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Semiquinones are of vital importance in a number of biological systems, where they act as mediators in
electron transport. In the present work we have employed hybrid and gradient-corrected density functional
methods to investigate theoretically the electronic and magnetic properties of 1,4-benzoquinone, its ethylated
counterpart, and a model plastoquinone. The structures are optimized at the B3LYP/6-311G(d,p) level, followed
by single-point B3LYP/6-311+G(2df,p) and PWP86/6-311G(2d,p) energy and hyperfine properties calculations.
Hydrogen bonding to the quinone and plastoquinone oxygens are modeled. Based on comparisons with
experimental ESR data, the results strongly support the presence of hydrogen-bonding moieties to both oxygens
of the quinone radical anion QA- in photosystem II. These hydrogen-bonding groups are shown to increase
the electron affinity of the quinones by ca. 0.6 eV and are hence of crucial importance for the functionality
of the entire photochemical process. As a final part of the paper, we outline briefly the energetics involved
in the electron-proton/H-atom transport in the quinone pool of the thylakoid membranes, linking photosystem
II to photosystem I.

Introduction

Quinones are known to play a major role in electron-transfer
reactions of photosynthesis and respiration and have been
detected in a large number of enzymes and proteins. The key
property of quinones is the capacity to act as electron acceptors,
caused by a substantial electron affinity. At the same time, the
proton affinity of the radical anion Q- is high, which, in
combination with an unusually low bond dissociation energy
of the hydroxy hydrogen in QH, allows it to function as a H+

+ e- f H atom transporter.
In photosystem II (PSII), two plastoquinones QA and QB act

as electron mediators between the light-oxidized chlorophyll
reaction center P680 and the plastoquinone pool (Q/QH2) of the
thylakoid membranes.1 The electrons delivered from water by
P680 are used by the Q/QH2 pool to carry protons across the
membrane to the cytochromeb6f complex. The photosynthetic
bacterial reaction center has analogies to PSII in the quinone
acceptor region, and for the bacterial system, we have detailed
crystallographic information.2-4 For PSII, however, a crystal
structure is lacking, and little is known about, for example, the
exact structural arrangements, bond distances in the various
functional groups, and presence or absence of hydrogen bonding.
Although some insight into these issues is beginning to emerge
(see below), model systems and theoretical modeling of the
constituent fragments of the protein system can play a crucial
role in increasing our understanding of the function and control
of quinones in photosynthetic processes and by extension, the
other systems in which these ubiquitous cofactors occur.
A great number of experimental studies of model semiquino-

nes have appeared in the literature.5-13 Detailed results have
been reported for the1H, 13C, and 17O hyperfine coupling
constants (hfcc), the effects of different solvents on the hyperfine
properties of the systems, the effects of different substituents,
and the occurence of hydrogen bonding to the quinone anion
radical in these model systems. Magnetic resonance techniques

have also served as invaluable tools to reveal detailed informa-
tion of the structures and functions of a number of enzymes
and proteins directly. Recently, Rigby et al.14 and Lubitz and
co-workers15 managed to obtain EPR and ENDOR measure-
ments of the hyperfine properties of the plastoquinone anion
radical QA- in PSII and of plastoquinone-9 anion model systems
(PQ-9) in frozen 2-propanol. In addition, Zheng and Dismukes
presented a comparison of the local rotational arrangement of
the semiquinones in purple bacteria and in PSII of higher plants
from an EPR study of theâ-proton hyperfine structures.16

Much of the previous theoretical work on quinones has
focused on comparisons of geometries and vibrational spectra
of neutral and anionic 1,4-benzoquinone,17-20 the electron-
transfer processes and redox potentials of model plasto-
quinones,21-23 the hyperfine splittings of quinone radical
anions,19,24,25 or the effects on the hyperfine structures of
different dielectric media.26 Some of the most recent studies
are those by Wheeler and co-workers18-20 and by O’Malley and
Collins25 on geometries, vibrational frequencies, and isotropic
hyperfine data of the anion radicals of 1,4-benzoquinone,
including effects of methylation and hydrogen bonding, and
different plastosemiquinone models.
We have recently initiated a series of detailed theoretical

studies of the functions of fundamental biophysical systems such
as the metallocenters in PSII, methyl monoxygenase (MMO),
and ribonucleotide reductase (RNR), and the reactions and
properties of amino acid radicals in PSII, RNR, cytochromec
peroxidase (CcP), and DNA photolyase.27-30 In this work,
gradient-corrected density functional theory (DFT) or hybrid
Hartree-Fock/DFT methods, such as PWP86 and B3LYP,
respectively, have been found to be highly suitable also for
studies of biophysical systems. We have here chosen to study
the structures, energetics, and properties of a large number of
1,4-benzoquinone model systems by means of gradient-corrected
and hybrid DFT methods by using basis sets of very high quality
(valence triple-zeta plus polarization) throughout.
The systems investigated are the neutral 1,4-benzoquinone

ground-state singlet and first excited state triplet (Q, Q†), the
radical anion (Q•-), the radical cation (Q•+), and the singly and
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doubly protonated anion radical (QH• and QH2•+). Hydrogen-
bonding water molecules are included in the studies of Q-, and
the effects of the hydrocarbon tail at the 3-position are
investigated for the systems denoted QEt-, QEt+, and QEtH.
We also investigate a QA- plastoquinone anion model (5-ethyl-
2,3-methyl-1,4-benzoquinone; psQ-) and the effects of hydrogen
bonding on its hyperfine properties. Finally, we describe the
energetics involved in the different stages of the electron-proton
transporting function of the quinone in thylakoid membranes.

Methods

All geometry optimizations, including those of the hydrogen-
bonded systems, and subsequent vibrational frequency calcula-
tions, were performed at the B3LYP/6-311G(d,p) level. These
were followed by single-point calculations of energies, spin
distributions, and hyperfine properties at the B3LYP/6-311+G-
(2df,p) and PWP86/6-311G(2d,p) levels. The B3LYP hybrid
density functional consists of a linear combination of Hartree-
Fock exchange with local and gradient-corrected DFT exhange
(S,31 B8832) and local and gradient-corrected DFT correlation
(VWN,33 LYP34). The exact relation between the different
contributions was determined by Becke (although originally
using a different gradient correction to the correlation than the
LYP functional), from a least-squares fit to atomization energies,
ionization potentials, and electron affinities for the G1 set of
molecules.35 The PWP86 functional, on the other hand, is a
pure DFT functional, with gradient corrections to the S-VWN
local density functional as developed by Perdew and Wang for
the exchange part36 and by Perdew to the correlation.37 The
B3LYP calculations were performed by using the Gaussian 94
program,38 whereas for the PWP86 calculations we used the
deMon code.39

