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The hybrid Hartree-Fock/density functional B3LYP has been used to predict a variety of properties of 1,4-
naphthoquinone, 2-methyl-1,4-naphthoquinone, 2,3-dimethyl-1,4-naphthoquinone, and 9,10-anthraquinone,
as well as their radical anions. Geometries and spin properties show good agreement with experiment. The
calculated adiabatic electron affinities show excellent agreement with previously determined experimental
values, where available. An electron affinity of 1.63 eV is predicted for 2,3-dimethyl-1,4-naphthoquinone.
A complete analysis of the vibrational spectra of each neutral molecule is provided and compared with available
experimental and previous theoretical results. In each case, the CdO antisymmetric stretching vibration is
found to be slightly higher in frequency than the CdO symmetric stretch. The first full analysis of the
vibrational spectra of each of the radical anions is presented, and a comparison is made with the spectra of
the neutral molecules. It is found that B3LYP/6-31G(d) theory consistently overestimates vibrational
frequencies by 4-5%, in agreement with previous tests, but also does an excellent job of predicting the
correct relative ordering of vibrational modes. Unrestricted Hartree-Fock geometries and frequencies are
also provided for comparison.

1. Introduction

The quinones and their one-electron reduced forms, or
semiquinone anions, occupy a central place in electron transfer
chemistry and biological energy conversion.1-4 For example,
quinones are known to play a crucial role in oxido reductases5-12

and semiquinones are known intermediates in the actions of
some antitumor drugs.13 In photosynthesis, quinones act as
primary and secondary electron acceptors, both in plant and
bacterial photosynthetic reaction centers,14-17 where semi-
quinone anions are known to be formed and remain stable for
reasonably long times.4 In the RhodopseudomonasViridis
reaction center, it is a fused-ring quinone, menaquinone, which
occupies the primary quinone binding site, QA. Menaquinone
(see Figure 1), or vitamin K2, is made up of a 1,4-naphtho-
quinone head group with a methyl substituent at the 2 position
and an isoprenoid chain of varying length at the 3 position.
Various forms of vitamin K, with different alkyl substituents,
occur elsewhere in nature. Some forms of vitamin K are known
to be critical in the blood-clotting cascade18,19 and in calcium
homeostasis,18,20,21and the Rieske FeS center in certain bac-
teria uses a menaquinone pool, rather than plastoquinone or
ubiquinone.22-24 Simpler, but similar, compounds have been
used as models of menaquinone in various theoretical and
experimental studies to determine the function of the native
quinone.25-30 Some of these compounds include the parent 1,4-
naphthoquinone (NQ), 2-methyl-1,4-naphthoquinone (2NQ, also
known as vitamin K3), and 2,3-dimethyl-1,4-naphthoquinone
(23NQ). Various properties of these molecules, such as their
fundamental vibrational frequencies31-39 and their hyperfine
interactions,40-45 are used to infer information such as binding
sites and protein interaction in the photosynthetic reaction center.
A knowledge of the properties of the isolated molecules and
their radical anions is therefore crucial for the interpretation of
experimental results.46

For the simpler quinones, the structures have been investi-
gated relatively thoroughly.47 The structure of the parent 1,4-

benzoquinone (p-benzoquinone, PBQ) has been determined
experimentally both in the solid48 and gas phases,49 and these
studies have been supported by theoretical determinations using
ab initio and density functional theory.50-52 The structure of
the radical anion of PBQ (1,4-benzosemiquinone, PBQ•-), while
not determined experimentally, has been predicted computa-
tionally using numerous techniques.52-57 The current studies
all agree that upon one-electron reduction the CdO and CdC
bonds of PBQ lengthen while the C-C bonds shorten, with the
overall effect of making the ring structure of PBQ•- more
benzenoid. These changes in bonding are consistent with the
odd electron entering a molecular orbital which is antibonding
with respect to CdO and CdC bonds and bonding with respect
to C-C single bonds.58

The structures of the larger, more biologically important
quinones such as menaquinone (MQ), plastoquinone (PQ), and
ubiquinone (UQ) and their radical anions have received theoreti-
cal attention only recently,55-57,59,99 and no experimental
structures of the isolated molecules are currently available.X Abstract published inAdVance ACS Abstracts,September 1, 1997.

Figure 1. The structures of 1,4-naphthoquinone (NQ), menaquinone-1
(MQ-1), and 9,10-anthraquinone (AQ).
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However, low-resolution X-ray structures of the photosynthetic
reaction centers of certain purple bacteria contain these mol-
ecules in their native protein environment,17 and a recent study
examined the conformation of the isoprenyl side chains.41 There
are experimental structures of some related quinones which may
serve as models of the larger species. X-ray structures of
2-methyl-1,4-benzoquinone,60 2,3-dimethyl-PBQ, 2,5-dimethyl-
PBQ,61 2,6-dimethyl-PBQ,62 2,3,5,6-tetramethyl-PBQ (duro-
quinone, DQ),63 2-methyl-5,6-methoxy-PBQ (UQ0),64 1,4-
naphthoquinone (NQ),65 2,3-dimethyl-NQ (23NQ),66 and 9,10-
anthraquinone (AQ)67,68have been determined over the last 50
years. More recently, the gas-phase electron diffraction struc-
tures of PBQ,49 DQ,69 and AQ70 were reported.
Considering the wide-ranging importance of quinones as

biological electron acceptors, it somewhat surprising that the
radical anions of the quinones have received much less attention.
Of the semiquinone radical anions, only the simplest species,
PBQ•-, has been studied extensively with theoretical methods.
More information on the other semiquinone anions has recently
begun to appear, but in some cases, such as the vitamin K
analogues NQ•-, 2NQ•-, and 23NQ•-, a detailed comparison
of their properties has yet to be performed.
Although the vibrational spectra of NQ and AQ have been

studied relatively thoroughly both by experimental71-82 and
theoretical methods,83-86 there is very little spectral data in the
current literature for the radical anions of these molecules.
Similarly, the vibrational spectra of 2NQ and 23NQ, both
idealized model compounds for vitamin K, have been stud-
ied,73,76,85,87,88but a comprehensive analysis of the fundamental
vibrational frequencies of these molecules and their radical
anions has not yet been conducted. The vibrational spectrum
of the most basic of thep-quinones, 1,4-benzoquinone, has been
investigated by many methods. Many early experimental
studies77,89-92 concluded that the CdO stretching band of

quinones, which is highly influenced by reduction73,93 and
therefore the most widely monitored in experimental studies,
was seen as a doublet because of a Fermi resonance or some
intermolecular interaction. Some work concluded that NQ
exhibits only one CdO stretching frequency.94 Recent theoreti-
cal studies indicate that there are actually two distinct funda-
mental CdO stretching vibrational frequencies of PBQ and NQ.
The ability to predict other properties of quinones accurately,

such as the electron affinities,95 aqueous one-electron reduction
potentials,96-98 and isotropic hyperfine coupling constants
(hfccs),55-57,59,99-101 has been reported only recently. The
density functional and hybrid Hartree-Fock/density functional
(HF/DF) methods have proven very useful in this area and have
been shown to give reasonable hfccs for other organicπ-radicals
as well.57,102-108 In this study, we present such a comparison
of the electron affinities of NQ, 2NQ, 23NQ, and AQ, the spin
densities and isotropic hyperfine coupling constants of the
radical anions of these quinones, and the geometries and
harmonic vibrational frequencies of both the quinones and
semiquinone anions. We compare and contrast these properties
to those previously determined for MQ56 and discuss their
importance in the interpretation of experimental results, includ-
ing the question of Fermi resonance involving the CdO stretches
of NQ. A detailed description of our methods and analysis
techniques can be found in the Appendix.

