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Hydrogen-bonding effects on structures, vibrational frequencies, and isotropic hyperfine coupling constants
are investigated in semiquinone, phenoxyl, and closely related amine-substituted radicals. Included are the
disubstituted isoelectronic series ofp-benzosemiquinone anion,p-phenylenediamine cation, andp-amino-
phenoxyl neutral radicals, as well as the corresponding monosubstituted isoelectronic series of phenoxyl and
aniline cation radicals. Computational studies that include all hydrogen-bound first shell water molecules,
corresponding to two water molecules coordinated at each oxygen substituent and two coordinated at each
amine substituent, give satisfactory agreement with aqueous experimental results in nearly all cases. In those
instances where experimental results are also available in non-hydrogen-bonding environments for comparison,
the calculations rationalize the signs and most approximate magnitudes of the experimental shifts attributable
to hydrogen bonding. Asymmetric solvation structures, corresponding to fewer than the maximum number of
hydrogen-bound water molecules, are also investigated. These show that the influences of individual water
molecules are often, but not always, additive in determining vibrational frequency shifts. Asymmetric solvation
can have a large influence on the spin distribution, where individual effects from each water are often largely
canceled out to yield smaller net shifts when the hydrogen-bonding shell is completed.

Introduction

Hydrogen-bonding effects are believed important in dictating
the very different roles of apparently similar semiquinones in
the fundamental electron transfer steps of photosynthesis.1-3 To
improve basic understanding of such phenomena, this work
computationally examines the way hydrogen bonding influences
the structures, vibrational frequencies, and isotropic hyperfine
coupling constants (hfc) in a series of semiquinone, phenoxyl,
and closely related related amine-substituted radicals. Included
are the three disubstituted isoelectronic radicalsp-benzosemi-
quinone anion C6H4 O2

-, p-phenylenediamine cation C6H4-
(NH2 )2

+, andp-aminophenoxyl neutral C6H4ONH2, as well as
the corresponding two monsubstituted isoelectronic radicals
phenoxyl C6H5O and aniline cation C6H5 N H2

+.
A number of recent calculations have given satisfactory

accounts of vibrational frequencies4-7 and hfc4-7 in phenoxyl,
of vibrational frequencies8-12 and hfc10,13,14 in p-benzosemi-
quinone anion, of vibrational frequencies15 in p-phenylenedi-
amine cation, and of vibrational frequencies16 and hfc16 in
p-aminophenoxyl radical. Hydrogen-bonding effects have also
been investigated in several of these studies, by examining shifts
of vibrational frequencies12 and hfc13,14in p-benzosemiquinone
anion and of vibrational frequencies16 and hfc16 in p-amino-
phenoxyl radical.

Of course, static models are oversimplified since hydrogen
bonds are continually being formed and broken in solution. In
this regard, the present contribution augments these previous
studies by further considering in more detail how the properties
of interest change with varying numbers of hydrogen bonds. In
addition, this study is also designed to provide facile compari-
sons among isoelectronic series of radicals. By calculating all
these related systems with a uniform and satisfactory level of
theory, further insight is obtained on trends that might otherwise
escape notice.

Computational Methods

The BPW91 method, which combines Becke’s 1988 exchange
functional17 with the Perdew-Wang 91 correlation functional,18

was used for structural characterization. This method has
previously been found to provide a good description of the
vibrational frequencies inp-benzosemiquinone anion11,12 and
in p-aminophenoxyl.16 We have previously emphasized the
difficulties in obtaining proper structures for the phenoxyl4 and
p-aminophenoxyl16 radicals from traditional Hartree-Fock and
multiconfiguration self-consistent-field methods. The BPW91
energetic, geometric, and force field evaluations were obtained
with the split-valence plus heavy-atom polarization 6-31G* basis
set.19,20 We have previously reported12 analogous calculations
onp-benzosemiquinone anion using a larger basis set including
polarization functions on hydrogens and diffuse functions on
oxygens. The larger basis set led to generally even better
agreement with experimental vibrational frequencies than does
the smaller calculation reported here.