The combination of the PWP86 DFT functional with the
6-311G(2d,p) basis set for the evaluation of radical hyperfine
properties was recently introduced,40 and found to be highly
appropriate. The accuracy in predictedR-proton hyperfine
coupling constants for a number of substituted phenoxyl and
benzyl radicals was within 95% of experiment, with a slightly
larger deviation for non-hydrogen substituents andâ-protons.40
From the single-point PWP86/6-311G(2d,p) hyperfine calcula-
tions, we obtain both the isotropic and anisotropic hyperfine
parts.
The hyperfine coupling constants (hfcc’s) result from mag-

netic interaction between the unpaired electron(s) of the radical
and the magnetic nuclei of the sample (here:1H, 13C, and17O).
The magnetic hyperfine tensor can be separated into two parts:
an isotropic (Fermi contact) component and a remaining
anisotropic part. The isotropic hfcc’s result from a direct contact
interaction and can be computed using the unpaired electron
density at the position of the nuclei:

wherege and âe are the electronicg-factor (usually taken as
the free electron value, 2.0023) and the Bohr magneton,
respectively,gN andâN are the corresponding nuclear terms,Sz
represents the total electron spin of the system ()1/2 for doublet
radicals), andFR-â(0) is the unpaired spin density at the nucleus
(r ) 0). For the anisotropic (dipolar) part, anij th component
can be obtained as

The integral expression is the quantum analogue of the classical
expression for interacting dipoles and gives an estimate of the
asymmetry of the spin distribution around each nucleus.
Comparing computed and measured hfcc’s for a number of
conformers, theory can be used to identify the nature and
geometry of the experimental system under study. The hyper-
fine structure also reveals valuable information on the presence
or absence of hydrogen bonding and the distribution of unpaired
spin in the system. Having found an appropriate theoretical
model that reproduces the experimental observations, this can
then be used to extract further information regarding, for
example, reaction energies, interaction with neighboring mol-
ecules/groups, and intramolecular charge distributions.

Results and Discussion
A. 1,4-Benzoquinones.Geometries, Energies, and Vibra-

tional Frequencies.In Tables 1 and 2 we present the B3LYP/
6-311G(d,p) optimized geometries of the quinones (Table 1)
and ethylquinones and plastoquinone (Table 2), respectively.
In Table 3 we summarize some of the fundamental energetics
of 1,4-benzoquinone and related systems. Figure 1 displays the
various quinone radicals, including the spin density distributions
from the PWP86/6-311G(2d,p)//B3LYP/6-311G(d,p) calcula-
tions (A-J) and the numbering scheme employed (K).
1,4-Benzoquinone (Q) displays two distinctive types of

carbon-carbon bonds. Those connecting to C1 and C4 (cf.
Figure 1) have more single bond character (R = 1.49 Å), and
the two intermediate bonds C2-C3 and C5-C6 display more
double-bond character (R= 1.34 Å). The C-O distances are
typical for carbon-oxygen double bonds of aldehydes and
ketones, 1.22 Å. The C-C(O)-C bond angles are slightly less
than 120°. The optimized parameters for Q agree well with
experimental data.41 Upon excitation to the lowest exited triplet
state, the CdO and CdC “double bonds” become elongated
and the C-C single bonds slightly shorter; all changes are within
(0.04 Å. The excitation energy is just above 2 eV.
The same types of geometric changes occur upon addition

of an electron to 1,4-benzoquinone. The electron affinity of Q
is rather high, 2.13 eV; after ZPE corrections, the electron

Aiso(N) ) 4π
3
geâegNâN〈Sz〉

-1FR-â (0)

Tij(N) )
1

2
geâegNâN〈Sz〉

-1 ∑
µ,ν

Pµ,ν
R-â〈φµ|rkN-5(rkN2 δi,j -

3rkN,irkN,j)|φν〉

TABLE 1: B3LYP/6-311G(d,p) Optimized Geometries (Å
and deg) for the 1,4-Benzoquinones Investigated in the
Present Study. Energies from Single-Point B3LYP/
6-311+G(2df,p) Calculations

system:
multipl.:

Qa

1
Q†

3
Q-

2
QH
2

c-QH2
+

2
t-QH2

+

2
Q+

2

C1-C2 1.486 1.456 1.452 1.411 1.426 1.424 1.512
C2-C3 1.339 1.352 1.369 1.372 1.367 1.365 1.321
C3-C4 1.486 1.456 1.452 1.453 1.426 1.428 1.512
C4-C5 1.486 1.456 1.452 1.454 1.427 1.424 1.512
C5-C6 1.339 1.352 1.369 1.369 1.362 1.365 1.321
C6-C1 1.486 1.456 1.452 1.413 1.427 1.428 1.512
C1-O1 1.218 1.250 1.262 1.352 1.317 1.316 1.198
C4-O4 1.218 1.250 1.262 1.249 1.317 1.316 1.198
O1-H1 0.962 0.970 0.970
O4-H4 0.970 0.970
C6-C1-C2 117.1 115.6 114.4 120.6 120.7 120.7 116.9
C1-C2-C3 121.5 122.2 122.8 120.5 119.6 119.5 121.6
C2-C3-C4 121.5 122.2 122.8 121.5 119.6 119.7 121.6
C3-C4-C5 117.1 115.6 114.4 116.2 120.7 120.7 116.9
C4-C5-C6 121.5 122.2 122.8 121.7 119.7 119.5 121.6
C5-C6-C1 121.5 122.2 122.8 119.9 119.7 119.7 121.6
H1-O1-C1 109.9 113.2 113.2
H4-O4-C4 113.2 113.2
H1-O1-C1-C2 0.0 0.0 0.0
H4-O4-C4-C3 0.0 180.0
∆E (kcal) 0.0b +47.1 -49.2 -379.3-601.7 -601.9 +227.7

a Exp. geometry: C1-O1 ) 1.225, C1-C2 ) 1.481, C2-C3 )
1.344, C6-C1-C2 ) 118.1.41 b Absolute energy for neutral Q:
-381.582963 au. All energies relative that of Q.
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affinity is adjusted to 2.04 eV (exp: 1.91 eV42). This can be
compared with, for example, 1.01 eV for nitrobenzene, 1.10
eV for phenyl, 1.70 eV for anilide, and 2.25 eV for phenoxyl.41

This implies a good ability of the system to act as an electron
sink (electron acceptor) in electron-transfer reactions. The
obtained geometry of Q- agrees closely with those reported in
previous B3LYP and ROHF calculations.18,25 For the quinone
cation radical, the geometric changes are opposite those of Q†

and Q-; that is, the bonds with double-bond character shorten,
whereas the C-C single bonds increase to 1.512 Å. The
ionization potential is nearly 10 eV, which is higher than
essentially all other substituted benzenes known.41,43

Adding a hydrogen to Q (or a proton to Q-) causes a
distortion of the symmetric structure. The fragment close to
the protonated oxygen displays the largest modifications to the
geometry, caused by the new single bond formed between C1
and O1. The C6-C1-C2 bond angle increases to ca. 120°.
The geometry of the unsubstituted fragment is highly similar
to that of Q-. Adding a proton to the second oxygen to form
QH2

+ causes the same type of local distortions around C4,
whereas the C2dC3 and C5dC6 double bonds remain similar
to those computed for Q-. There are very minor geometric
differences between the cis and trans forms of QH2