2. Results and Discussion

2.1. Geometries. Table 1 compares the available experi-
mentally determined geometries of NQ, 2NQ, and 23NQ with
the predictions ofab initioMO and density functional theories.
When compared to the solid-state X-ray diffraction structure,
the RHF/6-31G method gives the best average reproduction of
bond distances,85 with the hybrid B3LYP/6-31G(d) method

TABLE 1: Calculated Bond Distances (Å) and Bond Angles (deg) of 1,4-Naphthoquinone, 2-Methyl-1,4-naphthoquinone, and
2,3-Dimethyl-1,4-naphthoquinone

NQ 2NQ 23NQ

expt.65 (X-ray) RHF85 BP8684 B3LYP RHF85 B3LYP expt.66 (X-ray) B3LYP

C1dOa 1.22 1.222 1.239 1.226 1.223 1.226 1.24 1.227
C4dO 1.21 1.222 1.239 1.226 1.224 1.227 1.23 1.227
C2-C3 1.31 1.327 1.356 1.344 1.332 1.350 1.34 1.358
C9-C10 1.39 1.397 1.418 1.409 1.395 1.407 1.40 1.404
C6-C7 1.37 1.388 1.408 1.399 1.389 1.399 1.37 1.399
C1-C2 1.48 1.477 1.488 1.485 1.490 1.501 1.47 1.495
C3-C4 1.45 1.477 1.488 1.485 1.473 1.478 1.45 1.495
C1-C9 1.43 1.483 1.496 1.492 1.483 1.491 1.45 1.489
C4-C10 1.46 1.483 1.496 1.492 1.482 1.490 1.49 1.489
C8-C9 1.39 1.388 1.406 1.398 1.388 1.399 1.40 1.398
C5-C10 1.36 1.388 1.406 1.398 1.388 1.397 1.39 1.398
C5-C6 1.43 1.386 1.401 1.393 1.386 1.394 1.39 1.393
C7-C8 1.41 1.386 1.401 1.393 1.386 1.393 1.39 1.393
avg dev from expt 0.020 0.030 0.027 0.015

O-C1-C2 118.5 120.5 120.6 119.0 120.8
O-C4-C3 118 120.5 120.6 120.0 120.8
C2-C1-C9 121.5 117.2 117.3 118.2 121.5 118.4
C3-C4-C10 123 117.2 117.3 117.4 120.8 118.4
C1-C2-C3 120.5 122.2 122.2 119.6 119.7 121.2
C4-C3-C2 117.5 122.2 122.2 124.0 120.7 121.2
C1-C9-C8 123 119.6 119.6 119.4 121.0 119.7
C4-C10-C5 123.5 119.6 119.6 119.9 120.2 119.7
C1-C9-C10 118 120.6 120.6 120.8 119.5 120.3
C4-C10-C9 117.5 120.6 120.6 120.0 117.7 120.3
C7-C8-C9 121 120.0 120.0 120.0 117.5 119.9
C6-C5-C10 121.5 120.0 120.0 119.9 118.2 119.9
C5-C6-C7 118.5 120.2 120.2 120.1 119.7 120.2
C8-C7-C6 119 120.2 120.2 120.2 123.2 120.2
avg dev from expt 2.9 2.9 1.6

a Atom numbering is consistent with Figure 1.
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slightly better than the gradient-corrected pure density functional
BP86/6-31G(d) method,84 which are both slightly worse than
the UHF/6-31G(d) method. It is worth noting that the X-ray
structure is distinctly asymmetric, implying that the ubiquitous
crystal packing forces may have significantly altered the
structure from that of the gas phase. Unfortunately, the gas-
phase structure of NQ, which would be the best basis of
comparison for the methods, has not been determined. The
UHF/6-31G(d) method does slightly better in reproducing X-ray
bond distances in 23NQ, but not as well as B3LYP/6-31G(d),
which has an average absolute deviation in bond distance of
0.015 Å. We are aware of no experimentally determined
structure of 2NQ for comparison.
When comparing the structures of the quinones listed in Table

1 to each other, some trends are identifiable in both experiment
and theory. All bonds except those directly involved with the
2 or 3 position methyl substitution remain virtually constant
throughout the series, including the characteristic CdO and
C2dC3 bonds. Bond angles also show little change across the
series, except around the substituted positions. The fused ring
maintains its benzene-like structure, even including the shared
C9-C10 bond, with average bond lengths just under 1.40 Å.
When comparing these structures to the previously described
structure of MQ56 (determined with the B3LYP/6-31G(d)
method), it may be seen that the structure of the ring system of
23NQ is almost identical to that of MQ, having bond distances
usually within 0.003 Å, which implies that the isoprenoid chain
has the same effect on the local structure of the ring system as
a methyl group.
Table 2 presents the calculated structures of the radical anions

NQ•-, 2NQ•-, and 23NQ•- as determined by the UHF/6-31G85

and UHF/6-31G(d) molecular orbital based methods, as well
as by the HF/DF B3LYP/6-31G(d) method. We are aware of
no experimental determinations of the structures of these radical
anions. Each method predicts a slight lengthening of the

C2dC3 bond with further methyl substitution, as well as a small
increase in the C-C bonds neighboring the substituted position.
The CdO bond lengths remain virtually unchanged through the
series for a particular method, but the UHF/6-31G method
predicts a CdO bond distance approximately 0.01 Å longer than
those predicted by B3LYP/6-31G(d), which, at about 1.265 Å,
is about 0.02 Å greater in length than that predicted with the
UHF/6-31G(d) method. This difference is not repeated in other
bonds, implying that the inclusion of polarization functions in
the basis set plays an important role in the prediction of open-
shell properties of the CdO fragment of quinones. As with
the neutral species, the structure of 23NQ•- is virtually identical
to that of MQ•-.
A comparison of the structures of the neutral quinones in

Table 1 with the associated semiquinones in Table 2 indicates
that the primary changes in bonding upon one-electron reduction
are centered in the quinonoidal ring. CdO and C2dC3 bond
lengths increase by about 0.04 Å, regardless of the method,
while C1-C2 and C3-C4 bond lengths decrease by almost the
same amount. The shared C9-C10 bond increases in length
by about 0.01 Å, as do the adjacent C8-C9 and C5-C10 bonds
and the more distant C6-C7 bond, while the other two fused
ring C-C bonds decrease in length by almost the same amount.
These changes in bonding suggest that while the odd electron
enters a molecular orbital very similar to that in the parent PBQ
molecule, there is nevertheless a small contribution from the
fused ring (see Figure 2).
When considering that the fused ring has an effect on the

lowest unoccupied molecular orbital (LUMO) of the neutral
molecule which is, although small, greater than the effect of
two substituted methyl groups at the 2 and 3 positions, it is
natural to examine the effect of changing these methyl carbons
into members of a second fused ring, thus creating a larger
π-system. Therefore we include in Table 3 a comparison of
the calculated structures of 9,10-anthraquinone (AQ) and its

TABLE 2: Calculated Bond Distances (Å) and Bond Angles (deg) of the Radical Anions of 1,4-Naphthoquinone,
2-Methyl-1,4-naphthoquinone, and 2,3-Dimethyl-1,4-naphthoquinone

NQ•- 2NQ•- 23NQ•-

UHF85

6-31G
UHF

6-31G(d)
B3LYP
6-31G(d)

UHF85

6-31G
UHF

6-31G(d)
B3LYP
6-31G(d)

UHF
6-31G(d)

B3LYP
6-31G(d)

C1dOa 1.276 1.241 1.264 1.278 1.244 1.266 1.242 1.265
C4dO 1.276 1.241 1.263 1.275 1.240 1.263 1.242 1.265
C2-C3 1.371 1.372 1.381 1.373 1.375 1.385 1.381 1.392
C9-C10 1.406 1.402 1.423 1.405 1.400 1.421 1.397 1.420
C6-C7 1.405 1.404 1.410 1.406 1.404 1.410 1.405 1.411
C1-C2 1.418 1.424 1.440 1.426 1.431 1.450 1.434 1.451
C3-C4 1.418 1.424 1.440 1.420 1.423 1.437 1.434 1.451
C1-C9 1.463 1.475 1.478 1.459 1.474 1.475 1.469 1.471
C4-C10 1.463 1.475 1.478 1.460 1.473 1.477 1.469 1.471
C8-C9 1.407 1.406 1.409 1.409 1.407 1.410 1.408 1.410
C5-C10 1.407 1.406 1.409 1.408 1.406 1.409 1.408 1.410
C5-C6 1.372 1.370 1.385 1.371 1.369 1.386 1.369 1.385
C7-C8 1.372 1.370 1.385 1.371 1.370 1.386 1.369 1.385