Vibrational frequencies were obtained from analytic second
derivatives evaluated at the computed local minimum geometry.
The composition of each normal mode in terms of local mode
contributions was obtained by the total energy distribution
method.21

Neither the BPW91 method nor the 6-31G* basis set22 is very
reliable for spin densities. Therefore, hfc were determined
instead using the B3LYP method,23,24which is known to often
perform well for this property,22,25,26together with a [631|41]
basis set27 that has previously been specially designed for the
purpose. These were single-point calculations carried out at the
respective BPW91/6-31G* geometries.

Hydrogen bond energies, obtained as the energies required
to remove the bound water molecules, were corrected for basis
set superposition error by the widely accepted full counterpoise
method.28,29 This procedure gives the dominant electronic
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contributions to the hydrogen bond strengths; no attempt was
made to include vibrational contributions.

The calculations were carried out with the Gaussian-94
program.30

Pilot studies indicated that each oxygen and/or amine
substituent could hydrogen bond with up to two water mol-
ecules. An amine substituent acts as a hydrogen bond donor by
coordinating to the oxygen atom of a water molecule, generally
leading to only one possible local minimum structure. In
contrast, an oxygen substituent acts as a hydrogen bond acceptor
by coordinating to one hydrogen atom of a water molecule, often
leaving several possible local minima of nearly equal energy
for various relative out-of-plane orientations of the remaining
dangling hydrogen atoms. A published study onp-benzosemi-
quinone anion12 and our unpublished exploratory studies on the
other species considered have indicated that the orientations of
such dangling hydrogens have little effect on any of the
properties of interest here. In the present work the only
possibility reported corresponds to the most highly symmetric
local minimum overall structure that could be obtained for each
system.

The resulting supermolecule complexes are designated as
C6H5O‚2w, C6H5NH2

+‚2w, C6H4O2
-‚4w, C6H4(NH2)2

+‚4w, and
C6H4ONH2‚4w, where the notationnw indicates the total
number of hydrogen bound water molecules. Structures obtained
for each radical with the maximum number of hydrogen-bound
water molecules are sketched in Figure 1.

Further calculations were carried out on each radical with
fewer than the maximum number of hydrogen bonds. In a given
radical, such asymmetric solvation often caused significant
differences in properties at the two ends of the molecule,
especially at the heteroatoms, but generally caused only modest
changes in properties at the nominally equivalent lateral
positions, e.g., properties about C2 remained nearly equivalent
to those about C6 and similarly C3 to C5. In the interest of
brevity, we therefore present for the most part detailed results
only for those partially solvated structures in the disubstituted
radicals that have two water molecules both coordinated at the
same substituent, thus maximizing the asymmetry of interest.

Structures of monosubstituted radicals with one water molecule
and structures of disubstituted radicals with either one or three
water molecules generally gave results intermediate between
those found for the structures that are presented here in detail.

Results and Discussion

Hydrogen Bond Characteristics. The average hydrogen
bond strength in a given complex can be defined as the energy
required to remove all the bound water molecules, divided by
the number of such water molecules. The calculations give
average hydrogen bond strengths shown in the second column
of Table 1. Further calculations, not reported in detail, were
also carried out to determine individual hydrogen bond strengths
for stepwise addition of water molecules. The first water to be
added is always bound more strongly than the average, and the
last less strongly than the average. But the differences are not
large, and the individual hydrogen bond strengths in any given
radical never deviate by more than 20% from the reported
average. It may be concluded that the individual hydrogen bond
strengths are roughly additive.

The average hydrogen bond strengths are quite substantial
in each of the ions, being highest at amine sites and also quite
high at oxygen sites. Comparing the two neutral radicals, the
average hydrogen bond strength is larger in the radical having
both oxygen and amine sites than in the radical having only an
oxygen site. In light of this, it is surprising that within the
C6H4ONH2‚4w radical that has both oxygen and amine sites
the individual hydrogen bond strengths at the oxygen substituent
are higher than the average, while the individual hydrogen bond
strengths at the amine substituent are lower than the average.
Therefore, no simple conclusion can be made regarding the
relative strengths of hydrogen bonds to oxygen and amine sites
in the neutral radicals.

Analogous BPW91/6-31G* calculation gives the hydrogen
bond strength in water dimer to be 4.5 kcal/mol, which compares
favorably to the semiexperimental result for the electronic
contribution31 of 5.4 kcal/mol. Thus, the average hydrogen bond
strength in each of the radicals is comparable to or larger than
that in water dimer. This suggests that the structures considered
here can be taken as representative of those occurring in the
actual aqueous phase.