+; energeti-
cally the trans form is more stable by ca 0.2 kcal/mol. The
computed proton affinities (PA) of Q- and QH (forming QH
and QH2+, respectively) are 16.44 and 9.65 eV; again this is
unusually high for the first PA, whereas “normal” for the second.
Possibly this high PA is related to the fact that calculations are
performed in vacuum, neglecting possible solvent interactions.
The O-H bond dissociation energy in QH is 64.2 kcal/mol,
which is rather low. For water, the O-H bond dissociation
energy is 119.1 kcal/mol, in formic acid it is 105.9 kcal/mol, in
methanol 104.3 kcal/mol, and in phenol 86.5 kcal/mol.41

The vibrational frequencies (not listed) showed that all 1,4-
benzoquinones, including the neutral system, have a large
number of low-frequency modes. These correspond mainly to
ring bending and rocking motions. The intermediate band at
1500-1800 cm-1 includes the CdO stretching vibrations, and
the high-frequency modes (>3000 cm-1) arise from the C-H
stretches. All frequencies of the optimized structures are real,
indicating true minima on the potential surfaces, and agree with

previous theoretical calculations. For detailed analyses and
assignements of each mode we refer to, for example, refs 17-
19.
Ethylation (Table 2) cause the quinone molecules to distort

geometrically. The largest distortions occur in the C4-C5
bonds (ethyl group bonded to C5), which become elongated by
ca. 0.02 Å compared with the nonalkylated systems. In the
cation radical, QEt+, the changes to the CC double bonds are
the largest, and the two CdO bonds become unequal as a result
of the alkylation.
Hydrogen bonding causes local distortions at the CC(O)C

fragment involved in the bonding. Compared with the free 1,4-
benzoquinone anion radical, the H-bond causes an increase in
the C-C-C bond angle by ca. 1°, the C-C bonds shorten from
1.452 to ca. 1.446 Å, and the CdO bond increases by ca. 0.01
Å. In both the singly and the doubly hydrogen-bonded cases
the water molecule H-O fragments lie in the quinone ring plane,
whereas the hydrogen not involved in the H-bond points almost
perpendicular to the ring plane. The O1-H-O angle is 168°,
and the C1-O1-H angle 116°. The O1-H hydrogen bond
distance is 1.760 Å (single water) and 1.777 Å (two waters).
Again, the geometries of the H-bonding complexes are highly
similar to the B3LYP/6-31+G(d) geometries obtained by
O’Malley and Collins on Q-(MeOH)2.25 The H-bonding
distance is slightly longer in the present calculations, and the
C1-O1-H angle is ca. 10° smaller. The dissociation energy
of the first hydrogen bond to Q- is 12.6 kcal/mol, and the second
11.7 kcal/mol. The ZPE correction reduces the first hydrogen
bond by ca. 2.45 kcal/mol; a roughly equal amount can be
assumed also for the second one. Basis set superposition errors
(BSSEs) were not calculated.
The presence of the two hydrogen-bonding moieties are

furthermore of vital importance for the energetics. As can be
seen from Table 3, the two water molecules increase the electron
affinity of Q by more than 0.6 eV (ca. 14 kcal/mol), from 2.13
to 2.76 eV.
Spin and Charge Distributions.The spin density distributions

obtained from Mulliken population analyses are presented in
Figure 1. The spin populations are less than 0.01 (absolute

TABLE 2: B3LYP/6-311G(d,p) Optimized Geometries (Å
and deg) for the Three 5-Ethyl-1,4-benzoquinones and the
Plastoquinine Anion Model Investigated in the Present Work

QEt- QEtH QEt+ psQ-

C1-C2 1.449 1.409 1.503 1.460
C2-C3 1.370 1.371 1.326 1.379
C3-C4 1.446 1.450 1.501 1.459
C4-C5 1.464 1.470 1.533 1.458
C5-C6 1.373 1.374 1.338 1.369
C6-C1 1.453 1.411 1.504 1.447
C5-C7 1.512 1.505 1.500 1.513
C7-C8 1.529 1.528 1.523 1.530
C9-C2 1.508
C10-C3 1.509
C1-O1 1.262 1.354 1.202 1.264
C4-O4 1.264 1.249 1.198 1.266
O1-H1 0.964
C6-C1-C2 114.9 121.0 117.4 116.1
C1-C2-C3 122.1 119.4 121.0 121.2
C2-C3-C4 122.9 121.7 121.9 121.9
C3-C4-C5 115.7 117.3 116.8 116.9
C4-C5-C6 120.6 119.4 119.2 120.4
C5-C6-C1 123.8 121.1 122.1 123.5
C7-C5-C4 115.4 116.7 114.0 115.7
C8-C7-C5 116.5 116.4 116.3 116.3
H1-O1-C1 109.8
H1-O1-C1-C2 0.0

TABLE 3: Summary of Energetics of the 1,4-Benzoquinone
System. Calculations at B3LYP/6-311+G(2df,p)//
6-311G(d,p) Level

system energya ∆ZPE exp (eV)

Q ionization potential: 9.88 eV 2.27 kcal 10.04( 0.18b

electron affinity: 2.13 eV 1.14 kcal 1.91c

excitation energy: 2.04 eV
Q- (electron affinity: -3.28 eV)

proton affinity: 16.44 eV 8.11 kcal
strength, 1st H-bond: 12.63

kcal/mold
2.45 kcal

strength, 2nd H-bond: 11.74
kcal/mole

QH electron affinity: 1.84 eV
proton affinity: 9.65 eV 8.62 kcal
O-H bond strength: 64.2 kcal/mol 6.97 kcal

QH- proton affinity: 15.48 eV
O-H bond strength: 57.6 kcal/mol

QH2 ionization potential: 7.67 eV
O-H bond strength: 84.5 kcal/mol

psQ electron affinity: 1.85 eV
Q(H2O)2 electron affinity: 2.76 eV
psQ(H2O)2 electron affinity: 2.32 eVf

aWithout ZPE corrections.bReference 43.cReference 42.dOb-
tained as difference between full complex and Q•-H2O+ H2O at infinite
separation.eObtained as difference between full complex and Q- +
H2O at infinite separation.f Obtained at B3LYP/6-311G(d,p) level. At
this level, the EA of psQ is 1.65 eV, compared with 1.85 eV using the
larger basis set.
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values) on all the hydrogens and hence not included in Table
1. For the quinone anion radical, the main part of the unpaired
spin resides on the oxygens (0.252 on each), whereas the
remainder is more or less evenly distributed on the carbon atoms
(e0.1 on each carbon). The negative charge is localized to the
two oxygens (-0.49), whereas the charges on C1 and C4 are
+0.30 and-0.13 on each of the remaining four carbons. These
data, from the PWP86/6-311G(2d,p) calculations, differ some-
what from the B3LYP/6-311+G(2df,p) results. The latter
predict larger charges on the oxygens (-0.54) and also negative
charges on the C1/C4 carbons, ca.-0.18, whereas the remaining
carbons in this case carry a slight positive charge. The spin
distributions are however highly similar between the two
methods.
The presence of a singly hydrogen-bonding moiety distorts

the spin distribution such that less spin is found at the H-bonding

oxygen (O1) than at the oxygen not involved in the hydrogen
bonding (O4). The carbon spin distribution attains more of an
alternating character, with more spin on C1, C3, and C5 and
less on C2, C4, and C6. Adding a second water molecule, at
the O4 end, again makes the spin distribution symmetric. There
is slightly less spin on the oxygens, compared with the free
anion radical, and a more homogeneous distribution of spin on
the carbon atoms.