O-C1-C2 123.5 123.5 123.5 122.9 123.3 122.8
O-C4-C3 123.5 123.5 123.5 123.1 123.3 122.8
C2-C1-C9 115.3 115.1 116.1 116.0 116.4 116.3
C3-C4-C10 115.3 115.1 115.3 115.2 116.4 116.3
C1-C2-C3 123.3 123.4 121.5 121.4 122.4 122.4
C4-C3-C2 123.3 123.4 124.6 124.7 122.4 122.4
C1-C9-C8 119.5 119.5 119.3 119.4 119.6 119.7
C4-C10-C5 119.5 119.5 119.8 119.8 119.6 119.7
C1-C9-C10 121.4 121.5 121.7 121.7 121.2 121.2
C4-C10-C9 121.4 121.5 120.9 121.0 121.2 121.2
C7-C8-C9 121.0 121.1 120.9 121.1 120.9 121.0
C6-C5-C10 121.0 121.1 120.9 121.0 120.9 121.0
C5-C6-C7 119.9 119.9 119.8 119.8 119.9 119.9
C8-C7-C6 119.9 119.9 120.0 119.9 119.9 119.9

a Atom numbering is consistent with Figure 1.
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associated radical anion (AQ•-) with experiment. Here, B3LYP
does an excellent job of reproducing bond distances and angles
of the neutral, gas-phase molecule, with average absolute
deviations of 0.003 Å and 0.4°, respectively, compared to the
deviations in the UHF calculations of 0.011 Å and 0.3°. The
structures of both the neutral and radical anion show excellent
agreement with the analogous parameters of 23NQ, as do the
trends in bonding changes upon one-electron reduction. Previ-
ous calculations by Ball109 on AQ using the gradient-corrected
pure density functional method BLYP (see Table 3) gave
substantially poorer agreement with experiment than did B3LYP.
BLYP overestimated the CdO bond lengths in particular by
more than 0.02 Å, which is similar to the 0.019 Å overestimation
of CdO bonds by the BP86 method in NQ.84 These results
indicate that hybrid HF/DF methods such as B3LYP are more
reliable than gradient-corrected pure density functional methods
such as BP86 and BLYP for predicting the structures of
quinones.

Because of the relatively slight changes in geometry when
substituting one or two methyl groups or a fused ring, it is
interesting to consider whether or not the similarities carry over
to the other properties of the molecules. Therefore, we next
discuss the calculated electron affinities of NQ, 2NQ, 23NQ,
and AQ and compare these with the electron affinities of other
quinones predicted previously. We will also discuss the spin
properties of the radical anions of each of the molecules, as
well as their harmonic vibrational frequencies.
2.2. Electron Affinities. Despite the importance of quinones

as electron acceptors, relatively few of the electron affinities of
the larger quinones have been determined experimentally.
Attempts to predict the electron affinities of quinones with
molecular orbital based HF methods have proven unsuccess-
ful.95,110 We have shown previously that the B3LYP method
used with a reasonably large 6-311G(3d,p) or 6-311G(d,p) basis
set can reliably predict the electron affinities of a variety of
methylated and halogenated quinones to within about 0.05 eV.95

Because the results with the 6-311G(d,p) basis set were nearly
identical to those found using the larger 6-311G(3d,p) basis,
the B3LYP/6-311G(d,p) method has been used to predict
electron affinities of all three of the most biologically important
quinones: plastoquinone,59 ubiquinone,55,99and menaquinone.56

None of these three electron affinities have been determined
experimentally; however, those of some smaller, related quino-
nes have been measured,111-113 and we present in Table 4 a
comparison of the calculated electron affinities of some of the
fused-ring quinones with experiment.

TABLE 3: Calculated and Experimental Bond Distances (Å) and Bond Angles (deg) of 9,10-Anthraquinone and Its Radical
Anion

AQ AQ•-

expt70

gas phase
expt67

X-ray
UHF

6-31G(d)
BLYP109

6-31G(d)
B3LYP
6-31G(d)

UHF
6-31G(d)

B3LYP
6-31G(d)

C9dOa 1.220 1.15 1.197 1.242 1.226 1.239 1.260
C9-C11 1.499 1.50 1.493 1.501 1.492 1.454 1.465
C11-C1 1.400 1.39 1.389 1.411 1.400 1.415 1.414
C1-C2 1.400 1.39 1.382 1.402 1.392 1.363 1.382
C2-C3 1.400 1.385 1.388 1.411 1.400 1.413 1.415
C11-C12 1.400 1.395 1.393 1.421 1.408 1.409 1.427
C1-H 1.087 1.072 1.092 1.085 1.074 1.086
C2-H 1.087 1.075 1.094 1.086 1.078 1.089
avg dev from gas-phase expt 0.011 0.010 0.003

O-C9-C11 121.3 121 121.2 121.3 121.3 122.0 122.0
C11-C9-C14 117.4 117.5 117.7 117.5 117.5 116.0 116.0
C9-C11-C12 121.3 120 121.2 121.3 122.0 122.0
C1-C11-C12 120.1 120 119.9 119.7 119.7 118.9 122.0
C11-C1-C2 119.8 120.5 120.0 120.2 120.2 121.2 121.3
C1-C2-C3 119.8 120.8 120.2 120.1 120.0 119.9
C11-C1-H 120.1 118.9 118.3 117.6 117.0
C1-C2-H 120.1 119.9 119.9 119.9 120.2 120.2
avg dev from gas-phase expt 0.3 0.4

a Atom numbering is consistent with Figure 1.

Figure 2. The LUMO of 1,4-naphthoquinone. The solid and dashed
lines represent orbital lobes of opposite sign.

TABLE 4: Calculated (B3LYP/6-311G(d,p)) and
Experimental Electron Affinities of Various Fused-Ring
Quinones

calc EA (eV)a

molecule opt sgl pt
exptl EA111,113

(eV)

9,10-anthraquinone 1.56 1.55 1.59
2,3-dimethyl-1,4-naphthoquinone 1.63 1.63
menaquinone-145 1.68
2-methyl-1,4-naphthoquinone 1.69 1.66 1.67-1.74
1,4-naphthoquinone 1.75 1.75 1.73-1.81

a The first column of calculated electron affinities was obtained by
fully optimizing each geometry with the 6-311G(d,p) basis set, while
the second column was obtained by performing a single-point calcula-
tion with the larger basis on the optimized geometries from a 6-31G(d)
calculation.
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We tried two methods of predicting the electron affinities,
described in detail in the Appendix. The first method involves
a full optimization of both the neutral species and its radical
anion at the B3LYP/6-311G(d,p) level (see the column labeled
“opt.” in Table 4). The second method, tested for computational
efficiency, involved only single-point calculations at the B3LYP/
6-311G(d,p) level on optimized structures from B3LYP/6-31G-
(d) calculations (column labeled “sgl. pt.” in Table 4). In two
cases, NQ and 23NQ, the electron affinity was unchanged from
one method to another. In the other two cases, AQ and 2NQ,
the electron affinity decreased by 0.01 and 0.03 eV, respectively,
and in both cases moved away from experimental values.
Table 4 shows that the trend found previously of decreasing

electron affinity with increased methyl substitution on the
quinone is also displayed in the fused-ring quinones. Adding
a fused ring to PBQ (with a calculated electron affinity of 1.85
eV95) to form NQ reduces the electron affinity to 1.75 eV, and
adding another fused ring to form AQ decreases the electron
affinity by a further 0.2 eV to 1.56 eV. This reflects the trend
found in the experimental numbers. What is perhaps unusual
is that the calculated electron affinity of MQ-1 (1.68 eV) is
only 0.01 eV lower than that of 2NQ (1.69 eV) and 0.05 eV
higher than the predicted value of 1.63 eV for 23NQ. While
the calculated electron affinities of 2NQ, MQ, and 23NQ are
essentially equal within the error of the calculation (0.05 eV),
we note that our previous study found that a change of the
isoprenoid chain-terminal methyl groups on MQ-1 into hydro-
gens for computational efficiency actually raised the electron
affinity to 1.73eV. These differences seem to imply that al-
though the isoprenoid chain has the same structural effect on
the ring as a methyl group (as discussed previously in section
2.1), its electronic effect is different, perhaps owing to some
long-range “communication” between the double bond in the
chain with the ring system. Considering that most naturally
occurring forms of menaquinone have four or nine isoprenoid
chain units and that the conformations of substituents may play
a role in determining the electron affinity,114 it may be interesting
to explore the effects of lengthening the chain on the electron
affinity.

