek a more detailed picture of bonding in the
radical anions. Our calculations of structures, vibrational
frequencies, and mode assignments for the radical anions of
thep-benzoquinones shown in2 allow comparison of the same
properties not only of the neutral molecules but also between
the three radical anions. Thus, this contribution fills gaps in
our knowledge of the structures, vibrations, spin densities, and
isotropic hyperfine coupling constants for the radical anions of
p-benzoquinone,p-fluoranil, and p-chloranil; elucidates the
effects of halogen substituents on chemical bonding and on
physical properties of these radicals; and extends to halogenated
p-benzosemiquinone radical anions our previous work to
investigate the validity of various density functional (DF)58,59

and hybrid Hartree-Fock/density functional (HF/DF)58,60meth-
ods for reproducing the structures and properties of quinones3

and their semiquinone anions46-49,61-63 and other cyclic,
conjugated radicals.50-53,64,65

Computational Methods

Several different local DF, gradient-corrected DF, and hybrid
HF/DF methods were employed to compare their performance

TABLE 1: Symmetries, Approximate Mode Descriptions,
and Experimental Frequencies (cm-1) for p-Benzoquinone,
p-Fluoranil, and p-Chloranil Radical Anionsa

sym
approximate
description X) H

approximate
description X) F

approximate
description X) Cl

ag CdC str 1620 CdC str 1677 CdC str 1594
b2u CdC str 1545
b1u CdO str 1525
ag CdO str 1435 CdO str 1556 CdO str 1518
b1u C-Cl str 1149
ag C-Cl str 1028
b1u C-C str 918
b2u C-Cl str 722
b3u CdO bend 695
ag C-C-C bend 481 ring bend 517
b1u C-Cl str 468
b2u CdO bend 374
ag C-C str,

C-Cl str
338

b3u C-Cl bend 220
b2u C-Cl bend 212
b1u C-Cl bend 200
ag C-H bend 1161 C-Cl bend

a From refs 54-57.
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to that of unrestricted Hartree-Fock (UHF), restricted open-
shell Hartree-Fock (ROHF), and the second-order Møller-
Plesset perturbation approximation for electron correlation
(UMP2) for reproducing experimentally measured properties of
cyclic, conjugated radical anions. Among the density func-
tionals tested were the local spin density exchange functional
of Slater (abbreviated S)66 and the gradient-corrected exchange
functional of Becke (B).67 Correlation functionals used include
the local density functionals of Vosko, Wilk, and Nusair
(VWN)68 and the gradient-corrected functional of Lee, Yang,
and Parr (LYP).69 In addition, the three-parameter hybrid HF/
DF methods60 denoted B3P86 and B3LYP (B3LYP results are
reported as Supporting Information) were also tested. The three-
parameter HF/DF methods employ a weighted sum of Hartree-
Fock (EX

HF), local DF (EX
Slater), and gradient-corrected DF

expressions for the exchange and correlation energies as follows
for B3LYP:

where EX
Slater is Slater’s local spin density functional for

exchange,66 ∆EX
Becke is Becke’s gradient-corrected exchange

functional,67EC
VWN is the local density correlation functional of

Vosko, Wilk, and Nuisair,68 andEC
LYP is the gradient-corrected

correlation functional of Lee, Yang, and Parr.69

The B3P86 method simply replaces Lee, Yang, and Parr’s
correlation functional with Perdew’s 1986 correlation func-
tional.60 Coefficients giving the relative weights of various
approximations for the exchange and correlation energies in the
three-parameter method were optimized to reproduce thermo-
chemical data for a variety of molecules, using one particular
correlation functional, and may be found in the literature.60

Throughout the paper, acronyms for the DF methods first
indicate the form for the exchange functional followed by the
form of the correlation approximation. For example, BLYP
indicates Becke’s exchange with Lee, Yang, and Parr’s cor-
relation functional. Except where indicated, all calculations
were performed by using the 6-31G(d) split-valence plus
polarization basis set.70,71 This basis was selected as a
compromise between completeness and economy: it includes
polarization functions on non-hydrogen atoms useful for model-
ing radicals, but it remains small enough for rapid calculations.
However, one basis set tested heresChipman’s diffuse-plus-
polarization basis denoted [632|41]72,73sdeserves special men-
tion because it was developed specifically to model electron
density near nuclei and therefore to yield accurate hyperfine
properties of radicals in MO calculations. This contrasts with
other, more commonly used Gaussian basis sets tested here,
such as 6-311+G(d,p), designed to model electron density in
the valence region and thus to describe chemical bonding.
Hartree-Fock70,74,75 or Kohn-Sham76,77 equations were