Mulliken population analysis can be used to examine charge
transfer to or from the substituents and their respective bound
water molecules, giving results reported in the third column of
Table 1. Because of uncertainties associated with Mulliken
analysis, the actual numbers should be taken to have only
qualitative significance and will be used only to indicate trends.
Oxygen substituents are found to donate electron density to
water, whereas amine substituents accept electron density from
water. This effect is larger at amine substituents than at oxygen
substituents. For a given type of substituent, it is larger in the
ionic radicals than in the neutral radicals, this contrast being
greater with oxygen than with amine substituents.

Figure 1. Structures of radicals with the maximum number of first-
shell hydrogen bonds at the heteroatom substituents.

TABLE 1: Average Hydrogen Bond Strengths (in kcal/mol)
and Amount of Charge Transfer to Each Hydrogen-Bonded
Water Molecule

H-bond energy charge transfer

C6H5O‚2w 4.2 0.01
C6H5NH2

+‚2w 15.1 -0.09
C6H4O2

-‚4w 9.3 0.06
C6H4(NH2 )2

+‚4w 11.4 -0.08
C6H4ONH2‚4w 5.4 0.03 (at O)

-0.07 (at NH2)
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Geometrical Parameters.In all but one case the rings and
substituents are found to be planar. The lone exception is
p-aminophenoxyl radical, where the issue of planarity has been
discussed at length previously.16 To summarize, it was found16

in isolatedp-aminophenoxyl radical that pyramidalization occurs
at nitrogen to give a nonplanar equilibrium structure. However,
the barrier to planarity is less than the zero-point vibrational
energy in the corresponding inversion mode, so the actual
structure should be regarded as quasiplanar. When four hydrogen-
bonded water molecules are included in the calculation, the
equilibrium structure becomes strictly planar.

The effects of hydrogen-bonded water molecules on selected
bond distances in each of the radicals are shown in Table 2.

First we consider the structural implications of forming
hydrogen bonds at only one oxygen substituent. They are found
to weaken the associated CO bonds, which become longer by
0.014 Å in C6H4O‚2w, by 0.024 Å in C6H4O2

-‚2w, and by 0.018
Å in C6H4ONH2‚2w. They strengthen the adjacent C-C bonds,
which become shorter by amounts ranging from 0.005-0.012
Å. Only small effects ofe0.002 Å are found on any of the
more remote C-C bonds. It is therefore interesting that the
bonds to the remote para substituents are significantly strength-
ened, the distances becoming shorter by 0.004 Å for the remote
CO bond in C6H4O2

-‚2w, and by 0.009 Å for the remote CN
bond in C6H4ONH2‚2w.

Next we take up the implications of forming hydrogen bonds
at only one amine substituent. They are found to strengthen the
associated CN bonds, which become shorter by 0.003 Å in
C6H5NH2

+‚2w, by 0.006 Å in C6H4(NH2)2
+‚2w, and by 0.016

Å in C6H4ONH2‚2w. Only small effects ofe0.004 Å are found
on any of the ring C-C bonds. The bonds to the remote para
substituents are weakened, the distances becoming longer by
0.005 Å for the remote CN bond in C6H4(NH2)2

+‚2w, and by
0.001 Å for the remote CO bond in C6H4ONH2‚2w.

Finally, we consider forming hydrogen bonds simultaneously
at both substituents. The CO bonds are weakened in C6H4O2

-‚4w,
becoming longer by 0.018 Å. The CN bonds are slightly

strengthened in C6H4(NH2)2
+‚4w, becoming shorter by 0.002

Å. In C6H4ONH2‚4w the CO bond is weakened, becoming
longer by 0.019 Å, and the CN bond is strengthened, becoming
shorter by 0.021 Å. These trends are all consistent with
qualitatively additive contributions from the various tendencies
noted above for forming hydrogen bonds at the individual sites.