2.3. Spin Properties. It is possible to study the electron
transfer to a quinone and its hydrogen bonding environmentin
ViVo for biological systems such as the photosynthetic reaction
center using electron paramagnetic resonance experiments. Such
studies have been performed to investigate the environment of
both QA and QB in the photosynthetic reaction center of
Rhodobacter sphaeroidesand photosystem II. The information
gathered in these studies provides important information on the
orientation and close contacts of the quinone radicals.
In order to interpret these experiments, it would be helpful

to have information on the free molecule as a basis for
comparison to accurately determine the effects of the protein
environment. We present calculated spin density distributions
and isotropic hyperfine coupling constants (hfccs) for the heavy
atoms and protons of NQ•-, 2NQ•-, and 23NQ•- (Table 5) as
well as those determined for AQ•- (Table 6). These properties
were determined using the B3LYP method and, where possible,
three basis sets. The smaller 6-31G(d) basis set has been shown
to give reasonable agreement with experiment when used with
the B3LYP method.57,103-105,115 In addition, we also employed
a basis set developed by Chipman116,117designed specifically
to reproduce spin properties in higher level calculations. This
basis set, denoted [632|41], includes more diffuse and polariza-
tion functions on heavy atoms, as well as a tighter s-function

TABLE 5: Spin Densities and Hyperfine Coupling Constants (in Gauss) Determined for the Radical Anions of
1,4-Naphthoquinone, 2-Methyl-1,4-naphthoquinone, and 2,3-Dimethyl-1,4-naphthoquinone Using the B3LYP Method and a
Variety of Basis Sets

NQ•- 2NQ•- 23NQ•-

6-31G(d) 6-311G(d,p) [632|41] 6-31G(d) 6-311G(d,p) [632|41] 6-31G(d) 6-311G(d,p)
spin hfcc spin hfcc spin hfcc spin hfcc spin hfcc spin hfcc spin hfcc spin hfcc

O1a 0.26 -8.3 0.25 -5.3 0.24 -6.9 0.25 -8.4 0.25 -5.4 0.24 -6.6 0.26 -8.4 0.25 -5.3
O4 0.26 -8.3 0.25 -5.3 0.24 -6.9 0.25 -8.1 0.24 -5.1 0.23 -6.7 0.26 -8.4 0.25 -5.3
C1 0.07 -0.4 0.07 -3.6 0.09 -2.6 0.08 -1.0 0.08 -3.1 0.08 -2.0 0.08 0.5 0.07 -3.0
C2 0.12 2.9 0.12 -0.2 0.11 0.6 0.10 4.0 0.11 0.0 0.11 0.8 0.10 2.5 0.11-0.2
C3 0.12 2.9 0.12 -0.2 0.11 0.6 0.11 2.8 0.12-0.4 0.11 0.1 0.10 2.5 0.11-0.2
C4 0.07 -0.4 0.07 -3.6 0.09 -2.6 0.06 -0.3 0.06 -3.6 0.10 -2.8 0.08 0.5 0.07 -3.0
C5 -0.01 -0.9 0.00 -1.1 0.00 -1.1 -0.01 -0.8 -0.01 -1.3 -0.01 -1.3 0.00 -0.9 0.00 -1.2
C6 0.03 0.9 0.03 0.3 0.02 0.4 0.03 0.7 0.03 0.5 0.03 0.7 0.03 0.9 0.03 0.3
C7 0.03 0.9 0.03 0.3 0.02 0.4 0.02 0.9 0.02 0.1 0.02 0.2 0.03 0.9 0.03 0.3
C8 -0.01 -0.9 0.00 -1.1 0.00 -1.1 0.00 -1.0 0.00 -0.9 0.00 -1.0 0.00 -0.9 0.00 -1.2
C9 0.05 0.5 0.05 -1.0 0.04 -0.7 0.04 0.5 0.04 -1.3 0.04 -1.0 0.05 0.5 0.05 -1.0
C10 0.05 0.5 0.05 -1.0 0.04 -0.7 0.06 0.3 0.06 -0.7 0.05 -0.3 0.05 0.5 0.05 -1.0
H2 -0.01 -3.3 -0.01 -3.0 -0.01 -2.9
H3 -0.01 -3.3 -0.01 -3.0 -0.01 -2.9 -0.01 -3.3 -0.01 -2.9 -0.01 -2.6
H5 0.00 -0.1 0.00 0.0 0.00 -0.1 0.00 -0.1 0.00 0.1 0.00 0.0 0.00-0.1 0.00 -0.1
H6 0.00 -0.8 0.00 -0.7 0.00 -0.7 0.00 -0.7 0.00 -0.8 0.00 -0.9 0.00 -0.8 0.00 -0.7
H7 0.00 -0.8 0.00 -0.7 0.00 -0.7 0.00 -0.8 0.00 -0.6 0.00 -0.6 0.00 -0.8 0.00 -0.7
H8 0.00 -0.1 0.00 0.0 0.00 -0.1 0.00 0.0 0.00 -0.2 0.00 -0.2 0.00 -0.1 0.00 -0.1
C2(Me2) -0.01 -2.1 -0.01 -1.9 -0.01 -1.7 -0.01 -1.52 -0.01 -1.7
C3(Me3) -0.01 -1.52 -0.01 -1.7
H(Me2 avg) 0.00 2.3 0.00 2.3 0.00 2.1 0.00 2.3 0.00 2.5
H(Me3 avg) 0.00 2.3 0.00 2.5

a Atom numbering is consistent with Figure 1.

TABLE 6: Spin Densities and Hyperfine Coupling
Constants (in Gauss) Determined for the Radical Anion of
9,10-Anthraquinone Using the B3LYP Method and Two
Basis Sets

AQ•-

6-31G(d) 6-311G(d,p)
spin hfcc spin hfcc

O9a 0.23 -7.5 0.22 -4.8
C1 -0.01 -1.2 -0.01 -1.5
C2 0.04 1.4 0.04 0.4
C9 0.08 0.8 0.07 -2.6
C11 0.07 0.3 0.07 -0.7
H1 0.00 0.0 0.00 0.0
H2 0.00 -1.1 0.00 -1.0

a Atom numbering is consistent with Figure 1.
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on hydrogens. The hfccs are proportional to the spin density
at the nucleus, and calculating them accurately may provide a
more stringent test of the methods than spin densities derived
from population analysis.
Experiments on NQ•- in various solvents27,118,119have given

magnitudes of the H2 and H3 hfccs which range from 3.22 to
3.32, in excellent agreement with our calculated values of 2.9-
3.3. For the H6 and H7 protons, our calculations predict hfcc
magnitudes of 0.7-0.8, which is in reasonable agreement with
the experimental range 0.57-0.655. The H5 and H8 protons
show the smallest hfcc magnitudes, with experimental values
ranging from 0.26 to 0.57, as compared to our calculated
magnitudes of 0.1. The experimental ordering of H2. H6 >
H8 is thus correctly reproduced by our calculations. Good
agreement between experiment27,118,119 and theory was also
found for 23NQ•- and MQ•-.56 In the case of the asymmetri-
cally substituted 2NQ•-, the results are more ambiguous since
the experimental magnitudes of the H5, H6, H7, and H8 proton
hfccs were found to be equal in some solvents. We are aware
of no experimentally determined hfccs for the heavy atoms of
these menaquinone analogues. Our calculations are also in
agreement with previous experimental results that substitution
of alkyl groups has little effect on the spin density distribution.118

