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1H hyperfine (hf) coupling constants of semiquinone radical anions of 1,4-naphthoquinone, 2-methyl-1,4-
naphthoquinone, and 2-methyl-3-phytyl-1,4-naphthoquinone in frozen alcoholic solutions were measured using
pulse Q-band electron nuclear double resonance spectroscopy. The resolved signals of the quinone protons as
well as from hydrogen bond and solvent shell protons were analyzed and assigned. Both in-plane and out-
of-plane hydrogen bonding with respect to theπ-plane of the radical is observed. Interactions with
nonexchangeable protons from the surrounding matrix are detected and assigned to solvent protons above
and below the quinone plane. Density functional theory was used to calculate spin Hamiltonian parameters
of the radical anions. Solvent molecules of the first solvent shell that provide hydrogen bonds to the quinones
were included in the geometry optimization. The conductor-like screening model was employed to introduce
additional effects of the solvent cage. From a comparison of the experimental and calculated hf tensors it is
concluded that four solvent molecules are coordinated via hydrogen bonds to the quinone oxygens. For all
radicals very good agreement between experimental and calculated data is observed. The influence of different
substituents on the spin density distribution and hydrogen bond geometries is discussed.

Introduction

Vitamin K plays an important role in physiological processes
of many organisms. In mammals it is used to control blood
clotting and bone formation and assists in converting glucose
to glycogen in the intestines.1 In plants and bacteria it is, for
example, involved in electron transfer in photosynthesis.2-4 In
nature two types of vitamin K are found. Vitamin K1 (VK1),
also called phylloquinone, is found in plants and cyanobacte-
ria.2,5 Vitamin K2 is a collective term for a group of compounds,
called menaquinones (MQs), synthesized by anoxygenic bac-
teria.6 They differ from VK1 with respect to the length and
structure of the chain attached to position 3 of the quinone ring.
There are also artificial forms, vitamin K3 (VK3), menadione,
and vitamin K4, called menadiol.

In photosystem I (PS I) VK1 serves as an intermediate
acceptor (named A1) in the electron transport across the
photosynthetic membrane. During the electron transfer the
phylloquinone is singly reduced, and the semiquinone radical
anion is formed.7-9 A menaquinone has a similar function in
anoxygenic photosynthesis.6,10,11 The specific binding of the
quinone to the protein modifies its electronic structure and
properties. For example, the redox potential of A1 is several
hundred millivolts more negative than the potential of VK1 in
water.12,13

Since electron paramagnetic resonance (EPR) can directly
probe the electronic structure, it is the method of choice for
studying radicals. Due to the importance of understanding the
quinone function in biological systems a large number of EPR

studies have been performed in the past, e.g., refs 8, 9, 11, and
14-16. Since natural systems are often not easily accessible to
experimental and theoretical studies, model compounds, which
mimic the properties of their biological counterparts, are widely
used to understand the function of protein-bound cofactors. This
study focuses on the chemically formed semiquinone radical
anions NQ•-, VK3

•-, and VK1
•-. 1,4-Naphthoquinone (NQ) is

a simple structural analogue of vitamin K without substituents.
NQ and VK3 have been recently incorporated into the A1 binding
site of PS I and investigated as electron transport cofactors.8,17

An important parameter that characterizes the electronic
structure of radicals is theg-tensor. Quinone radicals show only
a smallg-anisotropy, which is often not resolved at conventional
(X-band) frequencies. At higher frequencies theg-anisotropy
can frequently be resolved, and all principal components of the
g-tensor can be obtained.18,19 Further insight is provided by
electron nuclear double resonance (ENDOR) spectroscopy,20-22

from which the hyperfine coupling constants (hfcc’s) of
magnetic nuclei can often be obtained even for complicated
radicals in frozen solutions. ENDOR experiments can be done
in continuous wave (CW) or pulsed mode. Both methods have
specific advantages and are thus complementary. CW ENDOR
experiments in liquids21 allow the direct determination of the
isotropic hfcc due to motional averaging of the anisotropic part
of the hf interaction in solution. However information on the
dipolar interaction is not available from liquid solution ENDOR.

In frozen solution CW ENDOR suffers from low sensitivity,
relaxation dependence of ENDOR efficiency, and baseline
problems. Therefore, pulse ENDOR is the method of choice
for frozen solutions and powders.22 Frozen solution ENDOR
spectra consist of multiple overlapping powder patterns of
different nuclei. To increase the resolution and determine the
angles of the hfcc with respect to theg-tensor axes one has to
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selectively excite molecules that have different orientations with
respect to the magnetic field. Since radical anions of quinones
have a rhombicg-tensor one can select specifically oriented
molecules by choosing a corresponding field position.22 For a
complete orientation selection all principal components of the
g-tensor must be resolved. For the smallg-anisotropy found in
quinones, high-frequency EPR is necessary to resolve the
g-tensor components. So far only few laboratories have utilized
the advantage of high-frequency ENDOR for quinones.23-26 For
the isolated quinone radical anions studied here only X-band
(∼9 GHz) ENDOR studies are available so far.27-29

Modern magnetic resonance spectroscopy receives great
support from quantum chemical calculations. In particular
density functional theory (DFT) has become an important tool
for the calculation of spin Hamiltonian parameters.30-32 Con-
sidering quinones, the calculation ofg-tensors and1H hyperfine
parameters is already well established in the literature.33-38 In
addition to quinone ring protons, the main focus of a recent
theoretical study was the calculation of spectroscopic parameters
of hydrogen bonds formed between solvent molecules and
quinone radicals, which allows conclusions on the hydrogen-
bond geometries.26