It may be concluded that formation of hydrogen bonds at an
oxygen substituent weakens the associated CO bond and
strengthens a remote para CO or CN bond, whereas formation
of hydrogen bonds at an amine substituent strengthens the
associated CN bond and weakens a remote para CO or CN bond.
These effects are larger for hydrogen bonds to oxygen than for
hydrogen bonds to amine, and are larger at the immediate
hydrogen-bonding site than at the remote site.

It should be mentioned that the CO bond lengths calculated
here for the fully hydrogen-bonded radicals are in qualitative
but not quantitative agreement with a simple model32 based on
use of aqueous experimental pKa data to estimate bond order.

Vibrational Frequencies. The most powerful experimental
tool for observation of free-radical vibrational frequencies is
resonance Raman spectroscopy. In the interests of brevity we
therefore present, for the most part, detailed results only for
modes that are good candidates for resonance Raman observa-
tion. These are generally all the totally symmetric modes other
than hydrogenic stretches. However, for completeness we also
include for the high symmetryp-benzosemiquinone anion and
p-phenylenediamine cation radicals non-totally symmetric modes
of b1u symmetry, which derive from totally symmetric modes
examined in the other lower symmetry radicals.

For several of the vibrational modes being examined here
there is strong mixing among various local atomic motions. This
makes it very difficult to obtain a set of Wilson mode
designations that consistently describes the proper correlation
among corresponding modes in the various radicals. Indeed,
somewhat arbitrary choices occasionally have been made in the
experimental literature on these systems. To minimize confusion,
we therefore eschew the Wilson designations and give only the
dominant stretching or bending motion actually found in each
calculated mode. It is emphasized that the oversimplified
descriptions used here should not be taken too seriously.

Vibrational frequency results are reported and compared with
experimental values in Table 3. The overall agreement between
experimental and calculated freqencies is quite good. With only
two exceptions (which are discussed and rationalized im-
mediately below) the agreement is always within 25 cm-1, and
in the majority of cases the agreement is within 10 cm-1.

The largest discrepancy between calculation and experiment
comes with the CH bending mode in aniline cation that was
experimentally assigned37 to a weak band observed at 1338 cm-1

but is calculated to be above 1370 cm-1. This suggests a possible
reassignment of the experimental spectrum to make this totally
symmetric mode correspond instead to the previously unidenti-
fied37 medium intensity band observed at 1380 cm-1. The weak
experimental band at 1338 cm-1 may then correspond to a non-
totally symmetric b2 fundamental calculated at 1338 cm-1 in
C6H5NH2

+ (1346 cm-1 in C6H5NH2
+‚2w). Furthermore, the

weak unidentified band observed37 at 1458 cm-1 likely corre-
sponds to a non-totally symmetric b2 fundamental mode
calculated at 1448 cm-1 in C6H5NH2

+ (1462 cm-1 in C6H5NH2
+‚

2w).
The next largest discrepancy between calculation and experi-

ment comes with the ring-breathing mode inp-benzosemi-
quinone anion observed at 830 cm-1 but calculated to be at or
below 805 cm-1. But here the calculated 804 cm-1 result for

TABLE 2: Selected Bond Distances (in Å)a

R(CO) R(CN) R(C1C2) R(C2C3) R(C3C4)

Phenoxyl
C6H5O 1.265 1.462 1.385 1.416
C6H5O‚2w 1.279 1.457 1.384 1.418

Aniline Cation
C6H5NH2

+ 1.345 1.441 1.382 1.421
C6H5NH2

+‚2w 1.342 1.442 1.384 1.418

p-Benzosemiquinone Anion
C6H4O2

- 1.276 1.460 1.381 1.460
C6H4O2

-‚2w
(at C1-O)

1.300, 1.272 1.448 1.380 1.461

C6H4O2
-‚4w 1.294 1.450 1.379 1.450

p-Phenylenediamine Cation
C6H4(NH2)2

+ 1.352 1.434 1.377 1.434
C6H4(NH2)2

+‚2w
(at C1-NH2)

1.346, 1.357 1.437 1.377 1.432

C6H4(NH2)2
+‚4w 1.350 1.436 1.377 1.436

p-Aminophenoxyl
C6H4ONH2 1.263 1.378 1.462 1.379 1.428
C6H4ONH2‚2w

(at C1-O)
1.281 1.369 1.454 1.378 1.429

C6H4ONH2‚2w
(at C4-NH2)

