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Vibrational and electronic properties pfhenzosemiquinone 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 HaFRoe&/density functional
computations. Qualitative structural changes upon reducing the neutral quinones to their semiquinone radical
anions are predictable from the nodal structurp-bEnzoquinone’s LUMO. Furthermore, trends in calculated

CO and G=C bhond distance changes for the three molecules follow a pattern expected franbtimeling

abilities of the substituents. The most accurate calculated spin densities and isotropic hyperfine coupling
constants show qualitative agreement with experimentally derived valugsldenzosemiquinone 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 chfor p-chloranil’s radical anion), fop-chloranil’s radical anion calculations
generally fail to reproduce several important details of the vibrational spectra.

Introduction
0" Ib. 1- IE). 1- |a. 1-

p-Benzoquinones find extensive use as electron acceptors in x x o X X XARUX X X
synthetic electron-transfer assembli#sand charge-transfer @x — ]i;[ - -
salts¥® They are also ubiquitous in biological electron I T X X 1 X
transfer’® Plastoquinones and ubiquinones, for example, are - "
substitutegp-benzoquinones that function as electron acceptors 1 2
for energy storage in the photosynthetic reaction cériad a: p-benzoquinone, X = H
energy utilization in mitochondri#’'1 Moreover, the radical b: p-fluoranil, " X=F
anions ofp-benzoquinones (seefor the neutral molecules)p- ¢: p-chloranil, X=Cl

benzosemiquinones (sé®—are increasingly used in funda-

mental studies of ion pairing in solutidA. Identifying and structure because close contacts between quinone oxygens and
characterizing thg-benzosemiquinone radical anions present the alkali cations, evident in the crystdl,suggest strong

in these various environments can be problematical and typically interactions between the semiquinone anions and the alkali
rely on measured vibrational frequenéfe¥ and spin densities  cations. Thus, the structure pfchloranil’s semiquinone aniéh
inferred from electron paramagnetic resonance (EPR) experi-displays different bond lengths and angles at each end of the
ments!>16 Although thep-benzoquinones are relatively well molecule, depending upon the distance between quinone oxy-
characterized!~*3 their corresponding radical anions, in general, gens and alkali metal cations. The quinone arnialkali cation

are not. This contribution presents and compares calculatedinteraction is particularly evident in the=€D bond distances
structures, electronic spin density distributions, and harmonic of 1.29 and 1.31 A at each end of the molecule. The effect of
vibrational frequencies for the radical aniongetbenzoquinone the alkali cation is transmitted throughout the molecule, as even
(2d), p-fluoranil (2b), andp-chloranil @c). Before presenting  the G=C bonds are slightly affected by the oxygen atom’s
our results, however, we briefly summarize experimental data interaction with the metal cation, as the two carboarbon

for the radical anions shown Band the computational methods ~ distances of 1.34 and 1.36 A differ by 0.02 A. Carbamnlorine

used. distances average 1.72 A, but range from 1.66 to 1.80 A. The
high degree of disorder evident in the structure also makes the

Radical Anions of p-Chloranil, p-Fluoranil, and reported geometry imprecise, as standard deviations in bond

p-Benzoquinone distances of approximately 0.2 A are quite large.

The sketch irB shows the atom number system subsequently

Although X-ray diffraction structures are available for crystals used, spin densities inferred from EPR experiments in several
containing the radical anion gg-chloranil and alkali metal  aprotic solvents for the atoms of thebenzosemiquinone radical
cations sequestered by crown ethféranalogous structures for  anion4 and the oxygen atom’s spin density for the radical anion
p-benzoquinone anp-fluoranil are to our knowledge unavail-  of p-chloranil#® To our knowledge, analogous information for
able. Moreover, the X-ray diffraction structuresps€hloranil’s p-fluoranil’s radical anion is unknown. Fgrbenzosemiquinone
radical anion probably differ from the molecule’s gas-phase radical anion, the spin density is greatest on the oxygen atoms
(0.161-0.166) and decreases for carbon atoms further from the
€ Abstract published ilAdvance ACS Abstract€ctober 15, 1997. oxygens. Thus the spin density on the oxygen-bearing C1/C1
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TABLE 1. Symmetries, Approximate Mode Descriptions, quinone radical anion, compared f®benzoquinone (447

and Experimental Frequencies (cm?) for p-Benzoquinone, cm1),38 implies a more rigid carbon framework and indicates

p-Fluoranil, and p-Chioranil Radical Anions? a more delocalized benzenoid structure for the radical anion

approximate approximate approximate compared to the neutral molecule. The virtually identical

sym description X=H description X=F description X=ClI experimentally measured frequencies for thesyanmetry CH

ag C=Cstr 1620 GCstr 1677 GCstr 1594 bending mode of-benzoquinone (1160 cr¥)38 and p-ben-

Eiﬂ gig ZH' iggg zosemiquinone radical anion indicate that CH bonding is

ag C=Ostr 1435 @Ostr 1556 G=O str 1518 virtually identical in the two species.