solved by using the quantum chemistry computer programs
GAUSSIAN92/DFT78 or GAUSSIAN94.79 Integrals required
to solve the Kohn-Sham equations were evaluated by numerical
quadrature on a grid of points by using the atomic partitioning
scheme of Becke, without atomic size adjustments,80 and using
a standard grid of points.80,81 Berny’s optimization algorithm82

was used to perform full geometry optimizations inC1 symmetry
using internal coordinates, followed by geometry optimizations
in D2h symmetry. Analytical first derivatives of the energy were
computed to evaluate energy gradients in geometry optimiza-
tions, whereas analytical first and numerical second derivatives
of the energy were used to calculate the Hessian matrix for
vibrational frequency calculations inD2h symmetry. Thus,

harmonic vibrational frequencies were evaluated at each level
of theory for the molecules and radical anions discussed here.
Although some workers scale calculated vibrational frequencies
by a multiplicative factor to bring them into better agreement
with experiment (and scaling factors appropriate for B3P86-
derived frequencies (0.9556) have been determined83), we prefer
to report unscaled frequencies because in our experience some
frequencies are lower than experiment and scaling does not
necessarily improve overall agreement.
Whereas hypefine coupling constants were calculated from

Fermi contact spin densities, atomic spin densities for each
radical anion were calculated by using Mulliken population
analysis.84 Because atomic charges calculated by using Mul-
liken population analysis are usually only qualitatively correct
and depend on method and basis set size,85 spin densities for
p-benzosemiquinone radical anion were also calculated by using
Bader population analysis.86 Unlike Mulliken population
analysis, Bader’s method partitions space to determine the
charge or spin on an atom, so we hoped that Bader’s method
would yield spin densities closer to experimentally derived spin
densities. Bader population analysis was accomplished by using
the program GAUSSIAN94.79

Although some attempts were made to investigate the effects
of including more polarization functions and diffuse functions
in the basis set, more sophisticated methods with larger basis
sets may be desirable to improve agreement with experiment.

Radical Anions of p-Chloranil, p-Fluoranil, and
p-Benzoquinone-Structures

Table 2 presents a comparison of calculated structures of the
radical anions ofp-chloranil,p-fluoranil, andp-benzoquinone
with each other and with the calculated structure of the neutral
p-chloranil molecule. Since previous results indicated that the
DF and HF/DF methods yield excellent bond distances for the
neutral quinones,46-49,61,62 we will describe the calculated
structure forp-chloranil very briefly. Although a variety of DF
and HF/DF methods were employed, we will emphasize results
obtained by using the hybrid B3P86 method because it appears
to give the best overall agreement with experiment.
First, the calculated bond distances forp-chloranil are in

excellent agreement with distances determined by electron
diffraction.18 The calculated CO distance is 0.005 Å too short
and the calculated C2C2′ distance is also slightly too short, by
0.004 Å (to avoid confusion with chlorine, atom number one is
omitted from the carbon bonded to oxygen and C2C2′ defines
the shorter pair of carbon-carbon bonds, as indicated in3). In
contrast, the calculated CC2 distance, represented as a single
bond in the Lewis structure of1, is only 0.002 Å longer than
the experimentally determined distance. The calculated C2-
Cl distance shows the poorest agreement with experiment, but

TABLE 2: Comparison of the Calculated Bond Distances
and Bond Angles ofp-Chloranil with the Calculated Bond
Distances and Angles for the Radical Anions ofp-Chloranil,
p-Fluoranil, and p-Benzoquinone Determined by Using the
B3P86 Hybrid Hartree-Fock/Density Functional Method
with a 6-31G(d) Basis. Bond Lengths in Angstroms and
Bond Angles in Degrees

X ) Cl
Neut.

X ) Cl
Anion

X ) F
Anion

X ) H
Anion

CdO 1.211 1.244 1.253 1.263
CdC 1.349 1.371 1.366 1.369
C-C 1.494 1.458 1.449 1.449
C-X 1.707 1.738 1.348 1.090
∠OdC-C 121.4 123.0 123.5 122.7
∠C-CdC 121.4 123.0 123.5 122.7
∠C-C-C 117.2 114.0 113.0 114.6
∠C-C-X 115.4 115.3 117.0 116.2