The results presented here also demonstrate significant differ-
ences in the hfccs obtained with the smaller 6-31G(d) basis set
versus those obtained with the two larger basis sets.
For the radical anion of 9,10-anthraquinone, AQ•-, Table 6

gives a list of the spin densities and hfccs determined with the
B3LYP method and the 6-31G(d) and 6-311G(d,p) basis sets.
Here, as in the cases discussed earlier, basis set size has little
effect on spin densities but a marked effect on the magnitudes
and signs of the hfccs. The17O hfcc calculated with the 6-31G-
(d) basis set (-7.5 G) shows better agreement with the
experimental value of 7.53 G120 than does that calculated with
the larger 6-311G(d,p) basis set (-4.8 G). Experimental
values121-126 of the proton hfcc at the 1 position range from
0.35 to 0.550 G, while those of the 2 position range from 0.93
to 0.97 G. Here, our calculated hfccs reproduce only the relative
ordering of the proton hfccs: the magnitude of the calculated
hfcc for the 2 position (-1.1) agrees well with the experimental
values, but the B3LYP method predicts a hfcc of 0.0 G for the
1 position. Other theoretical methods have been used to
determine hfccs for AQ•-, but without greater success.127 To
our knowledge, there are no13C hfccs available for AQ•-.
From the data in Table 5, it is clear that spin density shows

little basis set dependence. Indeed, even the replacement of a
hydrogen with a methyl group has little effect on spin distribu-
tion, which is not surprising since the odd electron is entering
aπ-type molecular orbital. Hyperfine coupling constants show
a much larger dependence on the choice of basis set. Values
of the oxygen coupling constant are consistently about 20%
smaller in magnitude when using the Chipman basis instead of
the 6-31G(d) basis and smaller still using the 6-311G(d,p) basis.
It is possible that adding diffuse functions delocalizes too much
of the spin away from the nucleus.100 The hfccs of the C1 and
C4 carbons each increase in magnitude with the larger [632|41]
basis, but keep the same sign, while the 6-311G(d,p) basis set
gives a greater increase in magnitude. The C2 and C3 carbons’
hfccs tend to decrease in magnitude, changing sign for the
6-311G(d,p) basis, while the C9 and C10 carbons, shared by
both the quinonoidal and fused rings, tend to remain at about
the same magnitude but change sign with both of the larger
basis sets. The C5, C6, C7, and C8 carbons of the fused ring
show only a slight change with the larger basis set, as do the
ring and methyl protons. We have been unable to complete a

successful calculation using the [632|41] basis set for either
23NQ•- and AQ•-, but we are currently exploring possible
alternatives. It should be noted that the spin contamination
(which may be an indicator of the accuracy of the calculation)
of the wave functions used to determine the spin properties of
the semiquinones, including anthraquinone, were quite low, with
〈s2〉 at about 0.76 before spin annihilation128,129and exactly 0.75,
the expected analytical value, after.
2.4. Vibrational Frequencies. A complete listing of the

vibrational modes and assignments determined with the B3LYP/
6-31G(d) method for NQ and its radical anion is given in Table
7, along with the most complete previous experimental and
theoretical assignments. For 2NQ, 23NQ, and AQ, only the
modes in the spectroscopically important region 1800-1550
cm-1 determined with the B3LYP/6-31G(d) method are listed
in Table 8 along with available experimental data. A complete
list of modes and assignments for each molecule and its radical
anion determined using both the B3LYP/6-31G(d) and UHF/
6-31G(d) methods, may be found in the Supporting Information.
2.4.1. Neutral NQ. For the neutral molecule NQ, we found

all six C-H stretching modes from 3200 to 3226 cm-1. The
previous experimental studies found these modes in the range
3020-3085 cm-1, indicating that the frequencies predicted with
the HF/DF method are about 5% too high. UHF/6-31G(d) C-H
stretching frequencies (after scaling by 0.8929) are found
between 2999 and 3037 cm-1. The B3LYP ordering of the
vibrations in this region agrees exactly with that determined by
Nonella84 using the gradient-corrected pure DF BP86/6-31G-
(d,p) method, and is very similar to that found experimentally
by Singh,75 except that the two highest modes appear to be
reversed. Pecile71 also found an ordering of the two highest
C-H stretching modes similar to that of Nonella, but also
assigned the lowest a1 mode and next-to-lowest b2 mode in a
reversed order. Of the C-H stretching modes identified by
Girlando,74 four were uncertain.
In the region 1550-1800 cm-1, we identify six fundamental

vibrations of the neutral molecule: two CdO stretches at 1757
and 1752 cm-1 and three C-C stretches at 1679, 1649, and
1629 cm-1 (see Figure 3). Of the CdO stretches, the B3LYP
method predicts that the b2 mode (antisymmetric stretch) is the
higher frequency mode, with the a1 mode (symmetric stretch)
only 5 cm-1 lower. This ordering is in agreement with the
experimental work of Girlando, Pecile, and Balakrishnan,85 as
well as the theoretical assignments by Nonella. The theoretical
assignments of Balakrishnan using the HF/6-31G method show
the same ordering, with a much larger difference between the
frequencies (1712 cm-1 for the a1 mode, and 1681 cm-1 for
the b2 mode). Using the UHF/6-31G(d) method (Supporting
Information, Table 1S), we find that these two modes are
reversed with respect to experiment, with the symmetric stretch
at 1783 cm-1, and the antisymmetric stretch at 1769 cm-1. Singh
observed modes at 1678 cm-1 and 1663 cm-1 but assigned them
to a Fermi resonance doublet, while Brown76 found vibrational
modes at 1674 and 1663 cm-1, but was uncertain whether or
not these were true fundamentals, the result of a Fermi
resonance, or some intermolecular interaction.
With respect to the three C-C stretching modes of the neutral

molecule in the range 1550-1800 cm-1, both the B3LYP and
UHF methods predict the C2dC3 stretch to be highest in
frequency, at 1679 and 1646 cm-1 respectively. Girlando,
Pecile, and Singh identified this mode at 1607, 1605, and 1588
cm-1, respectively, while Balakrishnan did not assign this mode
experimentally. Nonella’s density functional study found the
C2dC3 stretching mode at 1614 cm-1. The last two C-C
stretches of NQ in this frequency range are localized primarily
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on the fused ring (see Figure 3), with the b2 mode (1649 cm-1)
higher than the a1 mode (1629 cm-1) according to the B3LYP
method and the HF method (at 1603 and 1582 cm-1, respec-
tively). This is in excellent agreement with previous experi-
mental and theoretical studies. As with the C-H stretching
modes, the fundamental vibrations in the range 1550-1800
cm-1 predicted by the B3LYP/6-31G(d) method are about 5%
too high relative to experiment.
The vibrational spectra below 1550 cm-1 and above 1000

cm-1 consist primarily of C-H in-plane bending modes but
also include three modes which are predominantly C-C
stretches as well as one C-C-C bending mode. The ordering
of the modes in this region as predicted by the B3LYP/6-31G-
(d) method agrees well with the previous experimental assign-
ments with a few exceptions. The a1 symmetry C-C stretch
identified at 1329 cm-1 is higher than the b2 C-H bending mode
at 1316 cm-1. While this is in agreement with Nonella and
Singh, it is reversed in relation to the assignments of Pecile,
and Girlando found these two modes at the same frequency.
Also, the a1 C-H bend and b2 C-C-C bend predicted at 1078

and 1077 cm-1 appear to be reversed with respect to the
experimental assignments of Girlando and Pecile but are in
agreement with the work of Singh, while Nonella predicts them
to be found at the same frequency. Pecile assigned the modes
at 1233 and 1160 cm-1 to a1 and b2 C-H bends, respectively,
while all other experimental and theoretical results give reversed
assignments, indicating the possibility that these modes were
originally misassigned. Nonella, using a gradient-corrected pure
density functional method, assigned the modes at 1373 and 1350
cm-1 to an a1 C-C stretch and a b2 C-H bend, respectively,
which is in disagreement with our results and the results of all
previous experiments. Frequencies in this region are overes-
timated by the HF/DF method by 3-5% relative to experi-
ment.
Modes with frequencies less than 1000 cm-1 are primarily

out-of-plane modes, and there are fewer experimental assign-
ments with which to compare our calculated frequencies. All
modes within this range are correctly ordered by the B3LYP/
6-31G(d) method with respect to the assignments of Girlando
and are ordered similarly to those of Nonella except in two cases.