1.264 1.362 1.462 1.379 1.432

C6H4ONH2‚4w 1.284 1.357 1.453 1.377 1.433

a In cases where asymmetric solvation causes otherwise equivalent
values ofR(CO) or R(CN) to differ at the C1 and C4 positions, the
value at the C1 position is listed first.
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C6H4O2
-‚4w is artificially depressed due to an accidental near

degeneracy with a mode primarily composed of water molecule
librations. This mixing was also noted in a previous calculation12

with a larger basis set. Because no second shell water molecules
are included in the calculation, this librational water mode is
not representative of the actual aqueous environment. Thus, a
somewhat higher unperturbed frequency should be taken for
the mode calculated at 804 cm-1, and this would improve
agreement with experiment.

In most cases the agreement with experimental frequencies
measured in water is better for the frequencies calculated in
the hydrogen bonded species than in the isolated radicals. For
aniline cation andp-benzosemiquinone anion, experimental data
is available in non-hydrogen-bonding environments to allow
closer examination of the actual shifts due to hydrogen bonding.

In aniline cation, comparison of C6H5NH2
+ to C6H5NH2

+‚
2w gives calculated hydrogen-bonding shifts of the same sign
as seen in comparing gas to aqueous phase experimental results
for the two lowest and one highest frequency mode where
comparison is possible. However, the shifts disagree in sign
for the two CH bending modes, or rather for just one if the
reassignment of the higher frequency CH bending mode that
was suggested above is accepted.

In p-benzosemiquinone anion the shifts due to hydrogen
bonding can be judged by comparing experimental results in
the non-hydrogen-bonding solvent acetonitrile to those in water.
Since both acetonitrile and water are high dielectric solvents,
long-range electrostatic interactions with solvent should largely
cancel out in this comparison, thus focusing even more closely

on the specific effects of hydrogen bonding than is possible in
a gas-aqueous comparison. For this radical, the signs of
hydrogen bonding shifts agree between calculation and experi-
ment for all five modes where comparison is possible.

It should also be pointed out that the calculated hydrogen-
bonding shifts in CO and CN stretching motions are generally
consistent in sign with that expected from the bond weakening
and/or strengthening effects noted in the previous section on
structural considerations. Exceptions occur only forp-amino-
phenoxyl in the two intermediate structures each having two
bound water molecules. Thus, binding two waters at the oxygen
substituent gives the expected lowering of the CO stretch
frequency but an unexpected lowering of the remote CN stretch
frequency, and binding two waters at the amine substituent gives
the expected raising of the CN stretch frequency but an
unexpected raising of the remote CO stretch frequency. These
individual influences lead to some partial cancellations, so that
the net shifts in going from isolated C6H4ONH2 to C6H4ONH2‚
4w are rather small for the CO and CN stretching modes.

Isotropic Hyperfine Coupling Constants. Electron spin
resonance spectra have been obtained for each of the radicals
considered here, giving isotropic hyperfine coupling constants
(hfc) for all hydrogen and nitrogen nuclei, and inp-benzosemi-
quinone anion for carbon-13 and oxygen-17 nuclei as well.
Results are presented and compared to experimental values in
Table 4. In phenoxyl and aniline cation radicals the hfc signs
have not been determined experimentally, and consequently the
results are shown as absolute values. However, comparison to
the present as well as to most previous calculated results

TABLE 3: Calculated and Experimental Vibrational Frequencies (in cm-1)m

CCC
bend

CC
stretch

CCC
bend

CC
stretch

CH
bend

CH
bend

CX
stretcha

CX
stretchb

CC
stretch

NH2

scissor

Phenoxyl
calculation on C6H5O 514 788 958 996 1150 1398 1485 1566
calculation on C6H5O‚2w 519 800 962 1001 1171 1391 1490 1575
experiment in waterc 528 801 990 1163 1398 1505 1557