E) aEX
Slater+ (1- a)EX

HF + b∆EX
Becke+ cEC

LYP +

(1- c)EC
VWN
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differs from the electron diffraction result only by 0.006 Å. Bond
angles calculated by using the B3P86 method also agree well
with experiment and differ by an average of 0.2° and a
maximum of 0.4° (for the C-C2-Cl angle).
Adding an electron top-chloranil to form its radical anion

changes bond distances in ways consistent with the resonance
structures shown in1 and 2. The calculated CO distance
expands significantly (0.033 Å) from 1.211 to 1.244 Å and the
C2C2′ bonds ofp-chloranil lengthen from 1.349 to 1.371 Å in
the radical anion (by 0.022 Å). The calculated C2C2′ distance
for p-chloranil radical anion thus falls almost midway between
the experimentally determined CdC double-bond distance of
p-benzoquinone (1.344 Å)17 and the experimental CC distance
in benzene (1.396 Å).87 The CC2 bond ofp-chloranil contracts
from 1.492 Å (inp-chloranil) to 1.458 Å (in the radical anion)
and therefore resemblesp-benzoquinone’s CC2 single-bond
distance (1.481 Å) more than the CC distances observed for
benzene. Thus, the CO distance expands, whereas the carbon
framework changes toward a benzenoid (or phenolic) structure
upon reducingp-chloranil to its radical anion. Furthermore,
the calculated C2-Cl distance ofp-chloranil radical anion is
0.031 Å longer (1.738 Å) than the corresponding calculated
distance inp-chloranil (1.707 Å).
Bond distance changes calculated upon reducingp-fluoranil

andp-benzoquinone to their respective anions (see Table 3) are
similar to those described forp-chloranil, but some trends for
the three molecules are also discernible. First, the calculated
CO and C2C2′ bond distances forp-fluoranil lengthen by 0.040
Å (from 1.213 Å inp-fluoranil to 1.253 Å in its radical anion)
and 0.023 Å (from 1.343 Å inp-fluoranil to 1.366 Å in the
radical anion), respectively. The calculated CC2 distance in
p-fluoranil’s radical anion (1.448 Å) is also contracted, by 0.036
Å, compared to the same distance inp-fluoranil (1.484 Å). As
with p-chloranil, the C-X (X ) F) bond inp-fluoranil’s radical
anion is longer (1.348 Å) than the C-F bond in the neutral
p-fluoranil molecule (1.320 Å). Forp-benzoquinone, bond
distance changes are similar. The calculated CO distance is
0.041 Å longer forp-benzosemiquinone radical anion than for
p-benzoquinone (1.263 Å vs 1.222 Å), the C2C2′ distance is
0.028 Å longer for the radical anion than for the neutral molecule
(1.369 Å vs 1.341 Å), and the CC2 distance is 0.032 Å shorter
for p-benzosemiquinone radical anion than forp-benzoquinone
(1.449 Å vs 1.481 Å). Consequently, for all three moleculessp-
chloranil,p-fluoranil, andp-benzoquinonesbond distance changes
upon reduction to their radical anions may be understood
qualitatively from the nodal structure ofp-benzoquinone’s
LUMO, obtained from a UHF calculation and sketched quali-
tatively in4. Occupying the MO in4with one electron should
lengthen bonds characterized by an out-of-phase, antibonding
interaction between neighboring atoms and shorten bonds
characterized by an in-phase, bonding interaction. Thus,4

implies that reducing anyp-benzoquinone with a LUMO similar
to 4 by one electron should lengthen the CO and C2C2′ bonds,
while shortening the CC2 bond distances.

Although differences in calculated bond distance changes
among the three molecules are small, the trend in calculated
CO and C2C2′ bond distance changes upon reducing the three
quinones to their radical anions (p-chloranil < p-fluoranil <
p-benzoquinone) may be rationalized by considering the MO
sketched in4. Sinceπ-bonding substituents should delocalize
the single electron occupying the MO shown in4 onto the
substituents, strongπ-bonding substituents should reduce the
electron density on the carbon-oxygen framework in this MO
and thus reduce the effect on bond distances of occupying the
MO with one electron. Becauseπ-bonding ability generally
increases as electronegativity decreases, the electron occupying
the MO in4 should be concentrated on the carbon and oxygen
atoms ofp-benzosemiquinone radical anion, slightly delocalized
away from the carbon-oxygen framework ofp-fluoranil’s
radical anion and still more delocalized away from the carbon-
oxygen framework ofp-chloranil’s radical anion. This delo-
calization should decrease CO and C2C2′ π-antibonding
interactions for the MO shown in4 in the orderp-chloranil<
p-fluoranil< p-benzoquinone, the same order as the calculated
trend in bond distance changes. Calculated changes in CC2
bond distances, however, illustrate the dangers in qualitatively
explaining small differences in bond distances: the same
argument would also predict calculated changes in CC2
distances in the same order, a trend that is not observed. If the
above rationale for CO and C2C2′ bond distance changes is
correct, however, it would predict even smaller changes in CO
and C2C2′ bond distances forp-bromanil andp-iodanil than
for p-chloranil. We have not studied eitherp-bromanil or
p-iodanil by using these same methods, nor are sufficiently
accurate experimental structures available for these molecules
and their radical anions to test the proposed trend further.