blu C-Cl str 1149 Comparing experimentally measured vibrational frequencies

ag C-Clstr 1028 for the tetrahalogenate@-benzoquinones and their radical

blu C-C str 918 anions, displayed in Table 1, allows similar inferences concern-

Egﬂ g;glsgnd 762925 ing differences in chemical bonding between the neutral and

ag C-C—Cbend 481 ring bend 517 reduced species. For example, frequencies for flsgrametry

blu C-Cl str 468 CO stretching (1556 cmt) mode ofp-fluoranil’s radical anion

b2u C=Obend 374 have been experimentally measured, appear at lower frequencies

ag C_CC_SgI'S” 338 than the CO stretching mode pffluoranil (1700 cm%),3% and

b3u C-Clbend 220 indicate weaker CO bonds for the radical anion. Although the

b2u G-Clbend 212 ag symmetry CC stretching frequency has been measured for

blu C-Clbend 200 thep-fluoranil radical anion (1677 cm), this mode’s frequency

ag C-Hbend 1161 € Clbend was not resolved fop-fluoranil35 For p-chloranil’s radical
aFrom refs 54-57. anion, frequencies for both thg €518 cnt?) and h, (1525

cm~1) symmetry CO stretching modes have been measured
atoms is 0.1490.154, whereas the other carbons carry spin experimentally. Both the@g1594 cnmt) and b, (1545 cnT?)
density of 0.092-0.093. These spin densities were inferred symmetry CC stretching modes were also detected. A variety
from measured proton hyperfine coupling constants (hfcc’s), a of other vibrational modesincluding C-CI stretches, €CI
rigorous measure of spin density at the hydrogen atom’s nucleus.bends, CO bends, ag aymmetry ring bend (CCC bend, 517
The measured proton hyperfine coupling constants gdor cmY), a by, symmetry CC stretch (918 cr¥), and a mixed
benzosemiquinone radical anionZ.419 to—2.425) is expected  CC and G-ClI stretch (338 cml)—have been experimentally
to provide a more stringent test of computational methods than measured. In general, both CO stretching and both CC
derived spin densitie¥. >3 For p-chloranil’s radical anion, no  stretching frequencies are lower for the radical anion of
hyperfine coupling constants are available for any magnetic p-chloranil than for the neutral moleculé. Thus, the g
nuclei, but the spin densities on oxygen (0.389150) have  symmetry CO stretching mode @kchloranil (1693 crmt)34
been measured and are smaller than those on the oxygens ohppears 175 crt higher in frequency and thg aymmetry CC
p-benzosemiquinone radical anion. Whether the remaining spinstretching mode (1609 cm)3* appears 15 crit higher in
density onp-chloranil’s radical anion resides on the carbon or frequency than the same modes of the radical anion. Further-

the chlorine atoms is apparently uncertain. more, both the gsymmetry CCC bend (496 crf) and the hy,
symmetry CC stretch (908 cr¥ for p-chloraniP* were detected
p-benzosemiquinone  p-chloranil anion at lower frequencies (21 cm for the CCC bend and 10 crh
anion spin densities  spin densities for the by, symmetry CC stretch) than the analogous modes of
0.161-0.166 —= O =— 0.139-0.150 the radical anion. Once again, this is entirely consistent with
3 0.149-0.154 —=Cy chemical bonding changes implied by the resonance structures

0.092-0.093C> o :
[ | shown in1 and 2.

C2 \c,-’c2 Although qualitative differences in chemical bonding and
vibrational frequencies between the neupdienzoquinones,
1, and their radical aniong, are available from their resonance

Table 1 compares experimentally determined vibrational structures, we seek a more detailed picture of bonding in the
frequencies, mode descriptions, and mode symmetries for theradical anions. Our calculations of structures, vibrational
radical anions ofp-benzoquinon&}~5¢ p-fluoranil,®* and p- frequencies, and mode assignments for the radical anions of
chloranil>” Only four vibrational frequencies, all withga  thep-benzoquinones shown tallow comparison of the same
symmetry, have been measureddrenzosemiquinone radical  properties not only of the neutral molecules but also between
anion®-5¢ They include the in-phase CO stretch (1435¢n  the three radical anions. Thus, this contribution fills gaps in
the in-phase €C stretch (1620 cm), a CH bend (1161 cm), our knowledge of the structures, vibrations, spin densities, and
and a CCC bend (481 crH. Comparing measured vibrational  isotropic hyperfine coupling constants for the radical anions of
frequencies fop-benzosemiquinone radical anion with corre- p-benzoquinone p-fluoranil, and p-chloranil; elucidates the
sponding modes for the neutrgtbenzoquinone molect#®  effects of halogen substituents on chemical bonding and on
provides insight into changes in chemical bonding upon one- physical properties of these radicals; and extends to halogenated
electron reduction gf-benzoquinone, indicated Ihand?2. Thus, p-benzosemiquinone radical anions our previous work to
the in-phase €O stretching frequency of 1663 crh for investigate the validity of various density functional (5%
p-benzoquinon® is decreased by 228 crhin p-benzosemi-  and hybrid Hartree Fock/density functional (HF/DE§$° meth-
quinone radical anion and indicates that the@ bond is  ods for reproducing the structures and properties of quirfones
substantially weaker in the radical anion. Likewise, the@ and their semiquinone anidglis*9.6:-63 and other cyclic,
stretching frequency of 1657 crhis 37 cntt higher for conjugated radical®-5364.65
p-benzoquinon® than for p-benzosemiquinone radical anion .
and indicates a similar weakening of the=C bond upon  Computational Methods
reduction ofp-benzoquinone. The substantial increase in the  Several different local DF, gradient-corrected DF, and hybrid
ag symmetry CCC bending mode’s frequencypibenzosemi- HF/DF methods were employed to compare their performance
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to that of unrestricted Hartred=ock (UHF), restricted open-  TABLE 2. Comparison of the Calculated Bond Distances
shell Hartree-Fock (ROHF)’ and the second-order Mgher and Bond Angles ofp-ChloranII with the Calculated Bond