Aniline Cation
calculation on C6H5NH2

+ 516 808 968 995 1191 1371* 1488* 1605 1657
calculation on C6H5NH2

+‚2w 518 812 970 1002 1184 1375* 1495* 1596 1643
experiment in gasd 516 798 976 1169 1347 1581
experiment in watere 521 820 1001 1175 1338f 1494 1574

p-Benzosemiquinone Anion
calculation on C6H4O2

- 454 801 767* 938* 1128 1343 1480 1531 1617
calculation on C6H4O2

-‚2w(at C1-O) 462 805 772* 952* 1147 1340 1455 1527 1617
calculation on C6H4O2

-‚4w 467 804g 777* 964* 1165 1341 1445 1514 1626
experiment in acetonitrileh 470 819 780 1143 1347 1452 1609
experiment in wateri 484 830 1162 1434 1620

p-Phenylenediamine Cation
calculation on C6H4(NH2)2

+ 457 834 772 974 1196 1344 1414 1529 1641* 1667*
calculation on C6H4(NH2)2

+‚2w(at C1-NH2) 459 834 773 978 1192 1343 1419 1533 1640* 1663*
calculation on C6H4(NH2)2

+‚4w 461 833 774 980 1190 1346 1425 1537 1644* 1662*
experiment in waterj 467 840 1184 1423 1524 1644 1658

p-Aminophenoxyl
calculation on C6H4ONH2 454 810 766* 959* 1157 1320 1437 1527 1611 1647
calculation on C6H4ONH2‚2w(at C1-O) 458 823 772* 972* 1179 1329 1430 1521 1622 1649
calculation on C6H4ONH2‚2w(at C4-NH2) 457 813 769* 959* 1152 1335 1451 1535 1624 1677
calculation on C6H4ONH2‚4w 462 827 778* 973* 1174 1339 1441 1526 1634 1677k

experiment in waterl 474 824 1168 1434 1518 1636 1673

a The first CX stretch mode listed corresponds to CN in C6H5NH2
+, to CO + CO in C6H4O2

-, to CN + CN in C6H4(NH2)2
+ and to CN in

C6H4ONH2. b The second CX stretch mode listed corresponds to CO in C6H5O, to CO-CO in C6H4O2
-, to CN-CN in C6H4(NH2 )2

+, and to CO
in C6H4ONH2. c From resonance Raman results in refs 33-35. d From photoelectron results in ref 36.e From resonance Raman results in ref 37.
f This mode could be reassigned to a band at 1380 cm-1. See text for discussion.g This frequency is artificially lowered by an accidental near
degeneracy with a water mode. See text for discussion.h From infrared and resonance Raman results in ref 38.i From resonance Raman results in
ref 38. j From resonance Raman results in ref 15.k This was previously assigned in ref 16 to a mode calculated at 1669 cm-1, but that mode is
actually dominated by solvent motions. A better assignment is to a mode calculated at 1677 cm-1 in which the NH2 scissor motion is more prominent.
l From resonance Raman results in ref 39.m In adjacently listed calculated modes marked with an asterisk the local atomic motions that are used
for oversimplified labelling purposes are very strongly mixed.
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removes any reasonable doubt about the appropriate sign choices
in those systems. The overall agreement with experimental hfc
values is generally satisfactory in all the radicals considered.

In phenoxyl radical, the calculations predict that hydrogen
bond formation leads to significant changes in several of the
carbon-13 hfc, but only small effects at oxygen-17 and at the
hydrogens.

In aniline radical cation, the calculations again predict that
hydrogen bond formation leads to significant changes in several
of the carbon-13 hfc and only small changes at the ring
hydrogens. Modest changes are predicted for nitrogen and for
the amine hydrogens.

In p-benzosemiquinone anion, comparison of calculated
C6H4O2

- and C6H4O2
-‚4w results correctly rationalizes the

directions of the modest changes found in experimental carbon-
13 and oxygen-17 values between the non-hydrogen-bonding
solvent DMSO and water, and also rationalizes the correspond-
ing negligible change in the experimental hydrogen value.

In view of the generally modest changes found, it would be
tempting to conclude that the spin density inp-benzosemi-
quinone anion is not very highly sensitive to hydrogen bonding.
But that notion is dispelled by examination of calculated results
for the asymmetrically solvated C6H4O2

-‚2w. The overall+2
G increase from hydrogen bonding in the nominally equivalent
13C1 and13C4 values is seen to arise from a large+4 G increase
caused by hydrogen bonding at the nearby site that is partially
canceled by a decrease of-2 G caused by hydrogen bonding
at the more remote site. Similarly, the small decrease from
overall hydrogen bonding in the nominally equivalent13C2 and
13C3 values arises from near cancellation of changes by(2 G
or more from individual hydrogen-bonding effects at the two
different sites. The almost negligible changes from overall
hydrogen bonding at oxygen-17 and at hydrogen are also due
to cancellations from significant nearby and remote influences.