In this work we experimentally determined a complete set
of the hfcc’s of NQ, VK3, and VK1 semiquinone radical anions
in alcoholic solution using pulsed ENDOR spectroscopy. The
number of hydrogen bonds of the first solvent shell was
determined using an EPR line shape analysis. Additionally,
signals from nonexchangeable protons of the solvent were
detected and analyzed. Furthermore, DFT was used to calculate
the relevant structural and electronic parameters for the geometry-
optimized systems. The effect of solvation was modeled in the
calculations by using (i) the supermolecule approach to describe
short-range interactions such as hydrogen bonding and (ii) the
conductor-like screening approach (COSMO) to treat long-range
solvation effects at low computational cost.39 The agreement
between DFT calculations and experiment is found to be very
satisfying and clearly shows that even fine details of the
electronic structure of such radicals can be reliably calculated
by DFT methods. The study of these model systems presents a
solid basis for a better understanding of the electronic structure
of quinone radicals in solution. Furthermore, it is a mandatory
prerequisite to understand the regulating effects of the protein
on quinone cofactors.

Materials and Methods

Sample Preparation.1,4-Benzoquinone (BQ), 1,4-naphtho-
quinone (NQ), 2-methyl-1,4-naphthoquinone (VK3), and 2-methyl-
3-phytyl-1,4-naphthoquinone (VK1) were obtained commercially
(Aldrich). The deuterated 1,4-benzoquinone (BQ-d4) was pre-
pared as described.40 The degree of deuteration according to
NMR and mass spectroscopy was better than 95%. 2-Methyl-
1,4-naphthoquinone- (VK3-d8) was prepared as follows: 5 g of
2-methyl-naphthalene (Aldrich) was perdeuterated by heating
with 100 mL of D2O (99.9%) and 200 mg of Pt (Adams catalyst
prereduced with deuterium gas) in a stainless steel high-pressure
vessel with metal fittings for 8 days at 290°C. The exchange
was repeated twice under the same conditions. The final product
was distilled in the bulb tube, yielding 9 g. Mass spectroscopy
deliveredm/e ) 152, and the degree of deuteration was∼98%.
The freezing point was 34-36 °C. To 3.75 g of 2-methyl-
naphthalene-d10 in 45 mL of CH3COOD (90%, D2O), 14.5 g
of CrO3 in 25 mL of diluted CH3COOD (60%, D2O) was added
dropwise while stirring within 1 h. The temperature during the
addition was kept at 5-10 °C, followed by room temperature

for 30 min, then by heating at 40°C for another hour. After
being cooled, the mixture was poured in 200 mL of cold D2O,
filtered, washed with water, and recrystallized from ethanol/
water. This yielded 1.5 g of crystalline product. Mass spectros-
copy deliveredm/e ) 172, and the degree of deuteration was
∼98%. The melting point was determined to be 105-106 °C.
The fully deuterated 1,4-naphthoquinone (NQ-d6) was prepared
from naphthalene-d8 (Aldrich) as described above. 2-Propanol
(IP)-h8 and -d8 were obtained from Merck (Darmstadt), and
2-propanol-d1 was obtained from Roth (Karlsruhe).

Semiquinone radical anions for liquid solution measurements
were prepared as follows: The respective quinone was dissolved
in IP-h8 and filled into the capillary (o.d. of 2 mm). The sample
was connected to a high-vacuum line and pumped until all IP-
h8 was evaporated. IP-h8 was degassed by three freeze-pump-
thaw cycles on the line and was distilled in the sidearm on
potassiumtert-butylate, which was used as a base. Then the
sample was frozen and evacuated again, degassed, and sealed
under vacuum. The respective quinone was then dissolved in
the solution of potassiumtert-butylate in IP (concentration
∼0.2-0.5 mM) to generate the semiquinone radical anion. The
use of benzyltrimethylammonium hydroxide (C10H17ON) (Lan-
caster, Newgate, U. K.) instead of potassiumtert-butylate led
to samples with identical EPR and ENDOR spectra.

Semiquinone radical anions for frozen solution measurements
were generated using similar procedures described elsewhere.25

The quinones were dissolved in IP, which was deoxygenated
by bubbling with purified nitrogen in a quartz tube (o.d. of 3
mm). A small amount of a solution of benzyltrimethylammo-
nium hydroxide in methanol was added to the deoxygenated
solutions. Then, the samples were rapidly frozen in liquid
nitrogen. The initial concentration of the quinones in IP was
about 0.5 mM.

Spectroscopic Measurements.All experiments on frozen
solutions were carried out at 80 K on a Bruker ELEXSYS
E580-Q spectrometer with a Super Q-FT microwave bridge
equipped with a home-built resonator similar to that in ref 41.
Field-swept echo-detected (FSE) EPR spectra were recorded
using the two-pulse echo sequence (π/2-τ-π-τ-echo), in
which the echo intensity was registered as a function of the
external magnetic field. Microwave (MW) pulses of 40 ns
(π/2) and 80 ns (π pulse) andτ ) 340 ns were used. The1H
ENDOR was recorded using the Davies ENDOR sequence42

(π-t-π/2-τ-π-τ-echo) with an inversionπ-pulse of 200
ns, t ) 21 µs, radio frequency (RF)π-pulse of 17µs, and the
detection sequence similar to that of the FSE EPR experiment.
The 2H ENDOR was recorded using the Mims ENDOR
sequence43 (π/2-τ-π/2-t-π/2-τ-echo) with 44 nsπ/2
pulses,τ ) 268 ns, and an RFπ-pulse of 40µs. An ENI 3200L
(300 W) RF amplifier was used for1H ENDOR measurements,
and an ENI A-500 (500 W) RF amplifier with a Trilithic high-
power low-pass filter H4LE35-3-AA (“cut off” frequency of
∼35 MHz) for 2H ENDOR measurements.