; ; : .-~ Distances and Angles for the Radical Anions op-Chloranil,
Plesset perturbation approximation for electron correlation -Fluoranil, and p-Benzoguinone Determined by Using the

(UMP2) for reproducing experimentally measured properties of B3pge Hybrid Hartree —Fock/Density Functional Method
cyclic, conjugated radical anions. Among the density func- with a 6-31G(d) Basis. Bond Lengths in Angstroms and
tionals tested were the local spin density exchange functional Bond Angles in Degrees

of Slater (abbreviated $)and the gradient-corrected exchange X =Cl X = Cl X =F X =H
functional of Becke (B}’ Correlation functionals used include Neut. Anion Anion Anion
the local density functionals of Vosko, Wilk, and Nusair c=0 1.211 1.244 1.253 1.263
(VWN)®8 and the gradient-corrected functional of Lee, Yang, c=c 1.349 1.371 1.366 1.369
and Parr (LYPY? In addition, the three-parameter hybrid HF/  C-C 1.494 1.458 1.449 1.449
DF method% denoted B3P86 and B3LYP (B3LYP results are ~ C—X 1.707 1.738 1.348 1.090
reported as Supporting Information) were also tested. The three- ggfc;g gi j iggg gg g igg ;
parameter HF/DF methods employ a weighted sum of Hartree 0C—C—C 117.2 1140 113.0 1146
Fock €Y7, local DF (E¢), and gradient-corrected DF 0C—C—X 115.4 115.3 117.0 116.2
expressions for the exchange and correlation energies as follow

Sharmonic vibrational frequencies were evaluated at each level
of theory for the molecules and radical anions discussed here.
___ Slater HE Becke LYP Although some workers scale calculated vibrational frequencies
E=aE"™"+ (1 - @B + bAE teRT by a multiplicative factor to bring them into better agreement
(1 - """ with experiment (and scaling factors appropriate for B3P86-
derived frequencies (0.9556) have been deternifjadle prefer
where Ei'a“” is Slater's local spin density functional for to report unscaled frequencies because in our experience some

exchangé® AE)Eéecke is Becke’s gradient-corrected exchange frequencies are lower than experiment and scaling does not

functional®” EXYN is the local density correlation functional of ~necessarily improve overall agreement.
Vosko, Wilk, and Nuisaif® andEL" is the gradient-corrected Whereas hypefine coupling constants were calculated from
correlation functional of Lee Yzing and P& Fermi contact spin densities, atomic spin densities for each

The B3P86 method simply replaces Lee, Yang, and Parr's radical anion were calculated by using Mulliken population
: : ol ; . ]
correlation functional with Perdew’s 1986 correlation func- 2analysis®* Because atomic charges calculated by using Mul

tional® Coefficients giving the relative weights of various IK€n population analysis are usually only qualitatively correct
approximations for the exchange and correlation energies in the2Nd depend on method and basis set ¥izpin densities for
three-parameter method were optimized to reproduce thermo_p-benzosemlqu!none radical anion were als_o calculated l_)y using
chemical data for a variety of molecules, using one particular Bader. populatlc,)n analysf§. U,n,“ke Mulliken populatllon
correlation functional, and may be found in the literattre. ~2nalysis, Bader's method partitions space to determine the
Throughout the paper, acronyms for the DF methods first Carge or spin on an atom, so we hoped that Bader's method
indicate the form for the exchange functional followed by the Would yield spin densities closer to experimentally derived spin
form of the correlation approximation. For example, BLYP densities. Bader populatlonganaly5|s was accomplished by using
indicates Becke's exchange with Lee, Yang, and Parr's cor- the Program GAUSSIANOA

relation functional. Except where indicated, all calculations ,Although some attempts were made to investigate the effects

were performed by using the 6-31G(d) split-valence plus of including more polarization functions and diffuse functions

polarization basis sé®7L This basis was selected as a N the basis set, more sophisticated methods with larger basis

compromise between completeness and economy: it includesSetS May be desirable to improve agreement with experiment.