Radical Anions of p-Chloranil, p-Fluoranil, and
p-Benzoquinone: Spin Properties

To our knowledge, extensive experiments to characterize the
spin density distribution in the radical anions ofp-chloranil,
p-fluoranil, and p-benzoquinone are available only for the
p-benzosemiquinone radical anion45 (see3). Unfortunately, both
quantitative and qualitative agreement between atomic spin
densities forp-benzosemiquinone radical anion derived from
experiment and from Mulliken population analysis84 and the
largest basis set, denoted [632|41]72,73 in Table 4, is only fair:
the oxygen atom is calculated to carry the largest spin density
(0.259), but C2 and C are calculated to have equal spin densities
of 0.084. Compared with the experimentally derived spin
densities, the B3P86 calculations thus exaggerate the spin
density on oxygen, underestimate the spin density on C, and
slightly underestimate the spin density on C2. Other local DF,
gradient-corrected DF, and hybrid HF/DF methods tested with
the 6-31G(d) and [632|41] basis sets (including the B3LYP
method) are similar to those calculated from the B3P86 method.
To investigate whether or not agreement between calculated

and experimental spin densities could be improved forp-
benzosemiquinone radical anion, we used a different method
of calculating spin densitiessBader population analysis86sand
in addition tested the BLYP method with basis sets including

TABLE 3: Calculated Bond Distance and Bond Angle
Changes upon Reducingp-Benzoquinone andp-Fluoranil to
Their Radical Anions, Determined by Using the B3P86
Hybrid Hartree -Fock/Density Functional Method with a
6-31G(d) Basis Set. Bond Distance Changes in Angstroms
and Bond Angle Changes in Degrees

X ) H X ) F

CdO 0.041 0.040
CdC 0.028 0.023
C-C -0.032 -0.032
C-X 0.004 0.028
∠OdC-C 1.4 1.8
∠C-CdC 1.4 1.8
∠C-C-C -2.8 -4.2
∠C-C-X 0.3 1.6
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diffuse functions and more polarization functions. Although
spin densities calculated by using the B3P86 method with Bader
population analysis are very similar to those obtained by using
Mulliken population analysis (atomic spins from Bader popula-
tion analysis, the B3P86 method, and 6-31G(d) basis areF(O)
) 0.257; F(C) ) 0.082; F(C2) ) 0.081), Bader’s method
correctly predicts that spin density on C is larger than the spin
density on C2. Similarly, spin densities calculated by using
the BLYP method with basis sets as large as 6-311++G(d,p)
vary by less than 0.02 from those calculated by using the 6-31G-
(d) basis, but yield the correct relative magnitudes of the spin
density on the atoms ofp-benzosemiquinone radical anion. Of
all the computational methods and basis sets tested, the ROHF
method with the 6-31G(d) basis set actually predicts atomic spin
densities in closest agreement with experiment. According to
the ROHF method, the spin density on oxygen is 0.150, on C
is 0.139, and on C2 is 0.105. Although we have not performed
such extensive tests to reproduce accurate spin densities for the
radical anion ofp-chloranil, we find that the ROHF method
gives the most accurate spin density on the only atom for which
spin density has been reportedsthe radical’s oxygen atom
(observedF(O) ) 0.150; ROHF/6-31G(d)F(O) ) 0.153)sand
the DF and HF/DF methods with the 6-31G(d) basis set all
exaggerate the spin density on oxygen (for example, BLYPF-
(O) ) 0.251). Since the ROHF method includes neither spin
polarization nor correlation effects, the agreement between
ROHF and experimentally derived spin densities is almost
certainly fortuitous.
Table 4 also displays isotropic hyperfine coupling constants

(hfcc’s) for the radical anions ofp-benzoquinone,p-fluoranil,
andp-chloranil. Isotropic hyperfine coupling constants depend
upon spin density at the position of a particular nucleus (the
Fermi contact spin density,F(N)) according to

where g is the electronicg factor, â is the electronic Bohr
magneton, andgN andâN are the analogous values for nucleus
N. Thus hfcc’s provide an alternative, more direct and more
stringent test of a method’s ability to reproduce spin densities,
independent of methods for population analysis. The isotropic
proton hfcc forp-benzosemiquinone radical anion calculated
by using both the UHF (-3.840) and UMP2 (-3.968) methods
is larger than experiment (-2.41945 or -2.42545), the hfcc
derived from B3P86 (-2.789) is slightly better, and that from