CW EPR and ENDOR measurements in liquid solution were
performed on a Bruker ESP 300E X-band EPR spectrometer
with home-built ENDOR accessories, consisting of a Rhode &
Schwarz RF signal generator (type SMT 02) and an ENI A-500
(500 W) RF amplifier. A TM110-type microwave cavity similar
to the one described previously was used.44 The sample
temperature was controlled using a Bruker ER4111 VT nitrogen
flow system.

EPR and ENDOR Simulations.The spin Hamiltonian for
the case of an electron spinS) 1/2 and nuclear spinsIi has the
form
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where B0 is the external magnetic field,g is the electronic
g-tensor, A i and Qi correspond to the hyperfine (hf) and
quadrupole (nq) tensors of nucleusi, respectively,µB is the Bohr
magneton, andµN andgN are the nuclear magneton andg-factor
of corresponding nuclei. For nuclei with spinI ) 1/2 the
quadrupolar term in eq 1 is zero. The frequencies and prob-
abilities of EPR and ENDOR transitions are derived from eq 1
by application of the selection rules∆MS ) 1 and∆MI ) 0
and ∆MS ) 0 and ∆MI ) 1 for allowed EPR and ENDOR
transitions, respectively. Since paramagnetic centers of a frozen
solution sample are randomly oriented, the EPR spectra are
obtained by summation of signals from all orientations.

The ENDOR experiments are performed at a specific
magnetic field. Due to the finite width of the microwave pulses,
only part of the EPR spectrum is excited. In other words only
the molecules with specific orientations relative to the magnetic
field contribute to the ENDOR spectra. This effect (orientation
selection) has to be taken into account to correctly estimate the
impact of different transitions on the final ENDOR spectra.22

At Q-band the magnitude of the hfcc of strongly coupled nuclei
is comparable with theg-anisotropy. Thus, for a correct sim-
ulation of the EPR spectra, hfcc’s of strongly coupled protons
were included. The orientation selectivity of MW pulses in
ENDOR was accounted for by (i) inclusion of the strongly
coupled protons in the spin Hamiltonian and (ii) manual
specification of the excitation width of pulses, comparable with
the EPR line width. To increase the precision of the spin
Hamiltonian parameter determination, both EPR and ENDOR
simulations were done simultaneously.

All data processing and simulations were done in Matlab
environment.45 EPR and ENDOR spectra were simulated using
the EasySpin software package (version 2.2.0).46 This software
directly evaluates the spin Hamiltonian without using any
approximations. This, in particular, results in the correct
calculation of orientation selectivity in ENDOR experiments,
which is important for precise simulations. The ENDOR
signatures of each nucleus were obtained separately and then
summed with appropriate weight coefficients. A manual fit of
experimental data was used in all cases. The effect of microwave
pulse selectivity in Davies ENDOR experiments was taken into
account by multiplication of the calculated ENDOR spectra with
a frequency-dependent profile (self-ELDOR hole47 (where
ELDOR is electron-electron double resonance)) approximated
by a Lorentzian function. The width (full width at half-height)
of the profile was taken equal toΓELDOR/2π ) 1/2tinv ) 2.5
MHz. The efficiency of Mims ENDOR is hf-coupling-dependent
(blind spots) and was calculated according to the simplified
formula: F(ν - νL) ) 1/2 sin2(2π(ν - νL)τ), whereνL is the
nuclear Larmor frequency andτ ) 268 ns.43,47

Computational Details. Complete geometry optimizations
were performed for BQ•-, NQ•-, VK3

•-, and VK1
•-, in

coordination with two to four IP molecules. For VK1
•- a reduced

model system was employed, truncated after the fifth carbon
of the phytyl chain. A starting conformation was chosen, in
which the phytyl chain was oriented perpendicular to the ring
plane. In each system, one or two hydrogen bonds to each
carbonyl oxygen atom were assumed in the starting structures.
The initial models contained in-plane hydrogen bonds. Further-
more, the solvent molecules were placed in such a way that the
alkyl groups were located above and below the quinone planes.

For VK3
•- and VK1

•-, additional calculations were performed.
For these, a special geometry optimization with hydrogen bonds
restricted to the quinone plane was done. In all cases, the B3LYP
density functional48-50 was used in combination with the
Dunning-Huzinaga basis sets, which were augmented by
polarization and diffuse functions from the same authors.51 The
Gaussian 03 program was used for all geometry optimizations.52

The spectroscopic data were computed in additional single-point
calculations employing the optimized geometries. For this
purpose the B3LYP functional was used in combination with
the EPR-II basis set, which was developed for an accurate
calculation of magnetic properties.53 Theg-values were calcu-
lated (using B3LYP/EPR-II) employing the coupled-perturbed
Kohn-Sham equations,31 in conjunction with a parametrized
one-electron spin-orbit operator.54-56 Magnetic hfcc’s were
calculated (B3LYP/EPR-II) for all hydrogen and deuterium
atoms, including the isotropic Fermi contact terms and the
dipolar hfcc’s. All property calculations were performed em-
ploying the COSMO continuum method,39 using the dielectric
constant ofε ) 18.3 for IP. All spectroscopic data (g-tensors
and hfcc’s) were calculated with the program package ORCA.57

Details of the implementation of the COSMO approach into
the ORCA program and its application for the calculation of
g-tensors can be found in a previous study.58 Other groups have
already demonstrated the strength of continuum models for the
calculation of EPR parameters.59-61 Alternatively, the usefulness
of ensembles in ab initio molecular dynamics for modeling
solvent effects was impressively demonstrated by Asher et al.62

Nomenclature and the Choice of the Coordinate System.
All studied quinones have a planar structure of their ring(s).
The x and y principal axes of the quinoneg-tensor lie in the
plane of the quinone; thex-direction is parallel to the C-O
bonds; thez-direction is perpendicular to the quinone plane
(Figure 1).18 For all investigated model systems the angles of
all tensors are given with respect to theg-frame. The relation
between the coordinate systems of the hf and nq tensors and
the g-coordinate system is given in spherical angles as shown
in Figure 1. Positive values refer to a counterclockwise rotation.