TABLE 7: A Comparison of Unscaled B3LYP/6-31G(d) Vibrational Frequencies of 1,4-Naphthoquinone (NQ) and Its Radical
Anion (in Parentheses) with the Most Complete Previous Experimental and Theoretical Assignments

mode symmetry
and description

B3LYP
NQ (NQ•-)

Nonella84

BP86/6-31G(d,p)
Balakrishnan85

expt
Girlando74

expt
Pecile71

expt
Singh75

expt

a1 C-H str 3226 (3200) 3139 3076 3073 3072
b2 C-H str 3224 (3197) 3136 3076 3079 3085
a1 C-H str 3218 (3167) 3130 3076 3059 3062
a1 C-H str 3208 (3161) 3125 3059 3030 3037?
b2 C-H str 3200 (3144) 3112 3076 3063 3020
b2 C-H str 3193 (3140) 3111 3059 3030? 2970
b2 CdO asym str 1757 (1577) 1675 1667 (1515) 1672 1675 1678
a1 CdO sym str 1752 (1655) 1665 1660 (1441) 1662 1663 1663
a1 C2-C3 str 1679 (1523) 1614 (1603) 1607 1605 1588
b2C-C str 1649 (1653) 1591 1599 1600 1590 1605
a1C-C str 1629 (1577) 1573 (1537) 1566 1573 1565
a1 C-H bend 1521 (1485) 1462 1445 1460 1467 1453
b2 C-H bend 1500 (1484) 1446 1407 1432 1456 1380
b2 C-H bend 1403 (1433) 1350 1357 (1327) 1370 1378 1335
a1C-C str 1379 (1372) 1373 1323 1328 1330
a1C-C str 1329 (1251) 1288 1296 1292 1300
b2 C-H bend 1316 (1326) 1265 1296 1303 1235
b2 C-H bend 1260 (1248) 1213 1224 1160 1220
a1 C-H bend 1196 (1182) 1155 1157 1233 1150
a1 C-H bend 1172 (1150) 1126 1142 1147 1120
b2 C-H bend 1142 (1147) 1102 1116 1117
a1 C-H bend 1078 (1068) 1039 1053 1056 1050
b2C-C-C bend 1077 (1089) 1039 1087 1093 1018
a1 fused ring breathe 1043 (1040) 1012 1012 1021
a2 C-H wag 1028 (939) 983
a2 C-H wag 1015 (980) 970 998
b1 C-H wag 995 (965) 954 986 980
a2 C-H wag 924 (878) 886
b1 C-H wag 881 (838) 849 865 914
a2 quinone ring chair 810 (795) 780
b2C-C-C bend 794 (808) 769 774
b1 C-H wag 786 (772) 753 774 780
b2C-C-C bend 765 (768) 740 758
a1C-C-C bend 706 (714) 685 693 692 690
a2 fused ring chair 696 (669) 671
b1 quinone ring boat 614 (628) 590 611 563
b2 CdO asym bend 599 (603) 578 598 450
a1C-C-C bend 556 (562) 539 553 559 540
a2 fused ring deform 480 (485) 458 410
b2C-C-C bend 453 (468) 437 448 412
a1C-C-C bend 452 (464) 440 448 451
b1 fused ring boat 421 (434) 402 372 470
a1 CdO sym bend 375 (365) 360 368 370
a2 CdO chair wag 273 (349) 253 258
b2C-C-C bend 268 (269) 255 266 267
b1 butterfly tors 188 (201) 182
a2 ring-ring twist 128 (144) 121 202
b1 CdO boat wag 88 (117) 90 100 85
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The first case is the a2 CdO chair wag and the b2 C-C-C
bend, predicted by B3LYP to be at 273 and 268 cm-1,
respectively, while Nonella found the order reversed at 253 and
255 cm-1, respectively. The other disagreement is with the
ordering of the a1 and b2 C-C-C bends predicted by B3LYP
to be virtually identical at 453 and 452 cm-1, which disagrees
with the experimental ordering of Pecile and the theoretical
ordering of Nonella, but is consistent with the experimental work
of Girlando. The only conflict with the ordering of the modes
by Singh in this region is a b2 CdO bend predicted by B3LYP
at 599 cm-1 and the a1 C-C-C bend at 556 cm-1. Singh
assigned these modes in reverse order, which conflicts both with
our theoretical study as well as that of Nonella and with the
experimental results of Girlando. The overestimation of
frequencies in this range by the B3LYP/6-31G(d) method is
generally about 3%, which is lower than that found at higher
frequencies.
2.4.2. NQ•- Radical Anion. The vibrations of the radical

anions of naphthoquinone and its methylated derivatives have
been only partially investigated with experimental and theoreti-
cal methods. To our knowledge, we provide here the first full
vibrational analysis of NQ•-. Balakrishnan85 recently reported
several vibrational frequencies of NQ•- and assigned them based
on UHF calculations, and Clark73 reported CdO stretching
frequencies for both the radical anion and dianion of NQ.
Figure 3 is provided as a comparison of the atomic displace-

ments and total energy distributions of the vibrations in the
spectroscopically important range 1800-1550 cm-1. Three of
the assignments in this range are easy to make: the b2 CdO
antisymmetric stretch found at 1757 cm-1 in NQ shifts
downward to 1577 cm-1 in the radical anion, and the b2 and a1
fused-ring CdC stretches at 1649 and 1629 cm-1 in NQ shift
to 1653 and 1577 cm-1, respectively, in NQ•-. The two a1
modes at 1752 and 1679 cm-1 in NQ, however, are subject to
a large degree of mixing, and the assignments become more
difficult. When considering the total energy distributions only,
it may be preferable to match the NQ•- mode at 1523 cm-1,
which is predominantly the CdO stretch, with the NQ mode at
1752 cm-1. However, considering that the phase of the CdO
and C2dC3 stretching in the NQ•- mode at 1523 cm-1 is

reversed with respect to the neutral mode, they become a
questionable match. The radical anion mode at 1655 cm-1 has
the correct in-phase CdO and C2dC3 stretching to be a match
for the NQ mode at 1752 cm-1, but apparently has become
mixed to a significant degree with the a1 mode at 1577 cm-1.
Isotopic substitution of the oxygens (with18O) shifts the three
highest frequencies of the neutral molecule in this range
downward by 32, 25, and 10 cm-1, respectively, while shifting
the last two neutral modes in this range, at 1649 and 1629 cm-1,
downward by only 1 cm-1. The highest shift in the frequencies
of the radical anion in this range upon18O substitution occurs
for the mode at 1523 cm-1, which shifts downward by 19 cm-1.
The next largest shift is for the b2 mode at 1577 cm-1, which
shifts downward by 14 cm-1, followed by the mode at 1655
cm-1, which shifts downward by 6 cm-1. The other two modes
of NQ•- at 1653 cm-1 and the symmetric CdC stretch at 1577
cm-1, shift downward by 2 and 4 cm-1, respectively.
Although both the total energy distributions and isotopic

substitution data tend to support the reverse, we choose to match
the mode at 1655 cm-1 in the radical anion with the CdO
symmetric stretching mode at 1752 cm-1 in NQ and the NQ•-

mode at 1523 cm-1 with the C2dC3 stretching mode at 1679
cm-1 in the neutral molecule because of the agreement in
stretching phases. These assignments would suggest that the
modes determined experimentally by Balakrishnan at 1603 and
1441 cm-1 be reassigned to C2dC3 stretching and symmetric
CdO stretching, respectively. However, if one chooses to
dismiss the phase difference of the CdO and C2dC3 stretching
found in the a1 mode at 1523 cm-1 of NQ•- as an artifact of
the theoretical method, then the isotopic substitution and total
energy distribution calculations support the earlier assignments
of Balakrishnan. In either case, assignment of vibrational modes
in this region is difficult due to the high degree of mixing
between the CdC and CdO stretches, and experimentally the
spectrum is dominated by the very strong CdO stretching modes
with nearby modes appearing only as shoulders.
Our Hartree-Fock calculations (Table 1S in the Supporting

Information) using a 6-31G(d) basis set indicate that the b2 CdO
antisymmetric stretch in NQ•- (at 1509 cm-1) is lower than the
a1 CdO symmetric stretch (at 1622 cm-1). Next highest in