BP86 (-2.520) and B3LYP (-2.500) calculations is slightly
too large. The hfcc from the SVWN method (-2.059) is too
small. The gradient-corrected BLYP method gives the proton
hfcc in best agreement with experiment (-2.460). Including
diffuse functions in the basis set (6-31+G(d)) improves the
proton hfcc to-2.400, but expanding the basis set further by
adding more diffuse (6-31++G(d)) and polarization functions
(6-31++G(d,p)) and finally changing to a triple-ú valence basis
(6-311+G(d), 6-311++G(d), and 6-311++G(d,p)) yields even
poorer agreement with experiment than the 6-31+G(d) basis
shows. The results obtained with expanded basis sets imply
that expanding a basis set to improve the description of electron
density in the valence region diffuses electron density away from
the proton nucleus, to the detriment of attempts to estimate
proton hfcc’s. Results obtained with different DF and HF/DF
methods are consistent with published results reporting that
gradient-corrected DF and HF/DF methods give hfcc’s in better
agreement with experiment than local DF methods.88,89 In
addition, heavy atom hfcc’s determined by the B3P86/[632|41]
method appear to agree well with the available experimental
data, but are not as accurate as those derived from the B3LYP/
[632/41]//B3LYP/6-31G(d) method.46-49 In summary, we must
conclude that atomic spin densities calculated by using the
BLYP method and basis sets at least as large as 6-31G+(d)
agree qualitatively with experimentally derived spin densities;
the proton hfcc derived from Fermi contact spin densities for
p-benzosemiquinone radical anion are given accurately by a
variety of methods and basis sets. Heavy atom hfcc’s are
reproduced qualitatively correctly by the B3P86/[632|41] method
and basis set, whereas the B3LYP/[632|41] method and basis
set give the best overall hfcc’s of all methods tested here (using
the B3LYP/6-31G(d) geometries).46-49

Vibrations of p-Chloranil, p-Fluoranil, and
p-Benzoquinone Radical Anions

Selected, calculated vibrational modes forp-chloranil and its
radical anionsincluding the in-phase (ag symmetry) and out-
of-phase (b1u) CO stretching modes, the in-phase (ag) and out-
of-phase (b2u) C2C2′ stretching vibrations, the b1u symmetry
CC2′ stretching mode, and the ag symmetry ring bending
modesare sketched in Figure 1, and their experimentally
measured57,90and calculated62 frequencies are listed to the upper
right of each sketch. Calculated and experimental frequencies
for the neutralp-chloranil molecule are listed at the upper left

TABLE 4: Isotropic Hyperfine Coupling Constants and Spin Densities for the Radical Anions ofp-Benzoquinones (C6X4O2):
p-Benzoquinone (X) H), p-Fluoranil (X ) F), and p-Chloranil (X ) Cl) Using the B3P86 Hybrid Hartree-Fock/Density
Functonal Method and Three Different Basis Sets. Hyperfine Coupling Constants Calculated at the B3LYP/[632|41]//B3LYP/
6-31G(d) Level Are Also Reported for Radical Anions with X) H and X ) F (the [632|41] Basis Set Is Currently Available for
Chlorine)

hyperfine coupling constants B3P86-derived spin densities

atom B3P86/6-31G(d) B3P86/6-311G(d,p) B3P86/[632|41]
B3LYP/[632|41]//
B3LYP/6-31G(d) expta 6-31G(d) 6-311G(d,p) [632|41]

C -0.30 -4.60 -4.11 -2.18 -2.13 0.062 0.064 0.084
O -7.49 -3.98 -5.92 -7.77 -9.46 0.279 0.276 0.259
C2 1.80 -1.28 -0.56 -0.08 -0.12 0.085 0.086 0.084
X ) H -2.79 -2.23 -2.19 -2.18 -2.42 -0.006 -0.007 -0.005
C -0.47 -4.38 -4.04 -3.70 0.079 0.080 0.085
O -7.62 -3.74 -5.57 -7.46 0.285 0.281 0.268
C2 0.69 -1.63 -0.97 -0.49 0.062 0.064 0.067
X ) F 2.78 1.95 2.13 2.54 0.006 0.005 0.007
C -1.27 -4.63 0.052 0.054
O -7.40 -3.38 0.271 0.265
C2 0.99 -0.21 0.083 0.085
X ) Cl 0.01 -0.08 0.005 0.005

a Sullivan, P. D.; Bolton, J. R.; Geiger, W. E.J. Am. Chem. Soc.1970, 92, 4176-4180.

ao ) 8π
3
ggNââNF(N)
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of each sketch. All calculated frequencies presented in the
figure were obtained by using the B3P86 HF/DF method.
The highest frequency experimentally observed mode for

p-chloranil is the in-phase ag symmetry CO stretching mode
observed at 1693 cm-1 and calculated to appear at 1796 cm-1.
The out-of-phase b1u symmetry CO stretch appears at 1685
cm-1, immediately below the in-phase CO stretch. The
calculated frequency for the out-of phase CO stretch, 1799 cm-1,
places it at a slightly higher frequency than the calculated in-
phase CO stretch, in conflict with experiment. We have
previously noted the difficulty experienced by DF and HF/DF
methods in reproducing the relative frequencies for CO stretch-
ing modes ofp-benzoquinones and believe it may be due to
incorrect mixing between the ag symmetry CO and C2C2′
stretching modes. If the calculated mixing is too strong, the
higher frequency CO stretch would appear too high. The next
highest frequency mode ofp-chloranil is the C2C2′ stretching
mode of ag symmetry, experimentally measured at 1609 cm-1