polarization functions on non-hydrogen atoms useful for model-
ing radicals, but it remains small enough for rapid calculations.
However, one basis set tested he@hipman’s diffuse-plus-
polarization basis denoted [6@2]273—deserves special men- Table 2 presents a comparison of calculated structures of the
tion because it was developed specifically to model electron radical anions of-chloranil, p-fluoranil, andp-benzoquinone
density near nuclei and therefore to yield accurate hyperfine with each other and with the calculated structure of the neutral
properties of radicals in MO calculations. This contrasts with p-chloranil molecule. Since previous results indicated that the
other, more commonly used Gaussian basis sets tested hereDF and HF/DF methods yield excellent bond distances for the
such as 6-311G(d,p), designed to model electron density in neutral quinone&4%6162 we will describe the calculated
the valence region and thus to describe chemical bonding.  structure fop-chloranil very briefly. Although a variety of DF
Hartree-Fock’®7475 or Kohn—Shan{®77 equations were  and HF/DF methods were employed, we will emphasize results
solved by using the quantum chemistry computer programs obtained by using the hybrid B3P86 method because it appears
GAUSSIAN92/DF T8 or GAUSSIAN947° Integrals required  to give the best overall agreement with experiment.
to solve the Kohr-Sham equations were evaluated by numerical  First, the calculated bond distances fochloranil are in
quadrature on a grid of points by using the atomic partitioning excellent agreement with distances determined by electron
scheme of Becke, without atomic size adjustméhgs)d using diffraction8 The calculated CO distance is 0.005 A too short
a standard grid of poinf¥:81 Berny’s optimization algorithi#? and the calculated C2Cdistance is also slightly too short, by
was used to perform full geometry optimization<dnsymmetry 0.004 A (to avoid confusion with chlorine, atom number one is
using internal coordinates, followed by geometry optimizations omitted from the carbon bonded to oxygen and C2@&fines
in Don symmetry. Analytical first derivatives of the energy were the shorter pair of carbercarbon bonds, as indicated 3 In
computed to evaluate energy gradients in geometry optimiza- contrast, the calculated CC2 distance, represented as a single
tions, whereas analytical first and numerical second derivatives bond in the Lewis structure df, is only 0.002 A longer than
of the energy were used to calculate the Hessian matrix for the experimentally determined distance. The calculated C2
vibrational frequency calculations iB,, symmetry. Thus, Cl distance shows the poorest agreement with experiment, but

for B3LYP:

Radical Anions of p-Chloranil, p-Fluoranil, and
p-Benzoquinone-Structures
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TABLE 3: Calculated Bond Distance and Bond Angle implies that reducing ang-benzoquinone with a LUMO similar

%?a_ngResdl,JpolrkR_edUCIBQJ{Beﬂzoguk')noae_ anctiﬁ'FglgFr%ry to to 4 by one electron should lengthen the CO and C2@ads,
eir Radical Anions, Determined by Using the ; ; ;

Hybrid Hartree —Fock/Density Functional Method with a while shortening the CC2 bond distances.

6-31G(d) Basis Set. Bond Distance Changes in Angstroms

and Bond Angle Changes in Degrees

X =H X=F

4
C=0 0.041 0.040
C=C 0.028 0.023
c-C —0.032 —0.032 Although differences in calculated bond distance changes
C~X 0.004 0.028 among the three molecules are small, the trend in calculated
go=C-C 14 1.8 . .
0C—C=C 14 18 CQ and C2C2bqnd d|_stance_changes upon reducing t_he three
oc—c—C -28 —4.2 quinones to their radical aniong-¢Chloranil < p-fluoranil <
oc—-C—X 0.3 1.6 p-benzoquinone) may be rationalized by considering the MO

sketched iMd. Sincer-bonding substituents should delocalize
differs from the electron diffraction result only by 0.006 A. Bond the single electron occupying the MO shown 4nonto the
angles calculated by using the B3P86 method also agree wellsubstituents, strong-bonding substituents should reduce the
with experiment and differ by an average of 0.2nd a electron density on the carbeoxygen framework in this MO
maximum of 0.4 (for the C-C2—CI angle). and thus reduce the effect on bond distances of occupying the

Adding an electron tg-chloranil to form its radical anion MO with one electron. Because-bonding ability generally
changes bond distances in ways consistent with the resonancéncreases as electronegativity decreases, the electron occupying
structures shown il and 2. The calculated CO distance the MO in4 should be concentrated on the carbon and oxygen
expands significantly (0.033 A) from 1.211 to 1.244 A and the atoms ofp-benzosemiquinone radical anion, slightly delocalized
C2C2 bonds ofp-chloranil lengthen from 1.349 to 1.371 Ain away from the carbonoxygen framework ofp-fluoranil’s
the radical anion (by 0.022 A). The calculated C2@&tance radical anion and still more delocalized away from the carbon
for p-chloranil radical anion thus falls almost midway between 0xygen framework op-chloranil’s radical anion. This delo-
the experimentally determined=&C double-bond distance of ~ calization should decrease CO and C2C2antibonding
p-benzoquinone (1.344 A)and the experimental CC distance interactions for the MO shown i in the orderp-chloranil <
in benzene (1.396 Ay The CC2 bond op-chloranil contracts ~ P-fluoranil < p-benzoquinone, the same order as the calculated
from 1.492 A (inp-chloranil) to 1.458 A (in the radical anion) ~ trend in bond distance changes. Calculated changes in CC2
and therefore resemblgsbenzoquinone’s CC2 single-bond bond distances, however, illustrate the dangers in qualitatively
distance (1.481 A) more than the CC distances observed foreéxplaining small differences in bond distances: the same
benzene. Thus, the CO distance expands, whereas the carbofifgument would also predict calculated changes in CC2
framework changes toward a benzenoid (or phenolic) structure distances in the same order, a trend that is not observed. If the
upon reducingp-chloranil to its radical anion. Furthermore, above rationale for CO and C2CRond distance changes is
the calculated C2ClI distance ofp-chloranil radical anion is  correct, however, it would predict even smaller changes in CO