In p-phenylenediamine cation the calculations also predict

modest overall changes from hydrogen bonding at the carbons.
The calculations agree with experiment in finding small or
negligible overall changes attributable to hydrogen bonding in
the hfc at nitrogen and at all of the hydrogens. But the overall
small calculated decrease of-1 G at13C1 and13C4 arises from
partial cancellation of larger effects, coming from a-3 G
decrease due to hydrogen bonding at the nearby site and a+2
G increase due to hydrogen bonding at the remote site. Similarly,
the very small overall decrease in13C2 and 13C3 values arises
from near cancellation of changes by about(2 G from
individual hydrogen bonding effects at the two different sites.
Analogous partial cancellation effects of smaller magnitude are
also seen for the overall nitrogen and hydrogen values.

In p-aminophenoxyl radical the calculations predict substantial
changes from hydrogen bonding for all of the carbon-13 values.
Examination of values in the two intermediate 2w structures
shows that these large changes arise because of mutually
reinforcing and approximately additive changes due to hydrogen-
bonding effects at the two sites. The small overall decrease in
the value calculated for oxygen-17 is nearly all due to hydrogen-
bonding effects from the remote site. The modest overall
decrease in the nitrogen value is smaller than the decrease
attributable to the influence of either hydrogen-bonding site
alone, implying nonadditive effects in this case. This nitrogen
hfc shows the largest error (2.1 G) between calculation and
experiment found in all of the couplings examined in this work.
The significant overall decreases in both of the ring hydrogen
values can be interpreted as reinforcing additive effects from
hydrogen bonding at the two sites. The large overall decrease
in the amine hydrogen value is consistent in sign with decreases
attributable to hydrogen bonding at both sites, but the magnitude
is smaller than simple additivity would predict.

The complex nonadditive behavior of the nitrogen and amine
hydrogen couplings inp-aminophenoxyl radical is probably
associated in part with the change in structure from pyramidal

TABLE 4: Isotropic Hyperfine Coupling Constants (in gauss)a

13C1
13C2

13C3
13C4

17O 14N H2 H3 H4 HN

Phenoxyl
calculation on C6H5O -13.4 8.4 -9.7 12.6 -9.1 -6.9 2.7 -8.8
calculation on C6H5O‚2w -10.8 7.4 -9.2 12.4 -9.3 -6.6 2.4 -8.9
experiment in waterb |6.6| |1.9| |10.2|

Aniline Cation
calculation on C6H5NH2

+ -5.3 5.0 -7.5 11.9 5.4 -5.1 1.5 -9.3 -9.3
calculation on C6H5NH2

+‚2w -8.0 6.3 -8.1 11.7 6.1 -5.6 1.9 -8.8 -10.2
experiment in methylene chloridec |7.7| |5.8| |1.5| |9.6 |9.6|

p-Benzosemiquinone Anion
calculation on C6H4O2

- -3.2 -0.2 -0.2 -3.2 -7.4 -2.2 -2.2
calculation on C6H4O2

-‚2w(at C1-O) 1.1 -2.5 1.7 -5.4 -6.8,-7.7 -1.1 -3.3
calculation on C6H4O2

-‚4w -1.1 -0.6 -0.6 -1.1 -7.3 -2.1 -2.1
experiment in DMSOd -2.1 (-0.1) (-0.1) -2.1 -9.5 -2.4 -2.4
experiment in waterd 0.2 -0.7 -0.7 -0.2 -8.7 -2.4 -2.4

p-Phenylenediamine Cation
calculation on C6H4(NH2 )2

+ 0.4 -0.6 -0.6 0.4 3.7 -1.9 -1.9 -6.8
calculation on C6H4(NH2)2

+‚2w(at C1-NH2) -2.4 1.2 -2.2 2.2 4.5,3.2 -2.8 -1.0 -7.8,-5.9
calculation on C6H4(NH2 )2