and calculated at 1668 cm-1, followed by the b2u symmetry
C2C2′ stretch observed at 1572 cm-1 and calculated at 1629
cm-1. The b1u CC2 stretch appears significantly below the CO
and C2C2′ stretching modes, at an observed frequency of 908
cm-1 and a calculated frequency of 922 cm-1. Finally, the
figure also shows the ag symmetry, ring bending mode of
p-chloranil radical anion, observed at 496 cm-1 for the neutral
p-chloranil molecule and calculated to appear at 493 cm-1.
Comparing observed and calculated vibrational frequencies

listed in Figure 1 forp-chloranil with those of its radical anion
reflect changes in bonding expected upon reducingp-chloranil
by one electron (see1 and 2). Thus, the CO bond weakens

and both the ag symmetry CO stretch (observed at 1518 cm-1

and calculated at 1662 cm-1) and the b1u symmetry CO stretch
(measured at 1525 cm-1 and calculated at 1619 cm-1) move to
substantially lower frequencies compared to the corresponding
modes ofp-chloranil. Thus, the ag symmetry CO stretching
mode moves to a lower frequency than the b1u symmetry CO
stretch inp-chloranil’s radical anion, but our calculations once
again reverse the order of the CO stretching modes. Our B3P86
calculations also predict that both C2C2′ stretching modes
decrease in frequency, but place both C2C2′ stretching modes
below the CO stretches (the ag symmetry mode is observed at
1594 cm-1 and calculated at 1589 cm-1; the b2u symmetry mode
is observed at 1545 cm-1 and calculated at 1507 cm-1). So
even if strong mixing between the two ag symmetry modes
results in reversing the two mode assignments, the b2u symmetry
C2C2′ mode still appears at too low a frequency. Of the
computational methods tested (B3P86, B3LYP, BLYP, SVWN,
and UHF), none correctly reproduces the relative order of these
four modes: the two CO stretches and the two C2C2′ stretches.
Calculated frequencies for the CC2 stretch and the ag ring

bending mode ofp-chloranil’s anion agree well with experi-
mental measurements, and both modes shift to higher frequen-
cies relative to the corresponding modes of the neutralp-chlo-
ranil molecule. First, the CC2 stretching mode is observed at
1149 cm-1 and calculated to appear at 1156 cm-1 and to contain
a substantial contribution from C-Cl stretching motions. The
experimentally observed mode thus shifts up in frequency by
241 cm-1 and the calculated frequency increases by 234 cm-1

upon reducingp-chloranil to its radical anion. Similarly, the
ring stretching mode observed at 517 cm-1 for the anion is
calculated at 502 cm-1. Compared withp-chloranil, the
experimental frequency increases by 21 cm-1 and the calculated
frequency increases by 9 cm-1.
Below the CO and C2C2′ stretches, but above the CC2 and

ring stretches, we calculate three additional C-Cl stretching
modes that have been experimentally measured forp-chloranil’s
radical anion. First, the ag symmetry C-Cl stretch calculated
at 1028 cm-1 matches most closely the C-Cl stretch observed
at the same frequency and is actually a mixture of CC2 and
C-Cl stretching vibrations. The next highest C-Cl stretch, of
b2u symmetry, is calculated at 719 cm-1 and observed at 722
cm-1. Finally, the lowest frequency C-Cl stretching mode (b1u
symmetry) is calculated at 455 cm-1 and observed at 468 cm-1.
Thus, all experimentally observed C-Cl stretching frequencies
are well reproduced by our calculations.
Other calculated frequencies corresponding to experimentally

observed modes include a mixed CC and C-Cl stretching mode
calculated at 917 cm-1 (experimentally observed at 918 cm-1),
a C-Cl wag calculated at 711 cm-1 (corresponding to an
experimentally assigned CO bend observed at 695 cm-1), and
a CO bend calculated and observed at 374 cm-1. A ring bend
of ag symmetry was calculated at a lower frequency of 334 cm-1

(observed at 338 cm-1). The three lowest frequency modes of
p-chloranil’s radical anion were calculated to be C-Cl bending
modes. They have b3u, b2u, and b1u symmetry, and their
frequencies are 214 cm-1 (experimental frequency of 212 cm-1),
208 cm-1 (experimental frequency of 200 cm-1), and 187 cm-1