0.031 A longer (1.738 A) than the corresponding calculated and C2C2bond distances fop-bromanil andp-iodanil than
distance inp-chloranil (1.707 A). for p-chloranil. We have not studied eithg@rbromanil 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.

Bond distance changes calculated upon redupifigoranil
andp-benzoquinone to their respective anions (see Table 3) are
similar to those described fgr-chloranil, but some trends for
the three molecules are also discernible. First, the calculated
CO and C2C2bond distances fqu-fluoranil lengthen by 0.040
A (from 1.213 A inp-fluoranil to 1.253 A in its radical anion)
and 0.023 A (from 1.343 A imp-fluoranil to 1.366 A in the To our knowledge, extensive experiments to characterize the
radical anion), respectively. The calculated CC2 distance in spin density distribution in the radical anions pichloranil,
p-fluoranil’s radical anion (1.448 A) is also contracted, by 0.036 p-fluoranil, and p-benzoquinone are available only for the
A, compared to the same distancepifiuoranil (1.484 A). As p-benzosemiquinone radical anféisee3). Unfortunately, both
with p-chloranil, the C-X (X = F) bond inp-fluoranil’s radical guantitative and qualitative agreement between atomic spin
anion is longer (1.348 A) than the-F bond in the neutral  densities forp-benzosemiquinone radical anion derived from
p-fluoranil molecule (1.320 A). Fop-benzoquinone, bond  experiment and from Mulliken population analfisnd the
distance changes are similar. The calculated CO distance islargest basis set, denoted [682]'273in Table 4, is only fair:
0.041 A longer fop-benzosemiquinone radical anion than for the oxygen atom is calculated to carry the largest spin density
p-benzoquinone (1.263 A vs 1.222 A), the C2@stance is (0.259), but C2 and C are calculated to have equal spin densities
0.028 A longer for the radical anion than for the neutral molecule of 0.084. Compared with the experimentally derived spin
(1.369 A vs 1.341 A), and the CC2 distance is 0.032 A shorter densities, the B3P86 calculations thus exaggerate the spin
for p-benzosemiquinone radical anion than paoenzoquinone density on oxygen, underestimate the spin density on C, and
(1.449 A vs 1.481 A). Consequently, for all three molectles slightly underestimate the spin density on C2. Other local DF,
chloranil, p-fluoranil, andp-benzoquinonebond distance changes  gradient-corrected DF, and hybrid HF/DF methods tested with
upon reduction to their radical anions may be understood the 6-31G(d) and [6321] basis sets (including the B3LYP
qualitatively from the nodal structure gf-benzoquinone’s method) are similar to those calculated from the B3P86 method.
LUMO, obtained from a UHF calculation and sketched quali-  To investigate whether or not agreement between calculated
tatively in4. Occupying the MO it with one electron should  and experimental spin densities could be improved ger
lengthen bonds characterized by an out-of-phase, antibondingbenzosemiquinone radical anion, we used a different method
interaction between neighboring atoms and shorten bondsof calculating spin densitiesBader population analy$s—and
characterized by an in-phase, bonding interaction. THus, in addition tested the BLYP method with basis sets including

Radical Anions of p-Chloranil, p-Fluoranil, and
p-Benzoquinone: Spin Properties
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TABLE 4: Isotropic Hyperfine Coupling Constants and Spin Densities for the Radical Anions ofp-Benzoquinones (C6X%0,):
p-Benzoquinone (X= H), p-Fluoranil (X = F), and p-Chloranil (X = CI) Using the B3P86 Hybrid Hartree—Fock/Density
Functonal Method and Three Different Basis Sets. Hyperfine Coupling Constants Calculated at the B3LYP/[6321]//B3LYP/
6-31G(d) Level Are Also Reported for Radical Anions with X= H and X = F (the [63241] Basis Set Is Currently Available for
Chlorine)

hyperfine coupling constants B3P86-derived spin densities
B3LYP/[63241])//

atom B3P86/6-31G(d) B3P86/6-311G(d,p) B3P86/[@32 B3LYP/6-31G(d) expt 6-31G(d) 6-311G(d,p) [6321]
C —-0.30 —4.60 —-4.11 —-2.18 -2.13 0.062 0.064 0.084
(0] —7.49 —3.98 —5.92 —-7.77 —9.46 0.279 0.276 0.259
Cc2 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
(0] —7.62 —3.74 —5.57 —7.46 0.285 0.281 0.268
Cc2 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
(0] —7.40 —3.38 0.271 0.265
Cc2 0.99 -0.21 0.083 0.085
X =ClI 0.01 —0.08 0.005 0.005

aSullivan, P. D.; Bolton, J. R.; Geiger, W. H. Am. Chem. S0d.97Q 92, 4176-4180.