Figure 3. Atomic displacements and potential energy distributions of the five fundamental vibrational modes (determined with the B3LYP/6-
31G(d) method) of naphthoquinone (NQ, top row) in the range 1800-1550 cm-1 and the corresponding modes of naphthoquinone radical anion
(NQ•-, bottom row). Hydrogen displacements have been omitted for clarity, and only major displacements of heavy atoms are shown.
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frequency are the b2 and a1 CdC fused-ring stretches at 1614
and 1531 cm-1, respectively, with the C2dC3 stretch following
at 1461 cm-1. This is in agreement with the ordering described
earlier for the B3LYP/6-31G(d) method.
With respect to the other vibrational frequencies of NQ•-,

we find that, for the most part, the ordering is very similar to
that of NQ. The C-H stretching modes of NQ•-, although all
shifted downward by about 50 cm-1, are found in exactly the
same order as those of NQ. In the spectral region of 1000 to
1550 cm-1, which is dominated primarily by C-H in-plane
bending and C-C stretches, we find only two cases of mode
reordering upon reduction. The a1 C-C stretch and the b2 C-H
bend found at 1329 and 1316 cm-1 in neutral NQ reverse
position upon reduction and are found at 1251 and 1326 cm-1,
respectively. Also, the NQ a1 C-H bending mode at 1078 cm-1

and the C-C-C bend at 1077 cm-1 are predicted to be reversed
in ordering in NQ•- at 1068 and 1089 cm-1, respectively.
Below 1000 cm-1, several cases of reordering may be identified.
The largest frequency shifts in this region upon reduction are
found for the a2 CdO chair wag, which shifts upward 76 cm-1,
or 28%, with respect to NQ, and the b1 CdO boat wag, which
shifts upward by 29 cm-1, or 33%.
2.4.3. 2NQ, 23NQ, and Their Radical Anions.Because

of limited experimental data and previous theoretical studies
and because of the more extensive discussion of NQ and NQ•-

provided in previous sections of this report, we choose to limit
our discussion of the vibrational modes of 2NQ, 23NQ, and
their radical anions to the spectroscopically interesting region
of 1550 to 1800 cm-1. A complete description of all vibrational
modes for each species obtained with the B3LYP/6-31G(d) and
UHF/6-31G(d) methods may be found in the Supporting
Information.
2NQ and its radical anion have been the subject of several

experimental studies which focused especially on the CdO
stretching frequencies. Table 8 shows the frequencies and
assignments obtained in this work with the B3LYP method and
compares them to the previous theoretical and experimental
studies. Our calculations predict that the b2 CdO antisymmetric
stretch of 2NQ is slightly higher in frequency (by about 5 cm-1)

than the a1 CdO symmetric stretch. Of the experimental studies
by Baucher,87 Meyerson,77 and Brown,76 none assigned these
modes to “antisymmetric” or “symmetric” stretches, instead they
generally favored the interpretation that the CdO splitting was
the result of a Fermi resonance, or, in the case of Meyerson,
that the splitting was the result of independent fundamental
vibrations of either the proximal or distal (with respect to the
antisymmetric substitution) carbonyl groups. Our work, as well
as that of Balakrishnan, supports the notion that the carbonyl
splitting results from two nearly degenerate fundamental
vibrational modes, each involving both carbonyl groups vibrat-
ing either in-phase with each other (symmetric) or out-of-phase
(antisymmetric). Our work with the B3LYP/6-31G(d) method
and Balakrishnan’s theoretical work using the RHF/6-31G
method predict the antisymmetric CdO stretching mode to be
higher in frequency, while the UHF/6-31G(d) method predicts
the reverse.
As far as the overall ordering in this region of the spectrum

for 2NQ, our calculated vibrational frequencies agree with
experiment that the CdO stretching modes are highest, followed
by the C2dC3 stretching mode, followed by the CC fused-ring
stretching modes. This is the same calculated ordering as is
found experimentally for NQ. When compared to experiment,
the B3LYP/6-31G(d) modes are generally about 5% too high.
For the radical anion 2NQ•-, there is much less experimental

data. However, the data that are available (see Table 8) agrees
that upon a one-electron reduction, at least one of the carbonyl
stretching modes shifts downward by 9-10% to around 1505
cm-1. This shift downward by 10% is reproduced well by the
B3LYP/6-31G(d) (which, again, consistently overestimates
absolute frequencies by about 5%) and UHF/6-31G(d) methods
and less well (19%) by previous work85 using the RHF/6-31G
method.
As with NQ•- (see section 2.4.2), we assign the a1 CdO

stretching mode of 2NQ•- to a frequency of 1655 cm-1,
followed by the CC fused-ring stretches at 1649 and 1580 cm-1,
followed in turn by the C2dC3 stretch at 1549 cm-1. Unfor-
tunately, there is not enough experimental work available to
make a proper assessment of the B3LYP method for reproducing

TABLE 8: A Comparison of the Spectroscopically Important Vibrational Modes Calculated Using the B3LYP/6-31G(d)
Method for 2NQ, 23NQ, AQ, and Their Associated Radical Anions (in Parentheses) with Previous Experimentala and
Theoretical Assignments

2NQ (2-Methyl-1,4-naphthoquinone)

mode B3LYP RHF85 Balakrishnan85 expt Clark73 expt Baucher87 expt Meyerson77 expt Brown76 expt

b2 CdO asym str 1751 (1569) 1707 (1379) 1669 (1505) 1661 (1505) 1664 (1502) 1673.0 1674
a1 CdO sym str 1746 (1655) 1673 (1424) 1672 (1442) 1626 1665.5 1663
a1 C2-C3 str 1694 (1549) 1639 (1600) 1624 (1605) 1600 1596
b2 C-C arom str 1649 (1649) 1604 1599 (1539)
a1 C-C arom str 1632 (1580) 1581

23NQ (2,3-Dimethyl-1,4-naphthoquinone)

mode B3LYP Breton25 expt

b2 CdO asym str 1741 (1560) 1670
a1 CdO sym str 1735 (1639) 1662
a1 C2-C3 str 1674 (1542)
b2 C-C arom str 1649 (1649)
a1 C-C arom str 1633 (1570)

AQ (9,10-Anthraquinone)

mode B3LYP Clark73 expt Stenman81 expt Girlando74 expt Gastilovich82 expt Gribov86 expt Singh75 expt

b1u CdO asym str 1756 (1558) 1675 (1496) 1676 1681 1670
ag CdO sym str 1747 (1645) 1666 1673 1677 1675
b3g C2-C3 str 1650 (1642) 1592 1584 1625 1574 1625
b1u C-C 1646 (1655) 1593 1594 1585
ag C-C 1636 (1564) 1597 1603 1594 1595
b2u C-C 1625 (1579) 1582 1572

aWhere experimental studies did not explicitly assign modes, assignments are suggested here. For a more complete discussion, see the text.
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the vibrational modes of 2NQ•- in this region, so the modes
and assignments presented here represent predictions.
In the case of 23NQ and its radical anion 23NQ•-, there are

virtually no experimental studies on the vibrational modes with
which to compare our results. Breton25 assigned a mode at 1662
cm-1 in 23NQ to a CdO vibration and identified, but did not
assign, a shoulder at 1670 cm-1. Because such a shoulder is a
common feature of the CdO stretching frequencies, we suggest
the assignment of this frequency to the b2 CdO antisymmetric
stretching mode, and the mode at 1662 cm-1 to the symmetric
CdO stretch. The overall ordering of the modes of 23NQ and
23NQ•- are predicted to be very similar to NQ and NQ•-. The
UHF/6-31G(d) method again predicts the symmetric CdO
stretch of 23NQ to be higher in frequency than the antisym-
metric stretch, while both this method and the B3LYP/6-31G-
(d) method agree on the ordering of modes in the 1550-1800
cm-1 range.
2.4.4. AQ and AQ•-. A thorough discussion of the

vibrational modes of neutral AQ was recently reported by
Ball,109so only a brief comparison of that work using the BLYP
method with our results using the B3LYP method is given,
followed by a comparison of the neutral and radical anion
vibrations. A list of modes for both AQ and AQ•- in found in
the range 1550-1800 cm-1 is given in Table 8, and a complete
list of calculated vibrational modes and descriptions for both
the B3LYP and UHF methods may be found in the Supporting
Information (Tables 6S and 7S).
Our calculated vibrational frequency ordering agrees with that

of Ball with only two minor exceptions. First, we find that the
b1uC-C stretch (at 1193 cm-1) and the b2uC-H bend (at 1192
cm-1) are reversed with respect to the theoretical assignments
of Ball and the experimental assignments of Pecile130 but are
in agreement with the experimental ordering found by Gazis131

and Girlando.74 Second, we find the b3u C-H wag mode to be
higher in frequency (at 720 cm-1) than the ag C-C-C bending
mode (at 695 cm-1), whereas Ball predicts them to have
identical frequencies. In this case, our ordering agrees with the
experimental work of Lehmann.78 In both our work and Ball’s,
the ordering of the CdO stretches (with the antisymmetric
stretch slightly higher than the symmetric stretch) agrees with
the experimental work by Girlando and Lehmann but disagrees
with the assignments of Singh.75

To our knowledge, experimental and theoretical studies of
the radical anion AQ•- are extremely limited. Only Clark73

reports such information: a CdO stretching mode of AQ•- at
1496 cm-1. This 11% downward shift of the CdO vibration
upon reduction is consistent with the other quinones described
above, and the shift is accurately reproduced by our calculations,
although both the neutral and anion CdO vibrational frequencies
predicted with the B3LYP/6-31G(d) method are 5 and 4% too
high, respectively. Our theoretical assignments also predict that
the ag CdO stretching mode of AQ shifts downward upon
reduction, but only by 6%, coming very close to the b3g and
b1u C-C stretching modes at 1642 and 1655 cm-1 in AQ•-.
The ag and b2u modes found at 1636 and 1625 cm-1 in AQ are
predicted to shift downward by 4 and 3%, respectively, in the
radical anion AQ•-.