Results and Discussion

EPR Spectra andg-Tensor Determination. The Q-band
EPR spectra of NQ•-, VK3

•-, and VK1
•- in IP-d8 together with

the orientation-selected1H ENDOR spectra are presented in
Figure 1. For each case the EPR spectrum and selected ENDOR
spectra, measured close to the canonical orientations of the
g-tensor, are shown. The three field positions, at which the
respective ENDOR spectra were measured (a, b, and c), are
marked in the EPR spectrum. A number of additional experi-
ments (a total of up to nine) were performed at other field
positions to investigate the angular dependence of the hfcc’s
(data not shown). The simulations of the corresponding EPR
and ENDOR spectra are presented by red lines. The simulated
g-factors of the three radicals in IP-d8 are given in Table 1. No
difference was observed betweeng-factors of deuterated and
nondeuterated compounds and for the differently deuterated
solvents. Theg-factors for NQ•- and VK1

•- are in agreement
with earlier high-field EPR studies of nondeuterated com-
pounds.18

Table 1 also presents the results ofg-tensor calculations using
DFT. All data from DFT calculations, unless otherwise stated,
are taken from the corresponding models with four hydrogen
bonds, which were optimized without restrictions. A detailed
discussion of differences between models will be given below.
While the gy and gz values are well predicted by the DFT

H ) µBBB0gSB + ∑
i)1

n

(-µN
i gN

i BB0 IBi + SBA i IBi + IBiQi IBi) (1)
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calculations, the typical overestimation of thegx component of
quinone radicals was found. This discrepancy is on one hand
the result of deficiencies in the present day density functionals.33

On the other hand it was also shown that at least part of this
discrepancy is due to insufficient model systems in the case of
polar, protic solvents.26 Increasing the amount of solvent
molecules in the calculation and forming an extended solvent
shell around the quinone leads to an improved prediction of
the gx values.26,62 However, since the accurate prediction of
g-factors is outside the scope of this article such time-consuming
calculations were not performed.

The ENDOR spectra of quinones contain spectral features
from a number of hydrogen nuclei that, for convenience of
discussion, will be separated into three groups: (i)R-protons,
directly attached to theπ-system, andâ-protons, one bond away
from theπ-system (Figure 1), (ii) protons hydrogen-bonded to

the quinone oxygens, and (iii) protons from the solvent weakly
coupled to the quinone.

Hyperfine Couplings: The Quinone Protons. ENDOR
spectra of NQ•-, VK3

•-, and VK1
•- in IP-d8 as well as the

spectral simulations are presented in Figure 1, and simulation
parameters are summarized in Tables 2-4. To avoid signals
from the protons of the solvent, completely deuterated 2-pro-
panol (IP-d8) was used for the measurements.

In NQ•- protons at the positions 2/3, 5/8, and 6/7 are
equivalent due to the symmetry of the molecule. Consequently,
only three pairs of sharp lines are visible in the ENDOR spectra
at “single-crystal-like” orientations close togx andgz (traces a
and c). TheR-protons in positions 2 and 3 attached to the
quinone ring have the largest hfcc’s (see Figure S2 in the
Supporting Information for spin density plots). TheAx (-14.00
MHz) andAz (-11.20 MHz) principal components of their hf

Figure 1. (Upper left panel) Molecular structure of VK1 with numbering scheme. The principal axes of theg-tensor are shown (x, y, z). Thex and
y principal components lie in the plane of the quinone, and thex-direction is parallel to the C-O bonds; thez-direction is perpendicular to the
quinone plane. This holds for all quinones investigated here. Hyperfine tensor angles are given with respect to theg-frame; the definitions of the
respective spherical anglesæ and θ are shown. Selected1H ENDOR spectra of NQ•- (upper right panel), VK3•- (lower left panel), and VK1•-

(lower right panel) in IP-d8 recorded atT ) 80 K and at different values of the magnetic field. The respective molecular structures with numbering
schemes are given. ENDOR traces a, b, and c correspond to spectral positions neargx, gy, andgz, respectively. The black trace for each position
presents experimental data, and the red trace presents the simulation. The insets in the right corner show the field-swept echo-detected (FSE) EPR
spectra and their simulations. The field positions, at which the presented ENDOR spectra are measured, are marked with letters. The parameters
of ENDOR simulations (hfcc’s and angles) are given in Tables 2-4.
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tensors are completely resolved while the Ay component (-1.76
MHz) overlaps with signals from benzene ringR-protons of
NQ•-. The previous pulse28 and CW27 X-band studies showed
very similar results but were less accurate. The principal
components of the hf tensors of the protons in positions 6/7
exhibit the relation|Ax| > |Az| > |Ay|, which is typical for
R-protons ofπ-radicals.63 Here, the direction ofAz is perpen-
dicular to the quinone plane andAy along the C-H bond. The
presence of a large electron density on the carbonyl group
strongly influences the hfcc’s of protons at positions 5/8. For
them theAz component of the hf tensor is the largest. The DFT
calculations show excellent agreement with the experimental
data (Table 2).