Ethylation casuses a small distortion to the spin and charge
distribution in the anion radical. The unpaired spin on O1/O4
is split from 0.252/0.252 to 0.255/0.239, and also the carbons
display a slightly distorted spin distribution. Part of the negative
charge is moved out to the ethyl tail, and the ring carbons attain
a more asymmetric charge distribution. For the cation radical,
the spin localization is even larger toward the oxygens (0.33

Figure 1. Schematic representations and computed total spin density distributions of the quinones investigated in the present work: (A) 1,4-
benzoquinone radical anion (Q-); (B) protonated Q- (QH); (C) doubly protonated Q- (QH2); (D) 1,4-benzoquinone radical cation; (E) 5-ethyl-
1,4-benzoquinone anion radical (QEt-); (F) singly protonated QEt- (QEtH); (G) Q- hydrogen bonded to a single water; (H) Q- hydrogen bonded
to two water molecules; (I) plastoquinone radical anion (psQ-); (J) psQ- hydrogen bonded to two water molecules; (K) atomic labeling used
throughout. Spin densities are from PWP86/6-311G(2d,p) calculations on B3LYP/6-311G(d,p) optimized geometries.
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on each), whereas the carbons have very little spin. The positive
charge is located on the C1/C4 carbons and the ring protons.
In the neutral (“protonated anion”) radical QH, the radical

character of the protonated oxygen (O1) is removed, and the
system thus resembles more the odd-alternant radical of phenol
in terms of its spin distribution. Starting from the C1 position,
the ring carbons hold alternatingly> 0.2 and< -0.1 unpaired
electrons, and the radical oxygen O4 holds ca. 0.34. Again,
ethylation distorts the picture slightly.
In the doubly protonated radical QH2+, finally, the majority

of the unpaired spin is localized to the C1/C4 carbons (ca. 0.22
on each) and in part to the oxygens. The doubly bonded carbons
hold very little unpaired spin. The pairwise symmetric distribu-
tion (C2/C5 0.05; C3/C6 0.08) is caused by the local cis/trans
influence of the OH protons. The PWP86 calculations predict
that the positive charge resides almost entirely at the C1/C4
positions (and some at the hydroxy protons), as in the case of
the ionized quinone, Q+. At the B3LYP level, more of the
positive charge is placed on the ring protons.
Hyperfine Structures.The key experimental techniques to

analyze the presence and nature of the quinones in biological
systems are based on electron spin resonance (ESR) and related
magnetic resonance techniques. We have therefore computed
the hyperfine coupling constants for a number of the different
quinone radicals investigated in the present work (Tables 4-6).
These are compared with available experimental data for model
quinone systems (Table 7), observed in a variety of solvents.
The theoretical data reported are from the PWP86/6-311G(2d,p)/
/B3LYP/6-311G(d,p) calculations. We also include data for the
quinone anion radical hydrogen bonded to water.
There have been several studies of the hyperfine properties

of free quinone anion radicals, their protonated counterparts,
and various alkylated species.6-13,44,45 Data are available for
the protons as well as for13C and17O enriched quinones, and
measurements have been made in a wide range of solvents and
frozen alcohol solutions. The solvent studies show a strong

dependence, in particular in13 C and17 O hyperfine structures,
on the dielectricity of the medium.6,11,13,45 Frozen alcohol
solution ESR and ENDOR studies8,9,12have shown the presence
of hydrogen bonding to the quinone oxygens (one per oxygen9),
located at normal H-bonding distances and with CdO-H bond
angles close to 180°.
For the fourR-protons in Q-, O’Malley and Babcock reported

the hf tensor-10.2, -3.9, -9.0 MHz, with an isotropic
component of-7.7 MHz (-2.7 G).12 This agrees well with

TABLE 4: Hyperfine Coupling Constants of the
1,4-Benzoquinone Anion, Cation, and Singly and Doubly
Protonated Anions (G): PWP86/6-311G(2d,p)//B3LYP/
6-311G(d,p) Calculations

atom Aiso Txx Tyy Tzz Aiso Txx Tyy Tzz

Q- Q+

C1 -3.7 -3.1 -1.8 4.9 -9.4 -3.8 0.3 3.4
C2 -0.1 -2.8 -2.7 5.6 21.8 -2.9 -2.4 5.4
C3 -0.1 -2.8 -2.7 5.6 21.8 -2.9 -2.4 5.4
C4 -3.7 -3.1 -1.8 4.9 -9.4 -3.8 0.3 3.4
C5 -0.1 -2.8 -2.7 5.6 21.8 -2.9 -2.4 5.4
C6 -0.1 -2.8 -2.7 5.6 21.8 -2.9 -2.4 5.4
O1 -8.2 -27.7 13.8 14.0 -8.7 -33.2 15.6 17.6
O4 -8.2 -27.7 13.8 14.0 -8.7 -33.2 15.6 17.6
H2 -2.5 -1.3 -0.8 2.1 18.1 -1.7 0.3 1.4
H3 -2.5 -1.3 -0.8 2.1 18.1 -1.7 0.3 1.4
H5 -2.5 -1.3 -0.8 2.1 18.1 -1.7 0.3 1.4
H6 -2.5 -1.3 -0.8 2.1 18.1 -1.7 0.3 1.4

QH t-QH2
+

C1 8.6 -8.9 -8.6 17.6 2.8 -7.5 -7.1 14.7
C2 -6.6 -2.0 0.7 1.3 -2.2 -1.7 -1.4 3.2
C3 6.0 -6.7 -6.4 13.1 -0.7 -2.9 -2.6 5.4
C4 -9.6 -0.9 -0.2 1.1 2.8 -7.5 -7.1 14.7
C5 4.8 -6.0 -5.7 11.7 -2.2 -1.7 -1.4 3.2
C6 -6.4 -2.1 0.9 1.3 -0.7 -2.9 -2.6 5.4
O1 -4.6 -13.2 6.4 6.8 -7.0 -20.5 10.0 10.5
O4 -10.3 -36.6 18.3 18.3 -7.0 -20.5 10.0 10.5
H2 0.8 -1.0 0.0 1.0 -1.7 -1.1 -0.9 2.0
H3 -5.9 -3.0 -0.8 3.7 -2.6 -1.5 -1.0 2.5
H5 -5.3 -2.6 -0.8 3.4 -1.7 -1.1 -0.9 2.0
H6 0.8 -1.0 0.0 1.0 -2.6 -1.5 -1.0 2.5
H1 -2.4 -2.7 -1.6 4.3 -4.0 -4.4 -2.2 6.6
H4 -4.0 -4.4 -2.2 6.6

TABLE 5: Hyperfine Coupling Constants of the Singly and
Doubly Hydrogen-Bonded 1,4-Benzoquinone Anion (G):
PWP86/6-311G(2d,p)//B3LYP/6-311G(d,p) Calculations