(experimental frequency of 220 cm-1), respectively. Thus, these
low-frequency modes appear at calculated frequencies in excel-
lent agreement with experimentally observed frequencies.
In summary, the average agreement between experiment and

calculation is very good forp-chloranil’s radical anion. The
average absolute difference between experimental and B3P86-
derived frequencies is only 24 cm-1. The differences between
observed and calculated frequencies range from 0 cm-1 for a

Figure 1. Selected vibrational modes ofp-chloranil’s radical anion.
Frequencies for neutralp-chloranil are to the left of each drawing,
frequencies for the radical anion are to the right. Experimentally
measured frequencies (from ref 57) are given above calculated
frequencies (in parentheses).
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C-Cl stretch to 144 cm-1 for a CO stretching mode. All
computational methods tested fail to reproduce the experimen-
tally determined order of the CO and C2C2′ stretching modes
for p-chloranil’s radical anion, so either the experimentally
determined mode assignments or all quantum chemical methods
tested here are incorrect on this point.
Table 5 also presents the calculated vibrational frequencies

and their mode assignments for the radical anions ofp-fluoranil
andp-benzoquinone, for comparison with experiment and with
those ofp-chloranil’s radical anion. Only two modes have been
experimentally observed forp-fluoranil’s anion, the in-phase,
ag symmetry C2C2′ stretch observed at 1677 cm-1 and
calculated at 1716 cm-1 and the ag symmetry CO stretch
observed at 1556 cm-1 and calculated to appear at 1627 cm-1.
Forp-fluoranil’s radical anion, the numerical agreement between
calculation and experiment appears comparable to that for the
radical anion of p-chloranil, except that our calculations
reproduce the correct relative order of the CO and C2C2′
stretching frequencies for thep-fluoranil radical anion. We note
that the b2u symmetry C2C2′ stretching mode is calculated to
appear at 1619 cm-1 and the b1u symmetry CO stretch is
calculated at 1607 cm-1. Forp-benzosemiquinone radical anion,
the highest frequency CO stretch (b1u symmetry) is calculated
at 1597 cm-1 and was not experimentally observed. Im-
mediately below the b1u CO stretching mode is the ag stretch,
at a calculated frequency of 1548 cm-1, in moderately good
agreement with the experimental frequency of 1435 cm-1. The
C2C2′ stretching modes appear immediately below the CO
stretching modes, at calculated frequencies of 1693 cm-1

(experimentally observed at 1620 cm-1) and 1534 cm-1. Other
experimentally observed modes and their frequencies include a
CH bending mode calculated at 1158 cm-1 (observed at 1161
cm-1) and the ring CCC bend calculated at 469 cm-1 (observed
at 481 cm-1). Thus, for the radical anions ofp-fluoranil and
p-benzoquinone, calculated frequencies differ from experimen-

tally measured frequencies by magnitudes similar to those for
p-chloranil’s anion. Forp-fluoranil’s and p-benzoquinone’s
radical anions, however, the B3P86 method also reproduces the
correct relative order of the CO and C2C2′ stretching frequen-
cies. We also note that both the b1u and ag symmetry CO
stretching modes increase in frequency with increasing strength
of the substituentπ bonding, in the orderp-benzosemiquinone
anion< p-fluoranil anion< p-chloranil anion. Since the singly
occupied MO of each anion is CO antibonding, the trend of
increasing calculated CO stretching frequencies reflects the
increasing delocalization of the unpaired electron onto the
substituents and away from the CO bond.

Conclusions

Structures, spin properties, and vibrations for the anions of
p-benzoquinone,p-fluoranil, andp-chloranil were calculated by
using a variety of density-functional-based methods. The
structure of neutralp-chloranil, calculated by using the B3P86
hybrid Hartree-Fock/density functional and 6-31G(d) basis set,
agrees within experimental error with the published electron
diffraction structure, and bond distance changes upon reducing
the molecule to its radical anion are consistent with resonance
structures indicating a shift toward a more phenolic structure.
Structural changes upon reducingp-benzoquinone andp-
fluoranil to their semiquinone anions are similar and are
understandable based onp-benzoquinone’s LUMO. Trends in
calculated CdO and CdC bond distance changes upon reducing
the three molecules to their radical anions (p-chloranil <
p-fluoranil < p-benzoquinone) follow a pattern expected from
π-bonding abilities of the substituents, set by their relative
electronegativities.
Spin properties for the three radical anions were also

calculated by using a variety of methods and basis sets, including
Chipman’s [632|41] basis set72,73 designed to give accurate
hyperfine properties in MO calculations. Spin densities for the