In VK3 the proton in position 2 is substituted with a methyl
group (Figure 1, lower left panel). The rotational motion of the
methyl group at 80 K completely averages the individual tensors
of the methyl protons resulting in the observation of a single
set for all three protons.63 Thus, only two large couplings, from
the methyl group protons and theR-proton at position 3, are
observed. Since the substitution lowers the symmetry of the
quinone molecule, four different couplings of protons 5-8 in
the benzene ring are observed. The results of spectral simulations
for the large hfcc’s show good agreement with previous CW
X-band studies,27 while in other studies some hfcc’s of the
R-proton at position 3 were significantly overestimated (see,
e.g., ref 28).

The experimental data and results of the DFT calculations
are summarized in Table 3. The rotational averaging of the
hfcc’s of the methyl group was taken into account by averaging
of the individual methyl proton tensors that were calculated in

steps of 15° (the same procedure was applied for VK1
•-). The

obtained average tensor is in excellent agreement with the
experiment. The largest hfcc of theR-proton in position 3 is
overestimated by approximately 10%. The otherR-protons
(benzene ring) are predicted with better precision.

VK1 is even higher-substituted than VK3 and carries a phytyl
chain at position 3 (Figure 1, lower right panel). The protons
of the first methylene group of the tail are expected to have
quite large couplings. However, as noticed previously,64 in
frozen solution the position of the tail is not well-defined. Since
the proton hfcc’s are strongly dependent on the dihedral angle
of the â-protons with respect to the quinone plane,65 a broad
distribution of hfcc’s for these protons is expected. In agreement
with this, the ENDOR spectra exhibit only three major features
from the methyl group protons in position 2 and the benzene
ring protons. Lines of protons in positions 5 and 8, and 6 and
7, are not resolved, which indicates a significantly decreased
asymmetry of the electron spin density distribution compared
to that of VK3

•-. DFT calculations show a similar precision of
prediction of the hfcc’s as in the case of VK3

•- (Table 4). Earlier
X-band studies of VK1•- 28,29 and its close structural analogue
MQ•- 10 yielded similar results for the strongly coupled protons.

The comparison between data obtained from ENDOR in
liquid and frozen solution can be done by an analysis of the
isotropic part of the hf tensor. In liquid solution the isotropic
hfcc’s are measured directly,21 while in frozen solution the full
hf tensor is measured and the isotropic part can be obtained
from the trace of this tensor (aiso ) 1/3Tr(A) ) 1/3(Ax + Ay +
Az)). Tables 2-4 present the isotropic hfcc’s obtained in frozen
and liquid solutions. The liquid solution data obtained in this
work (for spectra see Figure S1 of the Supporting Information)
agree very well with the data reported earlier.27-29 Taking into
account some minor changes of the hfcc’s, which may be caused
by freezing of the sample and the different temperatures (see,
e.g., ref 64), very good agreement is found. This corroborates
the line assignments made for the quinone protons in the present
work.

Hyperfine Couplings: Hydrogen Bonds.Hydrogen bonds
play an important role in the fine-tuning of the chemical
properties of cofactors bound in proteins.66 Thus, many studies
addressed the elucidation of the related parameters from the EPR
experiments and the determination of hydrogen-bond geom-
etries; see, e.g., refs 25, 64, 67, and 68. Information on hydrogen
bonds can be obtained from ENDOR spectroscopy, i.e., from
1H or 2H ENDOR on quinone radical anions in protonated or
deuterated solvents, respectively. In the first case subtraction

TABLE 1: Principal Components of g-Tensors of NQ•-,
VK 3

•-, and VK1
•- in IP-d8 Derived from EPR Experiments

at Q-Band at T ) 80 K and Values from DFT Calculationsa

gx gy gz

NQ•- 2.00590(5) 2.00511(5) 2.00229(5) this workb

2.00582(5) 2.00505(5) 2.00228(5) c
2.00658 2.00530 2.00219 DFT

VK3
•- 2.00581(8) 2.00513(8) 2.00229(8) this workb

2.00638 2.00525 2.00215 DFT
VK1

•- 2.0057(1) 2.0051(1) 2.0023(1) this work
2.00566(5) 2.00494(5) 2.00216(5) c
2.00640 2.00526 2.00217 DFT

a Two solvent molecules were coordinated to each carbonyl oxygen.
Geometry optimization was performed without restrictions. Theg-factor
calculations were performed using the ORCA program and employing
the COSMO continuum method.b Theg-tensor was obtained from fully
deuterated quinones.c From a W-band EPR study (ref 18).

TABLE 2: Parameters Used in the Fitting of 1H ENDOR Spectra of NQ•- in IP at T ) 80 K (exptl) and Results of DFT
Calculationsa

positionb

2/3 5/8 6/7 hydrogen bond(s)

exptl DFT exptl DFT exptl DFT exptl DFT (avg)