Q-(H2O) Q-(H2O)2

atom Aiso Txx Tyy Tzz Aiso Txx Tyy Tzz

C1 -2.4 -4.1 -2.9 7.0 -2.6 -3.8 -2.5 6.3
C2 -0.9 -2.3 -2.1 4.3 -0.1 -2.7 -2.5 5.2
C3 0.8 -3.2 -3.1 -6.3 -0.1 -2.7 -2.5 5.2
C4 -4.7 -2.8 -1.5 4.3 -2.6 -3.8 -2.5 6.3
C5 0.8 -3.3 -3.2 6.5 -0.1 -2.7 -2.5 5.2
C6 -1.0 -2.4 -2.1 4.5 -0.1 -2.7 -2.5 5.2
O1 -8.6 -25.8 12.7 13.1 -8.3 -26.8 13.2 13.6
O4 -8.7 -28.9 14.4 14.5 -8.3 -26.8 13.2 13.6
H2 -2.0 -1.1 -0.8 1.9 -2.4 -1.3 -0.8 2.1
H3 -2.8 -1.5 -0.8 2.2 -2.4 -1.3 -0.8 2.1
H5 -2.9 -1.5 -0.8 2.3 -2.4 -1.3 -0.8 2.1
H6 -2.1 -1.1 -0.8 1.9 -2.4 -1.3 -0.8 2.1
HHbond 0.0 -1.1 -1.0 2.2 0.0 -1.1 -1.0 2.2
OWater 0.4 0.0 0.0 0.0 0.3 -0.1 0.0 0.1
H′Water 0.1 -0.4 -0.3 0.7 0.0 -0.5 -0.3 0.8

TABLE 6: Hyperfine Coupling Constants of the Ethylated
1,4-Benzoquinone Anion and Singly Protonated Counterpart
(G): From PWP86/6-311G(2d,p)//B3LYP/6-311G(d,p)
Calculations

QEt- QEtH

atom Aiso Txx Tyy Tzz Aiso Txx Tyy Tzz

C1 -4.2 -3.1 -1.8 4.9 8.0 -8.9 -8.5 17.5
C2 0.5 -3.3 -3.2 6.5 -6.4 -1.3 0.4 0.9
C3 -0.3 -2.9 -2.7 5.6 5.7 -6.8 -6.5 13.3
C4 -3.1 -3.6 -2.5 6.1 -8.5 -1.3 0.5 0.8
C5 -0.1 -2.6 -2.5 5.0 5.1 -5.7 -5.4 11.1
C6 -0.4 -2.5 -2.4 4.9 -6.6 -2.6 1.1 1.5
O1 -8.5 -27.9 13.8 14.1 -3.8 -12.9 6.3 6.6
O4 -7.6 -26.0 12.8 13.1 -9.5 -33.7 16.8 16.9
H2 -3.0 -1.6 -0.8 2.3 0.3 -1.0 -0.1 1.1
H3 -2.5 -1.4 -0.8 2.1 -6.1 -3.1 -0.8 3.9
H6 -2.2 -1.1 -0.8 1.9 0.9 -1.0 0.0 1.0
H1 -2.4 -2.6 -1.6 4.2
C7 -1.4 -0.2 -0.1 0.3 -2.4 -0.2 0.0 0.2
H7(2) 2.7 -0.7 -0.3 1.1 7.2 -0.9 -0.4 1.2
C8 -0.1 -0.1 0.0 0.1 -0.2 -0.1 -0.1 0.2
H8(3) 0.0 -0.3 -0.2 0.5 -0.1 -0.3 -0.2 0.6

TABLE 7: Experimentally Observed and Previously
Calculated Hyperfine Coupling Constants of
1,4-Benzoquinone Radicals (G)

experiment

atom Q- QMe- QH QH2
+ B3LYP/DZP′ Q-

C1(2) -2.1 to+0.2 -3.7
C2(4) -0.1 to-0.7 -0.1
O1(2) -8.6 to-9.5 -7.8 -7.2
H2 -2.7a -2.7 0.3 -2.1 -2.3
H3 -2.7 -2.4 5.1 -2.5 -2.3
H5 -2.7 5.1 -2.1 -2.3
H6 -2.7 -2.0 0.3 -2.5 -2.3
H1 -3.3
HHbond 0.1b

Hâ(av) 2.7
ref 5-7,12,45 5,11 7 7 25

a Full hf tensor is-3.6,-1.4,-3.2 G. b Full hf tensor is 2.1,-1.0,
-1.0 G.
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the presently computed data ofAiso ) -7.0 MHz and the full
tensor-10.7,-1.1, -9.2 MHz. Adding a single hydrogen-
bonding water molecule leads to large asymmetry in the carbon
hyperfine structure owing to the shift to the odd-alternant type
of spin distribution. The fourR-protons become pairwise
equivalent. The difference in resulting hyperfine components
should be sufficiently large to be detected experimentally. No
such asymmetry was however reported in the frozen solution
studies by O’Malley and Babcock, indicating that the system
does not carry a single hydrogen bond. Addition of a second
water molecule leads again to a symmetric situation with
hyperfine splittings almost identical to those of the free quinone
anion radical (cf. Tables 4 and 5). The calculated full hyperfine
tensor for both the hydrogen bonding protons are-3.1,-2.8,
+6.2 MHz with a near-zero isotropic component and are the
same for both the singly and doubly hydrogen-bonded systems.
This can be compared with the ENDOR data of-2.8,-2.8,
+5.9 MHz andAiso ) +0.1 MHz.12

Studies of solvent effects on the heavy atom hfcc’s have
shown that the isotropic17O component is reduced in magnitude
as the dielectric constant of the medium increases (from-9.53
G in DMF to-8.58 G in water).6 For the C1/C4 carbons the
isotropic value changes from-2.1 G in DMSO to+0.2 G in
water, whereas for the four C2 carbons the shift is-0.1f -0.7
G.13 The presence of the two hydrogen-bonding water mol-
ecules in the present calculations causes a shift in isotropic
coupling on C1/C4 by 1.1 G toward more positive values. For
the remaining ring carbons no shifts toward more negative
isotropic couplings are observed from the hydrogen bonding.
For the oxygens, the presence of two hydrogen bonds leads to
numerically slightly larger values (-8.2f -8.3 G), opposite
the effect observed when increasing the dielectricity of the
medium. Possibly, water atoms interacting directly with the
ring π-system might underlie the experimentally observed shift;
such water molecules have not been included in the present
work.
TheR-proton hfcc’s undergo only minor modifications upon

altering the dielectricity of the solvent. The hydrogen-bonding
water molecules shift theR-proton isotropic couplings from
-2.5 G (free anion) to-2.4 G (2 water molecules present), in
nice agreement with the measured solvent effects (-2.42 G in
DMSO,-2.36 G in H2O).13 The effects of increasing dielectric
constants of the solvent have been calculated by Spanget-Larsen
at the INDO level26 and found to agree well with experiment.
This indicates that the model with only two water molecules is
sufficient in terms of the hydrogen-bonding effects but insuf-
ficient to model the total solvent effects. The vaccuum
calculations in the present work seem to agree slightly better
with the water solvent data for the oxygens, but with the less
polar solvents for the carbon atoms. The isotropic couplings
of Q- are at the B3LYP/6-311+G(2df,p) level-2.2 (H),-6.4
(O), -3.3 (C1) and-0.4 (C2) G, respectively, and-2.1 (H),
-6.4 (O),-2.5 (C1) and-0.5 (C2) G in the presence of the
two hydrogen-bonding water molecules. The shifts in isotropic
hfcc caused by the hydrogen bonding moieties are hence very
similar between the B3LYP and the PWP86 calculations.
Ethylation of Q- causes a split of the four equivalent