TABLE 5: Symmetries, Approximate Mode Descriptions, and Unscaled Harmonic Vibrational Frequencies (cm-1) for the
Radical Anions of p-Benzoquinone,p-Fluoranil, and p-Chloranil Determined by the B3P86 Hybrid Hartree-Fock/Density
Functional Method and Using a 6-31G(d) Basis Set

sym approximate description X) H approximate descriptions X) F approximate descriptions X) Cl

ag C-H str 3181 C-F str 1279 C-Cl str C-C str 1028
b2u C-H str 3175 C-F str 997 C-Cl str 719
b3g C-H str 3154 C-F str 1123 C-Cl str 846
b1u C-H str 3153 C-F str 1355 C-Cl str, C-C str 455
b1u CdO str 1597 CdO str 1607 CdO str 1619
ag CdO str 1548 CdO str 1627 CdO str 1662
ag CdC str 1709 CdC str 1716 CdC str 1589
b2u CdC str 1534 CdC str 1619 CdC str 1507
b3g C-C str 1473 C-F str, C-C str 1472 C-C str 1358
b1u C-H bend 1387 C-F bend 312 C-Cl bend 208
b2u C-C str 1248 C-C str 1266 C-C str 1162
b3g C-H bend 1264 CdO bend, C-F bend 279 C-Cl bend 332
ag C-H bend 1158 C-F bend 265 C-Cl bend 201
b2u C-H bend 1080 C-F bend 281 C-Cl bend 214
b2g C-H wag 946 C-F wag 154 C-Cl wag 113
au C-H wag 941 C-F wag 125 C-Cl wag 70
b1u C-CdC bend 969 C-C str, C-F bend 1070 C-C str 917
b3u C-H wag 859 C-F wag 206 C-Cl wag 187
ag C-C str 832 ring breathing 565 ring breathing 334
b2g ring chair bend 800 ring chair bend 565 ring chair bend 736
b1u C-C str 795 C-CdC bend 610 C-Cl str, C-C str 1156
b1g C-H wag 773 C-F wag 352 C-Cl wag 324
b3g CdO bend, C-C str 633 C-CdC bend 426 C-CdC bend, C-O bend 277
b3u ring boat bend 519 ring boat bend 673 ring boat bend 711
ag C-C-C bend 469 C-C-C bend 436 C-C-C bend 502
b3g CdO bend 466 C-F bend, CdO bend 799 CdO bend, C-Cl bend 726
b2u CdO bend 391 CdO bend 342 CdO bend 362
au CdC-C bend 393 CdC-C bend 551 CdC-C bend 546
b2g CdO chair bend 328 CdO chair bend 368 CdO chair bend 386
b3u CdO boat bend 139 CdO boat bend 109 CdO boat bend 78
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p-benzosemiquinone radical anion calculated by using the
B3P86/[632|41]//B3P86/6-31G(d) method show only qualitative
agreement with experiment, whereas isotropic proton hyperfine
coupling constants (hfcc’s) were calculated accurately by using
a variety of gradient-corrected and hybrid HF/DF methods. In
addition, heavy atom hfcc’s were reproduced qualitatively by
the B3P86/[632|41] method, but slightly better accuracy was
achieved by using the B3LYP/[632|41]//B3LYP/6-31G(d) method.
Finally, comparing hfcc’s calculated with a variety of different
basis sets illustrates that expanding the basis set in the valence
region diffuses electron density away from the nucleus and, in
many cases, results in poorer agreement with experiment.
Calculated vibrational frequencies and mode assignments for

the radical anions ofp-benzoquinone,p-fluoranil, andp-chloranil
are also presented, and the modes ofp-chloranil are compared
with those of its radical anion. For neutralp-chloranil,
calculated frequencies agree well with experiment, except that
the relative order of the ag and b1u CdO stretching modes is
reversed. Calculated vibrational frequency shifts upon reducing
p-chloranil to its radical anion are consistent with shifts expected
from the molecule’s LUMO, but once again the relative order
of the CO stretching modes is reversed compared to experiment,
and calculations also place the C2C2′ stretches at higher
frequencies than the CO stretches, in conflict with experiment.
In contrast, calculated CO and C2C2′ vibrational frequencies
for the anions ofp-benzoquinone andp-fluoranil appear in the
correct relative order and their vibrational frequencies display
an average absolute difference from experiment comparable to
that calculated forp-chloranil’s radical anion (24 cm-1). We
also note that both the b1u and ag symmetry CO stretching modes
increase in frequency with increasing strength of substituentπ
bonding, in the orderp-benzosemiquinone anion< p-fluoranil
anion< p-chloranil anion. Since the singly occupied MO of
each anion is CO antibonding, the trend of increasing calculated
CO stretching frequencies reflects the increasing delocalization
of the unpaired electron onto the substituents and away from
the CO bond. Thus, our calculations reproduce qualitative
features of vibrational frequencies and display small absolute
average differences from experiment, but fail to reproduce the
correct relative ordering of CdC vs CO stretching modes for
p-chloranil’s radical anion, as well as the order of the two CO
stretches for bothp-chloranil and its radical anion.
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