Ax -14.00 -13.59 -1.69 -1.57 -3.12 -3.03 +5.68 +5.86
Ay -1.76 -1.66 +0.36 +0.39 +0.19 +0.19 -2.70 -2.83
Az -11.15 -11.39 -3.17 -3.24 -2.40 -2.41 -2.70 -2.58
aiso -8.97 -8.88 -1.50 -1.47 -1.78 -1.75 <+0.1 +0.15
aiso

c -9.07 -1.38 -1.82
lw 0.6 0.22 0.24 0.5
æ (17 (17 (8 (8 (15 (15 (37,(53 (37,(53
θ 0 <2 0 <2 0 <2 <15 <4

a Two solvent molecules were coordinated to each carbonyl oxygen. Geometry optimization was performed without restrictions. Hyperfine tensor
calculations were performed by employing the COSMO continuum method. Hyperfine couplings (Ai, aiso) and line widths (lw, full width at half-
height) are given in megahertz. Angles (æ andθ) are given in degrees. The precision of the hfcc determination is estimated to be 25% of the line
width. The smallest component of the ring proton hfcc (Ay) exhibits a larger error.b Positions 2 and 3, 5 and 8, and 6 and 7 are equivalent.c Results
obtained independently using CW ENDOR at X-band in liquid solution,T ) 280 K (Figure S1, Supporting Information).
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procedures are required to differentiate proton signals arising
from the hydrogen bond, from the quinone molecule, and from
the solvent. In earlier studies subtraction was typically done
using ENDOR spectra of quinones in fully protonated and fully
deuterated solvents. However, since we found that protons of
the solvent, which are not involved in hydrogen bonds, also
manifest themselves in the spectra, solvents selectively deuter-
ated at the hydroxyl group (IP-d1) were used as a reference in
our analysis. In this case the difference of corresponding
ENDOR spectra contains solely signals from the hydrogen

bonds. To minimize subtraction artifacts deuterated quinones
were used if available.

Figure 2 presents selected1H ENDOR spectra of BQ-d4
•-,

NQ-d6
•-, and VK3-d8

•- in IP-d1 (black traces) and difference
spectra of the corresponding semiquinone radicals in IP-h8 and
IP-d1 (blue traces). In the case of VK1

•-, for which no deuterated
compound was available, the1H ENDOR difference spectra of
the semiquinone radicals in IP-d1 and IP-d8 (black trace) as well
as IP-h8 and IP-d1 (blue trace) are shown. Overall up to eight
experiments at different field positions were performed. The

TABLE 3: Parameters Used in the Fitting of 1H ENDOR Spectra of VK3
•- in IP at T ) 80 K (exptl) and Results of DFT

Calculationsa

2 (CH3) 3 (R) 5 (R) 6 (R) 7 (R) 8 (R) hydrogen bond

exptl DFT exptl DFT exptl DFT exptl DFT exptl DFT exptl DFT I II III IV

Ax +6.40 +6.63 -11.73 -10.42 -1.48 -1.31 -3.80 -3.80 -3.01 -2.90 -1.99 -1.76 exptl +5.5 +5.9 +6.3 +6.4
DFT +5.5 +5.9 +6.5 +6.7

Ay +9.70 +10.10 -1.00 -0.78 +0.58 +0.60 +0.20 -0.07 +0.37 +0.29 +0.16 +0.05 exptl -2.5 -2.8 -4.7 -4.1
DFT -2.5 -2.8 -4.7 -4.6

Az +5.80 +5.98 -9.60 -9.23 -3.00 -2.99 -2.82 -2.91 -2.34 -2.37 -3.54 -3.63 exptl -2.4 -2.5 -4.9 -3.7
DFT -2.8 -2.5 -5.1 -4.5

aiso +7.30 +7.57 -7.44 -6.81 -1.30 -1.23 -2.14 -2.26 -1.66 -1.66 -1.79 -1.78 exptl +0.2 +0.2 -1.1 -0.5
DFT <0.1 +0.2 -1.1 -0.8

aiso
b +7.88 -7.16 -1.27 -2.10 -1.55 -1.81 n.d.

lw 1.3 0.7 0.2 0.2 0.2 0.2 0.5

æ +25 +20 -21 -21 +4 +4 +12 +12 -20 -20 -14 -14 DFT +48 -42 -58 +44

θ 0 <1 0 <3 0 <3 0 <3 0 <3 0 <3 DFT <2 <2 -32 +21

a Two solvent molecules were coordinated to each carbonyl oxygen. Geometry optimization was performed without restrictions. Hyperfine tensor
calculations were performed employing the COSMO continuum method. Hyperfine couplings (Ai, aiso) and line widths (lw, full width at half-
height) are given in megahertz. Angles (æ andθ) are given in degrees. The precision of the hfcc determination is 0.15 MHz for strongly coupled
nuclei, 0.06 MHz for weakly coupled ring protons, and 0.2 MHz for hydrogen-bond protons. The precision of the hfcc determination is estimated
to be 25% of the line width. The smallest component of the ring proton hfcc (Ay) exhibits a larger error.b Results obtained independently using CW
ENDOR in the X-band in liquid solution,T ) 280 K (Figure S1, Supporting Information). The assignment was done by comparison with DFT
results.

TABLE 4: Parameters Used in the Fitting of 1H ENDOR Spectra of VK1
•- in IP at T ) 80 K (exptl) and Results of DFT

Calculationsa

2 (CH3) 3 (CH2) 5 (R) 6 (R) 7 (R) 8 (R) hydrogen bond

exptl DFT exptl DFT exptl DFT exptl DFT exptl DFT exptl DFT I II III IV

Ax +6.40 +6.27 +0.41 -1.72 -1.50 -3.50 -3.52 -3.50 -3.42 -1.72 -1.52 exptl +6.4 +6.1 +6.0 +5.5
+3.39 DFT +6.8 +6.6 +6.0 +6.0

Ay +10.20 +9.57 +4.85 +0.50 +0.56 +0.04 +0.03 +0.04 +0.07 +0.50 +0.37 exptl -5.2 -5.1 -4.0 -2.5
+6.31 DFT -5.2 -5.1 -4.0 -3.7

Az +6.05 +5.56 -0.76 -3.29 -3.20 -2.60 -2.75 -2.60 -2.69 -3.29 -3.26 exptl -5.4 -5.3 -3.9 -2.2
+2.63 DFT -5.4 -5.3 -4.2 -3.6

aiso +7.55 +7.13 +1.50 -1.50 -1.39 -2.02 -2.08 -2.02 -2.01 -1.50 -1.47 exptl -1.4 -1.4 -0.6 +0.3
+4.11 DFT -1.3 -1.3 -0.7 -0.4

aiso
b +7.39 +2.45 -1.41 -2.12 -1.99 -1.54 n.d.