R-protons. Measurements have been made of, for example, the
proton couplings in methyl-substituted quinone anion radicals
(QMe-),5 which showed that theR-proton hfcc’s split from four
equivalent couplings of-2.7 G12 to three protons with isotropic
couplings-2.70,-2.44,-1.95 G. This is nicely reproduced
in the present work (-3.0,-2.5,-2.2 G).
Protonation of the quinone anion modifies the hyperfine

structure considerably. Due to the odd-alternant character of

the spin distribution in QH, all carbons attain large isotropic
couplings ((4-10 G) and also a considerably increased
anisotropy. TheR-proton couplings split up into two large
components (-5 G, at the C4 end) and two near-zero couplings
at the protonated end. The experimental isotropic couplings
for the R-protons are 5.1 and 0.3 G, respectively,7 in good
agreement with the computed data. The calculated hyperfine
coupling on the added hydroxy proton is ca.-2.4 G and displays
relatively large anisotropy. There is furthermore a large
separation of the two oxygen hfcc’s (isotropic values: O1,-4.6;
and O4,-10.4 G). The overall hf pattern thus resembles that
of the phenoxyl radical,29 although the couplings are smaller
for all atoms but the radical oxygen (O4). Ethylation of QH
again causes minor adjustments to the hyperfine couplings. In
particular, theâ-protons attain large isotropic components (7.2
G).
For the doubly protonated system the isotropic components

to the carbon atoms decrease significantly to within(3 G. The
oxygen couplings are numerically smaller than for the anion
radical (-7.0 vs -8.3 G), although still considerable. The
reduction in oxygen couplings upon protonation has also been
observed experimentally: from-8.6 to-9.5 G in Q- to -7.8
G in QH2+.13 For the R-protons the isotropic components
decrease by ca. 0.12 G compared with the anion radical7 and
split pairwise into the hf pattern 2× -2.4 and 2× -2.1 G for
the cis form and 2× -2.5 and 2× -2.1 G for the trans
conformer.46 The calculated values are 2× -2.4 and 2× -1.8
vs 2× -2.6 and 2× -1.7 G, respectively. The calculations
hence tend to overestimate the effects of protonation to the
induced hyperfine couplings on theR-protons. On the other
hand, the computed average value for the fourR-protons (-2.15
G) matches perfectly the averaged data reported for QH2

+ in
trifluoroacetic acid atT ) 20 °C, 2.16 G.47 Aiso for the two
hydroxy protons have been reported as 3.2-3.4 G in various
acidic solvents at room temperature (cf. ref 47 and references
therein). The calculated values are slightly too large,-4.0 G,
which in part may be explained in terms of solvent interactions
and vibrational averaging at the relatively high temperatures.
Plastoquinone Models. Detailed understanding of the

energetics and reactions of plastoquinones is of vital importance
for the understanding of photosynthesis, as they form the key
linkages between PSII and PSI. One of the main aspects here
is the presence or absence of hydrogen bonding. This will
largely modify both electronic properties, such as electron
affinity and reduction potential, and the mobility of the quinone.
The plastoquinone model used in the present work is similar to
those used previously by Wheeler et al.19 and by O’Malley and
Collins.25 The difference is the length of the alkyl tail at the 5
position. In the present work we truncate the tail at the second
carbon atom; Wheeler and co-workers used a propene group in
order to model the effects of the double bond between the second
and third carbon, whereas O’Malley and Collins extended the
model further by substituting the two terminal propene hydro-
gens by methyl groups. Since no hyperfine couplings have been
detected beyond theγ position (C8 in our model), we believe
that the present truncated model is reasonable.
Zheng and Dismukes16 have shown that the relative orienta-

tion differs between quinones in PSII (tail in plane) and in
bacterial reaction centers (tail perpendicular to quinone ring
plane). Based on this, we initially assumed in our calculations
that the ethyl tail was located in the ring plane, although not
explicitly constraining it to this position in the optimizations.
In both of the previous theoretical models,19,25an out-of-plane
arrangement was assumed, leading to erronous hyperfine
patterns for theâ-protons.
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The additional methyl groups at the C2 and C3 positions result
in further geometric distortions to the ring, relative to QEt-,
such that the bonds near the methylated site increase by ca.
0.01 Å and the bonds adjacent to the ethylated site decrease.
The bond angles in the ring adjust accordingly. Compared with
the previous plastoquinone anion models studied, the geometries
are very similar. The larger basis set used in the present
optimization calculations leads, however, to slightly shorter
bonds. Hydrogen bonding to the oxygens lengthens the CdO
bonds slightly (to 1.271 and 1.272 Å, respectively) and also
introduces a larger difference between the two CdC double
bonds than for free psQ-. The oxygen atoms bend away
somewhat from the water/methyl sides. The hydrogen-bonding
water molecules are oriented such that one lies slightly above
and the second slightly below the quinone ring plane (O-H-O
angle 167°). The H-bonding distances are 1.78 Å and the
CdO-H bond angles 141-143°. The geometries of the water
molecules and their relative positions are very nearly identical.
We also note that the water molecules in psQ- fall in a cis
position relative to each other, whereas their optimized positions
in the interaction complex with Q- are trans. This difference
is possibly caused by the presence of the ethyl tail in psQ.
The presence of the two hydrogen-bonding moieties perturbs

the spin distribution in psQ- very little, in the order of 0.01-
0.02. On the other hand, the effects on the electron affinity of
psQ are significant. The electron affinity of free psQ is ca. 0.3
eV less than for the free, unsubstituted 1,4-benzoquinone. For
Q, the two hydrogen-bonding water molecules were however
shown to raise the EA by 0.6 eV. In psQ, the difference is
even larger than in the unsubstituted benzoquinone by ca. 1
kcal/mol.
Recent EPR and ENDOR studies predict the remaining

R-proton H6 to have an isotropic component of-2.05 G.14-16
The calculated values are-2.2 G for H6 in QEt- (Table 6),
-2.4 G in psQ-, and-2.2 G in psQ-(H2O)2 (Table 8). The
anisotropic data for both systems are in excellent accord with
the experimental results for the plastoquinone model PQ-9- in
frozen propanol.14,15 In PSII, the isotropic component for QA-

is slightly smaller, and the anisotropic tensor displays less axial
symmetry than the model plastoquinones.16