3. Conclusions

We have presented the first full comparison, either experi-
mental or theoretical, of the properties of 1,4-naphthoquinone
(NQ), 2-methyl-1,4-naphthoquinone (2NQ), 2,3-dimethyl-1,4-
naphthoquinone (23NQ), and 9,10-anthraquinone (AQ) and their
radical anions. We have demonstrated that the geometries of
the neutral molecules predicted with the B3LYP/6-31G(d) HF/

DF method are consistently closer to experiment than those
predicted using gradient-corrected pure density functional
methods such as BLYP or BP86. On the basis of this
knowledge, we offer predictions of the geometries of the radical
anions of each of the species under investigation. This work
also contains the first estimate of the electron affinity of 23NQ
(1.63 eV), and demonstrates that the B3LYP/6-311G(d,p)
method can reliably predict the electron affinities of other fused-
ring quinones with respect to experiment. Our results also
indicate that a full optimization at the B3LYP/6-311G(d,p) level
of theory provides slightly better electron affinities than single-
point calculations done at this level on B3LYP/6-31G(d)
optimized geometries.
We have also shown that the B3LYP method, when used in

combination with a 6-31G(d) basis set, can provide qualitatively
correct spin densities of the radical anions of fused-ring
quinones. When using the larger [632|41] and 6-311G(d,p)
basis sets, the spin densities change very little with respect to
the smaller basis sets, but the isotropic hyperfine coupling
constants, especially those of the heavy atoms, can change
substantially. Because of the lack of experimental data, our
results leave unanswered the question of whether or not a larger
basis set (such as 6-311G(d,p) or [632|41]) is necessary to obtain
reliable heavy atom hfccs, although recent work indicates that
large basis sets which are not augmented in the core region
actually give worse hfccs for semiquinones.100

Also, we provide the first complete analysis of the vibrational
spectra of the radical anions NQ•-, 2NQ•-, 23NQ•-, and AQ•-.
The B3LYP/6-31G(d) method has been demonstrated to provide
frequencies which are uniformly 4-5% too high with respect
to experimental data, in agreement with previous tests, but the
ordering of the frequencies is generally excellent. Where data
exists, the B3LYP/6-31G(d) method can accurately predict the
changes in the vibrational spectra of the fused ring quinones
upon one-electron reduction.
This work is reported to aid the interpretation of experimental

data, especially work in the photosynthetic reaction centers
involving the replacement of the native quinones with other
species. It is also useful in demonstrating the ability of the
HF/DF B3LYP method to predict a wide range of molecular
properties of quinones and their radical anions.
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Appendix: Computational Methods

All quantum calculations were performed using the Gauss-
ian94 quantum chemistry program package.132 All optimizations
were performed using Berny’s optimization algorithm133 in
redundant internal coordinates. For the hybrid Hartree-Fock/
density functional method, the three-parameter Becke3LYP
method was used. The hybrid methods incorporate a weighted
sum of Hartree-Fock, local density functional, and gradient-
corrected density functional exchange and correlational energies,
where the various weighting factors have been determined by
an empirical fit to experimental heats of formation.132,134 We
chose to use the Becke3LYP (or B3LYP) method instead of
the Becke3P86135method because of past successes with B3LYP
in reproducing the structures and vibrational frequencies of a
variety of quinones50 and semiquinones, as well as the adiabatic
electron affinities of neutral quinones95 and isotropic hyperfine
coupling constants of many semiquinones and other organic
π-radicals.103-105,115 The optimized geometries, force constants,
and partial atomic charges (determined with the CHELPG136

electrostatic potential fitting algorithm) have been used to
reproduce aqueous one-electron potentials of a variety of
methylated and halogenated quinones.96,137 To our knowledge,
no ab initio or density functional method has been used
successfully for determining such a wide range of molecular
properties. We also include the results and discussion of
unrestricted Hartree-Fock138 calculations for comparison.
All Hartree-Fock vibrational frequencies reported here were

determined with the UHF/6-31G(d) method and have been
scaled by 0.8929. For the B3LYP method, the frequencies
reported here arenot scaled. We have chosen this procedure
for two reasons. First, the scaling factor of 0.8929 for UHF/
6-31G(d) frequencies is widely accepted.139-143 Second, the
HF/DF methods are relatively new and have not been subjected
to the same extensive tests as have HF methods. Although a
recent study143 recommends a scaling factor of approximately
0.95 for B3LYP/6-31G(d) frequencies, other work suggests the
use of multiple scaling factors for different mode types.144,145

Because there is no general agreement on the degree of
systematic overestimation of vibrational frequencies by HF/DF
methods, we choose not to scale the frequencies reported here.
We do, however, report the average percent deviation from
experiment, where available, so that the reader may determine
for himself what scaling factor, if any, should be applied.
All frequencies were assigned using a combination of total

energy distributions,146 graphical animation, and atomic dis-
placement vector analysis. The total energy distributions were
performed using the GAMESS147quantum chemistry program,
using a set of internal coordinates consistent with the methodol-
ogy of Boatz and Gordon.148 Animation of the vibrational
modes was accomplished using the program XMOL.149 The
descriptions of the modes reported here only include the major
contributions.
Adiabatic electron affinities were determined using the

B3LYP/6-311G(d,p) method which has been shown to give
reliable electron affinities (to within 0.05 eV) for a variety of
quinones.95 This method has been used to predict electron
affinities for all three of the biologically most important
quinones: plastoquinone,59 ubiquinone,55,99and menaquinone.56

In all these previous studies, each molecule and its radical anion
were fully optimized using the B3LYP/6-311G(d,p) method,
and an electron affinity was determined by taking the difference
in total energy between each species and its respective radical
anion. We perform the same procedure here, but, because we
are also interested in determining the most computationally
efficient means of predicting electron affinities, we also include

the results of a second procedure. In this new procedure, the
optimized structures of each molecule and its radical anion were
taken from B3LYP/6-31G(d) method, and single-point calcula-
tions were performed on these geometries with the larger
6-311G(d,p) basis set. The results of both procedures in
determining electron affinities are presented here.
Spin densities and isotropic hyperfine coupling constants are

reported for each atom in NQ•-, 2NQ•-, 23NQ•-, and AQ•-.
They were determined using the B3LYP method and the 6-31G-
(d) and 6-311G(d,p) basis sets. Additionally, we also tested
the Chipman diffuse-plus-polarization basis set116,117 (also
known as the [632|41] basis), which was designed to reproduce
the spin properties in higher level calculations. With the
[632|41] basis set, we performed only single-point calculations
on the geometries obtained from the full optimizations using
the B3LYP/6-311G(d,p) method. We encountered some dif-
ficulty achieving SCF convergence, and for 23NQ•- and AQ•-

were unable to perform a successful calculation.
Spin densities were determined using the Mulliken population

analysis method, and are therefore only qualitatively correct.
However, it has been demonstrated that the agreement with
experimentally derived spin densities is reasonable for various
organic π-radicals. Isotropic hyperfine coupling constants,
which are dependent directly on the spin density value at the
atomic nucleus, were determined directly from the Fermi contact
terms, which are calculated by Gaussian94. The hfccs are
related to the Fermi contact term,F(N), by the following
equation150,151

whereao is the hfcc (in Gauss),g is the electronicg factor,â
is the electronic Bohr magneton, andgN and âN are the
analogous values for nucleus N. The terms in square brackets
can be reduced to a single factor (in units of Gauss) for each
type of nucleus: 1595 for1H, 401.0 for13C, and-216.2 for
17O.
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