+4.50

lw 0.7 0.2 0.2 0.2 0.2 0.5

æ +36 +34 -24 +10 +8 +16 +16 -17 -17 -10 -10 DFT +59 -50 -51 +53
-8

θ 0 <1 -6 0 4 0 <1 0 <1 0 2 DFT +57 -36 -26 +11
+3

a Two solvent molecules were coordinated to each carbonyl oxygen. Geometry optimization was performed without restrictions. Hyperfine tensor
calculations were performed employing the COSMO continuum method. Hyperfine couplings (Ai, aiso) and line widths (lw, full width at half-
height) are given in megahertz. Angles (æ andθ) are given in degrees. When not specified parameters for simulations are taken from DFT calculations.
The precision of the hfcc determination is estimated to be 25% of the linewidth. The smallest component of the ring proton hfcc (Ay) exhibits a
larger error.b Results obtained independently using CW ENDOR in the X-band in liquid solution,T ) 220 K (Figure S1, Supporting Information).
The assignment was done by comparison with DFT results.
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data for BQ-d4
•- are included for comparison. The subtraction

of 1H ENDOR spectra of protonated quinones in IP-h8 and IP-
d1 leads to comparable results (data not shown). However, it
was found that difference spectra of deuterated compounds
contain less subtraction artifacts.

The1H ENDOR difference spectra of BQ-d4
•- are shown in

Figure 2 (upper left plot, blue traces). A well-resolved dipolar
powder pattern is observed. The magnetic dipolar interaction
leads to an axially symmetric hf tensor. The largest component
of the hf tensor lies along the hydrogen-bond direction. Previous
studies found that for BQ•- in alcoholic solvents the strongest
component of the dipolar tensor lies in the plane of the quinone
and is directed approximately along the lone pair orbitals of
oxygen (53.5° from the C-O bond direction).25 Therefore, it
manifests itself in1H ENDOR spectra recorded near the spectral
positionsgx andgy (see lines 1 and 1′, traces a and b) but not
neargz (trace c). The small components of the axial tensor can

be found in all ENDOR spectra (lines 2 and 2′ traces a, b, and
c). Since only one dipolar pattern is observed we conclude that
all hydrogen bonds to the quinone oxygens are equivalent. The
simulation of the ENDOR spectra provides principal components
of the hydrogen-bond tensor of+6.25( 0.05,-2.90( 0.05,
and-2.80( 0.05 MHz and an angle ofæ ) 55 ( 10°, while
the out-of-plane angle is below 10° (line width 0.3 MHz). These
data are in full agreement with results of previous experimental
studies25,26as well as previously published DFT calculations.26,69

The length of the hydrogen bonds according to DFT calculations
on BQ•- in coordination with four IP molecules is 1.76 Å.

In all ENDOR difference spectra additional weak signals of
exchangeable protons with couplings up to 1 MHz are observed
(lines 3/3′ and 4/4′). We believe that these are not subtraction
artifacts, since they are also visible in the difference spectra of
protonated quinones, but rather signals from the hydrogen bonds
of the second solvent shell. The principal components of their

Figure 2. Selected1H ENDOR difference spectra in IP-h8 and IP-d1 (blue trace for each field position) and1H ENDOR spectra in IP-d1 (black
trace for each field position) of BQ-d4

•- (upper left panel), NQ-d6
•- (upper right panel), VK3-d8

•- (lower left panel), and VK1•- recorded at different
values of the magnetic field. The molecular structures with numbering schemes are given. The hydrogen bonds are marked with Roman numbers.
Traces a, b, and c correspond to spectral positions near gx, gy, and gz, respectively. The1H ENDOR difference spectra show signals that stem only
from the exchangeable protons. (These hydrogens form hydrogen bonds in a first and second solvation shell.) The spectra in IP-d1 exhibit only
nonexchangeable protons from the solvent. The inset in the right corner of each of the four panels shows the EPR spectrum. The field positions
where the ENDOR experiments were done are marked with black circles and letters (a, b, and c). Specific spectral features (see text for discussion)
are marked with Arabic numbers.
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tensor are (+)1.06, (-)0.50, and (-)0.50 MHz, and the
orientation of the tensor is similar to those of the hydrogen
bonds. Provided that the weak hydrogen bonds are also
established to the carbonyl oxygens, the length of the weak bond
can be estimated to be approximately 1.8 times longer than those
for the strong hydrogen bonds. This corresponds to a length of
about 3.25 Å.

The1H ENDOR difference spectra of NQ-d6
•- are similar to

those of BQ-d4
•-. However, the line width of all spectral

components is clearly increased (Figure 2, upper right panel).
This indicates a certain distribution of hydrogen-bond param-
eters. Our DFT calculations predict that the in-plane angles of
the two hydrogen bonds on the side of the benzene ring are
changed while the orientations of the other two bonds are similar
to those in BQ•-. However, a distribution of the in-plane angle
æ cannot explain the loss of intensity of theAy component in
both ENDOR spectra recorded along thegx andgy directions.
The simulation of the spectra (for simulation parameters see
Table 2) shows that for the representation of spectral line shapes
at least two of the hydrogen bonds should adopt an out-of-plane
angle of up to 15°.