The twoâ-protons in our models, labeled H7 in Table 8, are
oriented symmetrically with one proton above and one below
the plane of the quinone ring. The computed hyperfine tensor
components are highly similar between the QEt-, psQ-, and
psQ-(H2O)2 systems. The presence of the two methyl groups

leads to an increase in the isotropic component (psQ- vs QEt-),
whereas the two hydrogen-bonding groups induce small reduc-
tion in Aiso(Hâ). In liquid solution, there will most likely be
some degree of vibrational motion about the C5-Câ bond,
which may cancel out the anisotropic contributions to the hf
splittings. No anisotropic data were reported in the ENDOR
studies of PQ-9-.15 Rigby et al.14 report only on one component
in their ENDOR and TRIPLE measurements on QA

-, asA⊥ )
2.9 G. This could be theAyy component of psQ- (2.7 G; 2.5 G
in psQ-(H2O)2), although more data are needed in order to
determine this more exactly. Zheng and Dismukes reported full
tensors for the PQ-9- â-protons in 2-propanol and could show
that the anisotropic components were very small (|Tii| ) 0.1-
0.2 G).16 Since the computed values are larger by a factor 10,
a vibrational averaging may be a plausible explanasion for the
observed small anisotropies.
In PSII QA-, Zheng and Dismukes used computer simulations

of the ESR spectra to determine the tensors 3.3, 3.3, 15 and
2.7, 2.7, 15 MHz for the twoâ-protons respectively.16 These
were based on two experimentally observed couplings of 3.3
and 2.7 MHz, tentatively assigned to theA⊥ components of the
two â-hydrogens and the isotropic value (ca. 7 MHz) observed
for Hâ in PQ-9-. The calculated anisotropic components
deviate a bit too much from the experimental data, especially
in theTzzcomponent. The calculations furthermore predict the
anisotropic tensor to be nearly rhombic (-0.8,-0.2, 1.0 G for
psQ-) rather than the nearly axially symmetric model (-1.5,
-1.3, 2.8 G) suggested by Zheng and Dismukes.
MacMillan et al., finally, reported in their EPR and ENDOR

study of QA- in PSII, two peaks at 5.8 and 9.2 MHz, which
could be assigned to theA⊥ andA|| components of a methylene
proton.15 This agrees rather well with the computed data for
psQ-(H2O)2, (5.8, 6.9, 10.9 MHz), although, again, the amount
of experimental data is not sufficient provide a definite and final
conclusion.
The two methyl groups in both the PQ-9 model and in QA

are expected to rotate freely. In both systems these have been
shown to differ slightly, such that the rotationally averaged
isotropic component of one is ca. 1.5 MHz larger than the other.
Based on arguments of resonance structures and influence of
two inequivalent hydrogen bonds (see below), the larger
component has been assigned to the methyl group in the 3
position and the smaller at the 2 position. Both previous19,25

and the present theoretical results show, however, that the
ordering is the opposite. The present data also clearly reveal

TABLE 8: PWP86/6-311G(2d,p)//B3LYP/6-311G(d,p) Calculated Hyperfine Coupling Constants (G) for the Plastoquinone
Model Anion, without and with Hydrogen Bonding. Experimental Data for Model Plastoquinones and QA- in PSII.14-16
Previously Calculated Isotropic Data for Model Plastoquinone Anion at B3LYP/[632/41] level19

psQ- psQ-(H2O)2 PQ-9- (exp) QA- (exp)

atom Aiso Txx Tzz Aiso Txx Tzz Aiso Txx Tzz Aiso Txx Tzz
ref 19
Aiso

C1 -3.5 -3.4 5.6 -2.8 -3.9 6.8 -3.5
C2 0.5 -2.9 5.7 0.0 -2.9 5.6 0.7
C3 -0.1 -2.5 4.8 -0.8 2.4 4.6 -0.8
C4 -2.2 -3.9 6.7 -0.2 -2.6 5.1 -2.1
C5 0.3 -2.9 5.7 -0.6 -2.5 4.8 0.1
C6 -0.5 -2.7 5.2 -1.1 -4.4 8.0 -0.1
O1 -8.3 -27.1 13.7 -8.7 -26.0 13.2 -7.5
O4 -7.5 -25.2 12.8 -8.4 -24.3 12.3 -7.2
H6 -2.4 -1.2 2.0 -2.2 -1.2 2.0 -2.1 -1.2 2.0 -2.0 -0.7 2.4 -2.3
C7 -1.7 -0.2 0.3 -1.6 -0.2 0.3 -1.3
H7 (2) 3.0 -0.8 1.1 2.8 -0.8 1.1 2.5 -0.1 0.2 2.4/2.6 -1.5 2.8 1.1
C8 -0.1 -0.1 0.1 -0.2 -0.1 0.1 0.8
H9 -0.1 -0.2 0.4 -0.1 -0.2 0.4 -0.1 -0.1
H(C9) (3) 2.2 -0.6 0.9 2.2 -0.6 0.9 2.3 -0.4 0.8 2.1 -0.4 0.7 2.1
H(C10) (3) 1.9 -0.6 0.9 1.8 0.6 0.9 1.7 -0.4 0.7 1.6 -0.4 0.8 1.5
HHbond1 0.1 -1.2 2.2 0.0 -0.9 1.8 0.0 -0.8 1.6
HHbond2 0.1 -1.2 2.3 0.5 -0.8 1.6 0.3 -0.7 1.4
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that the effects of hydrogen bonding on the hyperfine couplings
of the methyl group hydrogens are minute. Instead, the
difference between the two methyl groups is caused by the
presence of the alkyl tail at the C5 position. The computed
data for both psQ- and psQ-(H2O)2 agree very well with the
experimental PQ-9- and QA- hfcc’s.
The second important aspect of the quinones, besides the

relative orientation of the ring and the alkyl tail, is the presence
and location of hydrogen-bonding groups. In the present work,
both water molecules attain similar couplings, due to their
similar geometries and orientations relative to the quinone (Table
8). The agreement with the reported data is fair for one of the
protons. The second hydrogen-bonding moiety is thought to
be located above or below the ring plane rather than in the plane
of the quinone ring, thereby resulting in a slightly larger isotropic
coupling.15 The deviations from the present, symmetric model
supports such an argument. What the calculations have shown
is, however, that hydrogen-bonding groups are not hindered by
the bulky substituent groups on the quinone, as has been argued;
rather, the effect appears to be caused by, for example, the
location of hydrogen-bonding side groups, which may be
restricted and unable to attain the optimum position for hydrogen
bonding. As mentioned above, hydrogen-bonding effects are
most important primarily as they increase the electron affinity
of the system by some 15 kcal/mol. We stress, though, that all
of the present calculations are performedin vacuo and that the
inclusion of a solvent model may modify this value.
Energetic Considerations. Both the electron affinities and

the bond strengths to hydrogen atoms for quinones are of
importance for the function of PSII. The primary reaction
sequence following photon absorption leads to the formation
of the P680+ cation and the QA- anion. The ease and the energy
required for this process depend critically on the electron affinity
of QA. The present calculations, in which we use large basis
sets and include zero-point vibrational effects, gave electron
affinities of 41 and 47 kcal/mol for psQ and Q, respectively.
These are surprisingly large values of the electron affinity for
stable closed shell molecules and is clearly the reason that a
quinone is used as an acceptor in this position in PSII. The
experimental value for the electron affinity of 1,4-benzoquinone
is 44( 2 kcal/mol.42 A principal conclusion from the above
analysis of the hfcc in comparison to the experimental measure-
ments on PSII is that QA is hydrogen bonded at both oxygens.
This effect is also quite significant in the electron-transfer
process from P680, since this increases the electron affinity of
QA. The increase obtained from the calculations is 15 kcal/
mol to a final electron affinity of 58 (psQ) or 62 (Q) kcal/mol.
To this value should be added long-range dielectric effects which
will further increase the electron affinity. These considerations
will be discussed in more detail in another paper on the overall
energetics of the reactions in PSII.48 Following its reduction,
QA