diffuse functions and more polarization functions. Although BP86 (—2.520) and B3LYP {2.500) calculations is slightly
spin densities calculated by using the B3P86 method with Badertoo large. The hfcc from the SVWN methoe2.059) is too
population analysis are very similar to those obtained by using small. The gradient-corrected BLYP method gives the proton
Mulliken population analysis (atomic spins from Bader popula- hfcc in best agreement with experimert2.460). Including

tion analysis, the B3P86 method, and 6-31G(d) basip@dé diffuse functions in the basis set (6-8G(d)) improves the

= 0.257; p(C) = 0.082; p(C2) = 0.081), Bader's method  proton hfcc to—2.400, but expanding the basis set further by
correctly predicts that spin density on C is larger than the spin adding more diffuse (6-3t+G(d)) and polarization functions
density on C2. Similarly, spin densities calculated by using (6-31++G(d,p)) and finally changing to a triplevalence basis
the BLYP method with basis sets as large as 643tG(d,p) (6-311+G(d), 6-31H+G(d), and 6-31%+G(d,p)) yields even
vary by less than 0.02 from those calculated by using the 6-31G- poorer agreement with experiment than the 6-@{d) basis

(d) basis, but yield the correct relative magnitudes of the spin shows. The results obtained with expanded basis sets imply
density on the atoms gf-benzosemiquinone radical anion. Of  that expanding a basis set to improve the description of electron
all the computational methods and basis sets tested, the ROHRjensity in the valence region diffuses electron density away from
method with the 6-31G(d) basis set actually predicts atomic spin the proton nucleus, to the detriment of attempts to estimate
densities in closest agreement with experiment. According to proton hfcc’s. Results obtained with different DF and HF/DF
the ROHF method, the spin density on oxygen is 0.150, on C methods are consistent with published results reporting that
is 0.139, and on C2is 0.105. Although we have not performed gradient-corrected DF and HF/DF methods give hfcc's in better
such extensive tests to reproduce accurate spin densities for th%greement with experiment than local DF meth®d. In
radical anion ofp-chloranil, we find that the ROHF method  4qgition, heavy atom hfcc’s determined by the B3P86/[63R
gives the most accurate spin density on the only atom for which method appear to agree well with the available experimental
spin density has been reportethe radical’s oxygen atom  gata put are not as accurate as those derived from the B3LYP/
(observedp(0) = 0.150; ROHF/6-31G(d)(0) = 0.153)-and 632/41)//B3LYP/6-31G(d) methotf#° In summary, we must

the DF and HF/DF methods with the 6-31G(d) basis set all cqncjyde that atomic spin densities calculated by using the
exaggerate the spin density on oxygen (for example, BpYP
(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 gf-benzoquinonep-fluoranil,
andp-chloranil. Isotropic hyperfine coupling constants depend
upon spin density at the position of a particular nucleus (the
Fermi contact spin density(N)) according to

BLYP method and basis sets at least as large as 6+3d)G
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/[6BJ method

and basis set, whereas the B3LYP/[68B] method and basis
set give the best overall hfcc’s of all methods tested here (using
the B3LYP/6-31G(d) geometrie$y.4°

_8xn N Vibrations of p-Chloranil, p-Fluoranil, and
%= 3 9oBne(N) p-Benzoquinone Radical Anions
where g is the electronicg factor, 8 is the electronic Bohr Selected, calculated vibrational modesfechloranil and its

magneton, andy andpy are the analogous values for nucleus radical anior-including the in-phase gasymmetry) and out-

N. Thus hfcc's provide an alternative, more direct and more of-phase () CO stretching modes, the in-phasg) @nd out-
stringent test of a method’s ability to reproduce spin densities, of-phase (k) C2C2 stretching vibrations, theibh symmetry
independent of methods for population analysis. The isotropic CC2 stretching mode, and they aymmetry ring bending
proton hfcc forp-benzosemiquinone radical anion calculated mode—are sketched in Figure 1, and their experimentally
by using both the UHF3.840) and UMP2+3.968) methods = measured-*°and calculate® frequencies are listed to the upper
is larger than experiment-.419° or —2.4259%), the hfcc right of each sketch. Calculated and experimental frequencies
derived from B3P86-2.789) is slightly better, and that from  for the neutralp-chloranil molecule are listed at the upper left
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Figure 1. Selected vibrational modes gfchloranil’s radical anion.
Frequencies for neutrgl-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).