+‚4w -0.4 -0.4 -0.4 -0.4 3.9 -1.9 -1.9 -6.9
experiment in DMSOe 5.3 -2.1 -2.1 -6.0
experiment in methanole 5.3 -2.1 -2.1 -6.0

p-Aminophenoxyl
calculation on C6H4ONH2 -10.0 5.5 -6.6 7.6 -8.3 3.7 -5.3 1.1 -1.5
calculation on C6H4ONH2‚2w(at C1-O) -6.4 3.6 -5.0 5.8 -8.3 3.0 -4.4 0.3 -3.7
calculation on C6H4ONH2‚2w(at C4-NH2) -8.6 4.2 -4.9 4.6 -8.0 2.6 -4.6 0.3 -5.1
calculation on C6H4ONH2‚4w -4.7 2.2 -3.2 2.9 -7.9 3.1 -3.6 -0.5 -5.7
experiment in waterf 5.2 -2.7 -1.8 -5.6

a In cases where asymmetric solvation causes otherwise equivalent values at the 1 and 4 positions to differ, the value at the 1 position is listed
first. b From ref 40.c From ref 41.d From refs 42-44 (with estimated values in parentheses).e From ref 45.f Magnitudes from ref 46, signs from
ref 47.
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to planar nitrogen upon hydrogen bond formation. Further
discussion regarding vibrational averaging of the hfc over
motions corresponding to pyramidalization and to torsion at the
amine substituent in this radical can be found elsewhere.16

To summarize, hydrogen-bonding effects are generally largest
for hfc at the apex carbons, and in some of the radicals are
significant at various other nuclei as well. In the highly
symmetricp-benzosemiquinone anion andp-phenylenediamine
cation radicals large changes potentially caused by hydrogen
bonding at either of the two substituents are largely canceled
out because the contributions are of opposite sign. In the less
symmetricp-aminophenoxyl radical the effects of hydrogen
bonding at the two substituents instead generally produce
changes of the same sign, although the magnitudes are usually
not even qualitatively additive.

Conclusions

Hydrogen bonding can have significant effects on the
structures, vibrational frequencies, and hfc of these radicals. The
present calculations give a generally satisfactory account of
nearly all the experimental data that is available on these
properties. Those calculations that include the maximum number
of hydrogen-bound water molecules generally give better
agreement with experimental results in water than do calcula-
tions on the isolated radicals. Furthermore, in those cases where
experimental results are available for comparison either in gas
or in non-hydrogen-bonding solvents, the calculations provide
successful accounts of nearly all the signs and most of the
approximate magnitudes of the observed shifts attributable to
hydrogen bonding. It is concluded that the level of theory
employed here is quite adequate for this study.

Up to two hydrogen bonds can be formed at each oxygen
and at each amine substituent in these radicals. The individual
hydrogen bond strengths in a given radical are approximately
additive, although the first hydrogen bonds to be formed are a
little stronger than the last. Oxygen substituents accept hydrogen
bonds and donate electron density to water. This leads to some
weakening of the associated CO bonds and, to a lesser extent,
to some strengthening of any para CO or CN bond. In contrast,
amine substituents donate hydrogen bonds and accept electron
density from water. This leads to some strengthening of the
associated CN bonds and, to a lesser extent, to some weakening
of any para CO or CN bond. These effects are larger for
hydrogen bonds to oxygen than to amine substituents.

The consequences of these influences are manifest in the
geometries of the radicals and explain many of the significant
effects of hydrogen bonds on vibrational frequencies. However,
some exceptions to expectations based on simple additivity of
these individual influences are found in thep-aminophenoxyl
radical that contains both kinds of substituents.

Hydrogen bonding can particularly affect carbon-13 hfc at
the apex carbon sites, and is often significant at other nuclei as
well. Contributions from individual hydrogen bonds sometimes
reinforce and sometimes cancel one another. As a consequence,
asymmetric hydrogen-bonding arrangements can have especially
strong influences that are not evident in the net results from
higher symmetry arrangements. To the extent that relative
reactivities at different sites are correlated with the spin density
distribution, this may have important chemical ramifications in
solution where hydrogen bonds are constantly forming and
breaking. Similar investigations need to be carried out on a wider
range of systems to give improved understanding of this matter.
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