- subsequently transfers an electron to QB to produce QB-.
From the present results, the driving force for this electron
transfer is unlikely to be a substantially more favorable
hydrogen-bonding arrangement for QB, since hydrogen bonding
at QA already plays a critical energetic role. This agrees well
with the findings for photosynthetic bacteria, where Lubitz et
al. have shown that QA appears to be more strongly H-bonded
than is QB.49

The second step in the reaction sequence involves uptake of
a proton from the stroma by QB- and the transfer of a second
electron via QA to form QA(QBH)-. Subsequent protonation
forms the neutral QBH2 molecule, which dissociates from its
binding site to transport both protons and electrons across the
thylakoid membrane. In this capacity, its movement contributes

directly to the chemiosmotic gradient used in ATP production.
QH2 is an efficient proton carrier, since it lacks both charge
and essentially also dipole moment. It is therefore not likely
to form any strong bonds to any molecule on the way. The
mechanism for the proton-coupled electron transfer to QB

- has
been investigated in detail in reaction centers ofRb. sphaeroi-
des.50 Based on quinone substitution studies in the QA site, it
was concluded that the process proceeds as either proton transfer
followed by a rate-limiting electron transfer from QA- to neutral
QBH or as a concerted proton+electron transfer. From their
experiments, the formation of a doubly charged intermediate
QB

2- was definitely ruled out. The findings by Paddock et al.
are confirmed in the present work, in that the second electron
affinity (Q- f Q2-) is energetically very costly. The calcula-
tions give at hand that the EA of Q- is in fact negative (Table
3); this value should approach zero in the infinite basis set limit.
From the calculations we can however conclude that Q2- is
unlikely to be formed, although stabilizing dielectric effects are
significant also in a relatively nonpolar environment as the
interior of a protein. Whether the process is two-step H+ + e-

or a concerted reaction cannot be determined from the calcula-
tions. The computed data indicate that the proton affinity of
Q- is very high and that the EA of QH is only ca. 7 kcal/mol
less than for Q. The QBH- complex, once formed, will easily
extract its second proton to form QH2.
QH2 eventually loses both hydrogen atoms, either through

H-transfer or as protons+electrons (see below). In this context,
the bond strength between Q and the two hydrogen atoms is
quite significant. The present results gives a first hydrogen atom
bond strength (QH2 f QH+ H) of 84.5 kcal/mol and a second
bond strength (QHf Q + H) of 64.2 kcal/mol. The second
hydrogen atom bond strength is probably weak enough so that
the hydrogen atom could be accepted by the ferredoxin, FeS,
center of the cytochromeb6f complex either directly by
protonation of a bridging sulfur during reduction of the cluster
or by protonation of an acid/base group in the immediate vicinity
of the cluster. Recent calculations on Fe4S4 clusters with
different oxidation states indicate that the bridging sulphurs can
bind hydrogen atoms by over 60 kcal/mol.51 However, the first
hydrogen bond strength in QH2 of 84.5 kcal/mol is too strong
for ferredoxin to act as a coupled H+/e- acceptor.
Assuming instead that the process proceeds via reduction of

the ferredoxin and the cytochrome, coupled with release of two
protons to solution, the energetics in terms of ionization
potentials of QH2 and QH should be compared with the electron
affinities of FeS and of the cytochromes. Such studies are
currently under way. We note from the present calculations
that the ionization potential of QH2 is only 7.7 eV, i.e. that QH2
is relatively easily ionized. This could speak in favor of the
generally accepted electron+proton sequence for oxidation of
QH2 at the cytochromeb6f complex. From the present calcula-
tions, we are not able to determine which of the two mechanisms
is the more likely to occur. The data currently at hand imply
that either mechanism (H-atom transfer or electron transfer
coupled with proton donation to solution) is actually more or
less equally probable, although we are aware that the H-transfer
model is indeed rather controversial. Further studies, both
theoretical and experimental, are needed to elucidate these
particular aspects of the photosynthetic reaction sequence in
green plants.

Conclusions

We have in the present work undertaken a detailed analysis
of geometries, spin properties, and hyperfine structures of a large
set of 1,4-benzoquinone and related radicals. The B3LYP/6-
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311G(d,p) optimized geometric structures agree well with
previous theoretical data (where available), and the ionization
potentials and electron affinities of Q are in good agreement
with experimental data. The effects of alkylation are generally
rather small, although the symmetry with respect to geometry,
spin distribution, and hyperfine properties of the unsubstituted
quinone is lost.
Larger effects are seen from protonation, whereby the

geometry around the protonated oxygen becomes significantly
altered. The QH and QEtH radicals are odd-alternant radicals,
with very strongly modified spin distributions and hyperfine
structures compared with the unprotonated anion radical.
Addition of a second proton gives spin and hyperfine patterns
that are closer to those of the radical anion, yet sufficiently
altered to allow for a clear distinction between the two. The
computed hyperfine properties for Q-, QH, QH2+, and the
ethylated species agree very well with experimental data.
The effects of hydrogen bonding have been examined for

the benzoquinone anion radical and a model plastoquinone anion
radical. It is concluded that the two hydrogen-bonding groups
(water molecules) in our models attain highly symmetric
positions in their relative orientations to the quinone rings and
that the HO fragment of the water molecules that are involved
in the bonding lie in, or nearly in, the quinone ring plane. The
plastoquinone models are compared with experimental data for
the PQ-9- model system in liquid and frozen solution and with
data for QA- in PSII. Overall, the computed hyperfine data
compare best with that for the PQ-9 anion radical in frozen
solution. The deviations compared with QA- can to some extent
be attributed to difficulties in obtaining well-resolved experi-
mental spectra. The calculations show that the differences in
hyperfine properties of the two methyl groups in psQ- are
related to the perturbations caused by the alkyl tail, and not by
the presence of asymmetric hydrogen bonding. Calculations
finally confirmed that one of the hydrogen-bonding groups
observed in experiments is located in the plane of the quinone
ring, whereas the other most likely is not.
The presence of the hydrogen-bonding groups increases the

electron affinity of quinone/plastoquinone by ca. 15 kcal/mol.
To correctly account for the energetics involving the steps of
the electron transfer from the excited P680 unit in PSII, via QA
and QB, to the quinone pool of the membrane, proton capture
and QH or QH2 transport through the membrane, and finally
removal of hydrogen atoms and/or electrons+protons to the
ferredoxine and cytocrome centers of PSII, hydrogen bonding
to QA may be an essential ingredient.
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