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-phasegasymmetry CO stretching mode
observed at 1693 cm and calculated to appear at 1796¢m
The out-of-phase 1§ symmetry CO stretch appears at 1685
cm!, immediately below the in-phase CO stretch. The
calculated frequency for the out-of phase CO stretch, 1799,cm
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

Boesch and Wheeler

and both the @gsymmetry CO stretch (observed at 1518 ¢ém
and calculated at 1662 cr¥) and the , symmetry CO stretch
(measured at 1525 crhand calculated at 1619 crf) move to
substantially lower frequencies compared to the corresponding
modes ofp-chloranil. Thus, the asymmetry CO stretching
mode moves to a lower frequency than thg ymmetry 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 C2C&retching modes
decrease in frequency, but place both C2&fetching modes
below the CO stretches (thg symmetry mode is observed at
1594 cnr! and calculated at 1589 cry the kp, symmetry mode

is observed at 1545 crh and calculated at 1507 c). So
even if strong mixing between the twg aymmetry modes
results in reversing the two mode assignments, theymmetry
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 CXD2tches.

Calculated frequencies for the CC2 stretch and theng
bending mode op-chloranil’s anion agree well with experi-
mental measurements, and both modes shift to higher frequen-
cies relative to the corresponding modes of the neptecilo-
ranil molecule. First, the CC2 stretching mode is observed at
1149 cnt! and calculated to appear at 1156 drand to contain
a substantial contribution from-&ClI stretching motions. The
experimentally observed mode thus shifts up in frequency by
241 cnt! and the calculated frequency increases by 2341cm
upon reducingp-chloranil to its radical anion. Similarly, the
ring stretching mode observed at 517 ¢nfor the anion is
calculated at 502 cm. Compared withp-chloranil, the
experimental frequency increases by 21 ¢and the calculated
frequency increases by 9 cf

Below the CO and C2C&tretches, but above the CC2 and
ring stretches, we calculate three additionat@ stretching
modes that have been experimentally measurep-&roranil’s
radical anion. First, theggsymmetry C-ClI stretch calculated
at 1028 cm! matches most closely the-Cl stretch observed
at the same frequency and is actually a mixture of CC2 and
C—Cl stretching vibrations. The next highest-Cl stretch, of
bpy, symmetry, is calculated at 719 cfand observed at 722
cm~L. Finally, the lowest frequency-€Cl stretching mode
symmetry) is calculated at 455 cand observed at 468 crh
Thus, all experimentally observed-Cl stretching frequencies
are well reproduced by our calculations.

Other calculated frequencies corresponding to experimentally

methods in reproducing the relative frequencies for CO stretch- Observed modes include a mixed CC and@ stretching mode
ing modes ofp-benzoquinones and believe it may be due to Ccalculated at 917 cni (experimentally observed at 918 ch,
incorrect mixing between thegasymmetry CO and C2c2 @ C-Cl wag calculated at 711 cm (corresponding to an
stretching modes. If the calculated mixing is too strong, the experimentally assigned CO bend observed at 695';and
higher frequency CO stretch would appear too high. The next @ CO bend calculated and observed at 374%cnA ring bend

highest frequency mode gkchloranil is the C2C2stretching
mode of g symmetry, experimentally measured at 1609 &¢m
and calculated at 1668 cry followed by the b, symmetry
C2C2 stretch observed at 1572 cfnand calculated at 1629
cmL. The h, CC2 stretch appears significantly below the CO

of a; symmetry was calculated at a lower frequency of 334%tm
(observed at 338 cm). The three lowest frequency modes of
p-chloranil’s radical anion were calculated to be-Cl bending
modes. They havesly by, and hk, symmetry, and their
frequencies are 214 crh(experimental frequency of 212 cr),

and C2C2stretching modes, at an observed frequency of 908 208 cnT* (experimental frequency of 200 cr), and 187 cm*

cm! and a calculated frequency of 922 ¢ Finally, the
figure also shows thegjasymmetry, ring bending mode of
p-chloranil radical anion, observed at 496 Thfior the neutral
p-chloranil molecule and calculated to appear at 493%cm

(experimental frequency of 220 ci), 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

Comparing observed and calculated vibrational frequencies calculation is very good fop-chloranil’s radical anion. The

listed in Figure 1 fop-chloranil with those of its radical anion
reflect changes in bonding expected upon redugkegloranil
by one electron (se& and2). Thus, the CO bond weakens

average absolute difference between experimental and B3P86-
derived frequencies is only 24 cth The differences between
observed and calculated frequencies range from 0'dor a
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TABLE 5: Symmetries, Approximate Mode Descriptions, and Unscaled Harmonic Vibrational Frequencies (cm') 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 *H approximate descriptions xF approximate descriptions *xCl
8y C—Hstr 3181 C-F str 1279 C-Cl str C-C str 1028
bay C—H str 3175 C-F str 997 C-Cl str 719
bag C—H str 3154 C-F str 1123 C-Cl str 846
b1y C—Hstr 3153 C-F str 1355 C-Cl str, C-C str 455
b1y C=O str 1597 G=O str 1607 G=O str 1619
&y C=O str 1548 G=O str 1627 GO str 1662
8y C=C str 1709 G=C str 1716 G=C str 1589
by C=C str 1534 C=C str 1619 G=C str 1507
bag C—C str 1473 C-F str, C-C str 1472 C-Cstr 1358
b1y C—H bend 1387 CF bend 312 C-Cl bend 208
boy C—C str 1248 C-Cstr 1266 C-Cstr 1162
bag C—H bend 1264 €0 bend, C-F bend 279 C-Cl bend 332
& C—H bend 1158 € F bend 265 C-Cl bend 201
by C—H bend 1080 CF bend 281 C-Cl bend 214
bag C—H wag 946 C-Fwag 154 C-Clwag 113
a C—H wag 941 C-F wag 125 C-Clwag 70
b1y C—C=C bend 969 CG-C str, C-F bend 1070 €Cstr 917
bay C—Hwag 859 C-Fwag 206 C-Clwag 187
3y C—Cstr 832 ring breathing 565 ring breathing 334
bag ring chair bend 800 ring chair bend 565 ring chair bend 736
b1y C—Cstr 795 C-C=C bend 610 C-Cl str, C-C str 1156
big C—Hwag 773 C-Fwag 352 C-Clwag 324
b3g C=0 bend, C-C str 633 C-C=C bend 426 C-C=C bend, C-O bend 277
bay ring boat bend 519 ring boat bend 673 ring boat bend 711
=N C—C—-Cbend 469 & C—C bend 436 G C—C bend 502
bag C=0 bend 466 GF bend, G=0 bend 799 &0 bend, C-Cl bend 726
by C=0 bend 391 €0 bend 342 €-0 bend 362
a C=C-C bend 393 &C—C bend 551 €C—C bend 546
byg C=0 chair bend 328 €0 chair bend 368 €0 chair bend 386
bay C=0 boat bend 139 €0 boat bend 109 €0 boat bend 78

C—CI stretch to 144 cmt for a CO stretching mode. All

computational methods tested fail to reproduce the experimen-p-chloranil’s anion.

tally determined order of the CO and C2Q&2retching modes
for p-chloranil’s radical anion, so either the experimentally

tally measured frequencies by magnitudes similar to those for
Forp-fluoranil’'s and p-benzoquinone’s
radical anions, however, the B3P86 method also reproduces the
correct relative order of the CO and C2G&&etching frequen-

determined mode assignments or all quantum chemical methodsies. We also note that both thgyband g symmetry CO

tested here are incorrect on this point.

stretching modes increase in frequency with increasing strength

Table 5 also presents the calculated vibrational frequencies©f the substituentr bonding, in the ordep-benzosemiquinone

and their mode assignments for the radical anionsftdoranil
andp-benzoquinone, for comparison with experiment and with
those ofp-chloranil’s radical anion. Only two modes have been
experimentally observed fgr-fluoranil’s anion, the in-phase,
ag symmetry C2C2 stretch observed at 1677 cf and
calculated at 1716 cm and the g symmetry CO stretch
observed at 1556 cm and calculated to appear at 1627 ¢m
For p-fluoranil's radical anion, the numerical agreement between

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

calculation and experiment appears comparable to that for thep-benzoquinongy-fluoranil, andp-chloranil were calculated by

radical anion of p-chloranil, except that our calculations
reproduce the correct relative order of the CO and C2C2
stretching frequencies for thefluoranil radical anion. We note
that the b, symmetry C2C2stretching mode is calculated to
appear at 1619 cmt and the k, symmetry CO stretch is
calculated at 1607 cmd. Forp-benzosemiquinone radical anion,
the highest frequency CO stretch;{lsymmetry) is calculated
at 1597 cm! and was not experimentally observed. Im-
mediately below the 4 CO stretching mode is theg atretch,

at a calculated frequency of 1548 tinin moderately good
agreement with the experimental frequency of 1435%nThe
C2C2 stretching modes appear immediately below the CO
stretching modes, at calculated frequencies of 16931cm
(experimentally observed at 1620 cihand 1534 cm!. Other

using a variety of density-functional-based methods. The
structure of neutrgb-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 reducimgbenzoquinone and-
fluoranil to their semiquinone anions are similar and are
understandable based pfbenzoquinone’s LUMO. Trends in
calculated &0 and G=C bond distance changes upon reducing
the three molecules to their radical anionschloranil <
p-fluoranil < p-benzoquinone) follow a pattern expected from
m-bonding abilities of the substituents, set by their relative

experimentally observed modes and their frequencies include aelectronegativities.

CH bending mode calculated at 1158 @nfobserved at 1161
cm~1) and the ring CCC bend calculated at 469@rfobserved

at 481 cntl). Thus, for the radical anions gffluoranil and
p-benzoquinone, calculated frequencies differ from experimen-

Spin properties for the three radical anions were also
calculated by using a variety of methods and basis sets, including
Chipman’s [63241] basis sé&73 designed to give accurate
hyperfine properties in MO calculations. Spin densities for the
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p-benzosemiquinone radical anion calculated by using the corrected density functional and B3LYP hybrid Hartrdeock/
B3P86/[63241]//B3P86/6-31G(d) method show only qualitative  density functional methods (5 pages). Ordering information is
agreement with experiment, whereas isotropic proton hyperfine given on any current masthead page.

coupling constants (hfcc’s) were calculated accurately by using
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