Kaupp et al.33 have found that the results of structure
optimizations of the quinones in alcoholic solvents using DFT
depend on the starting conditions. The optimizations lead to
multiple conformers with similar energies. These conformers
differ by their out-of-plane angles of the hydrogen bonds
between the quinone and the solvent molecules. For example,
the NQ•- structure reported by Kaupp et al.33 has two hydrogen
bonds with an out-of-plane angle of about 12° and two hydrogen
bonds with 24°. The consequences of these flat potential surfaces
are (i) a distribution of hydrogen-bond angles and (ii) a limited
accuracy of the computed out-of-plane hydrogen-bond angles
in the calculations.

The optimization of the molecular structure becomes even
more problematic for the quinones with bulky substituents such

as VK3 (methyl group) and VK1 (methyl group and phytyl tail).
Here two different geometry optimizations were performed: (i)
without any restrictions and (ii) with hydrogen bonds restricted
to the plane of the quinone. The unrestricted structure optimiza-
tion results in significant out-of-plane hydrogen bonding to the
oxygen close to the bulky substituent. The DFT calculations
showed that the couplings of ring protons were only marginally
dependent on the geometry of the hydrogen bonds. In contrast,
the hydrogen-bond hf tensors are strongly dependent on the
hydrogen-bond out-of-plane angle and thus on the results of
the geometry optimizations (Supporting Information, Tables S1
and S2).

The difference1H ENDOR spectra of VK3-d8
•- and VK1

•-

are presented in Figure 2 (bottom left and bottom right,
respectively). The lines 2 and 2′ from theAy component of the
hf tensor become so broad that they almost disappear from the
ENDOR spectra (traces a and b), and the wing of the large
component of the dipolar coupling (lines 1 and 1′, trace c)
becomes very prominent at the spectral position neargz. Due
to the poorly resolved spectra it is impossible to independently
evaluate the hf parameters for each hydrogen bond. However,
using the parameters obtained from DFT calculations on the
model systems with four solvent molecules as starting values
(Tables 3 and 4) we could achieve a reasonable ENDOR line
shape simulation. Thereby, an indirect confirmation of the
structure with nonplanar hydrogen bonds is obtained.

Figure 3 shows Mims2H ENDOR data on BQ•-, NQ•-,
VK3

•-, and VK1
•- in IP-d1. Although these spectra contain only

the lines from the deuterons of the hydrogen bond they are
significantly more complicated than the1H ENDOR spectra due
to the presence of nuclear quadrupole (nq) splitting. Only the
BQ•- and NQ•- spectra are sufficiently resolved to deliver
reliable simulations. The parameters of the simulations are given
in the caption of Figure 3. Scaling the hfcc’s of the deuterons
by the factorγ1H/γ2H provided proton hfcc’s close to those

Figure 3. Deuterium Mims ENDOR spectra of BQ•-, NQ•-, VK3
•-, and VK1

•- in IP-d1 recorded at the peak maximum (g ≈ 2.005) and at the
high-field edge (g ≈ 2.002) of the respective EPR spectra (shown in black). The simulations are shown in red. Simulation parameters for BQ•- are:
principal components of the hf tensorAx ) +0.98 ( 0.02 MHz,Ay ) -0.47 ( 0.02 MHz, andAz ) -0.44 ( 0.01 MHz and of the nq tensor
Px ) +102( 10 kHz,Py ) -57 ( 5 kHz, andPz) -45 ( 5 kHz. The hf and nq tensors have the same orientation,æ ) 54 ( 15°, θ ) 0°. (See
Figure 1 for the definition of angles.) Simulation parameters for NQ•- are: principal components of hf tensorAx ) +0.88 ( 0.03 MHz, Ay )
-0.40( 0.03 MHz, andAz ) -0.41( 0.01 MHz and of the nq tensorPx ) +102 ( 12 kHz,Py ) -57 ( 6 kHz, Pz ) -45 ( 6 kHz. The hf
and nq tensors are collinear (æ ) 54 ( 15°, θ ) 0°).
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derived from the1H ENDOR spectra. Similar hfcc’s and nqcc’s
were recently determined experimentally for BQ•-.25,26 The
calculated nq couplings are somewhat larger than the experi-
mental ones (Px ) +115 ( 2.5, Py ) -68 ( 1, Pz ) -47 (
1 kHz both for BQ•- and NQ•-). It was demonstrated for BQ•-

in H2O that the inclusion of more than four water molecules in
the solvation shell in the DFT calculations led to an additional
reduction of the nqcc’s.26

As observed for the proton ENDOR spectra (Figure 2), the
deuterium ENDOR spectra of higher-substituted quinones
exhibit a substantial broadening. Some splitting due to the nq
interaction can still be observed in the2H ENDOR spectra of
VK3

•- at a field position close togz, while spectra of VK1•- do
not show a resolved quadrupole splitting. This confirms that
the hydrogen bonds show a larger disorder, and thus the spin
Hamiltonian parameters are distributed.

However since the overall width of spectra does not change
significantly upon addition of bulky substituents to the quinone
molecule it can be concluded that the length of the hydrogen
bond does not significantly change. This correlates with the
results of the1H ENDOR where the distribution of hf parameters
(primarily the out-of-plane angles) has been shown to be
responsible for the ENDOR line broadening.

Length of the Hydrogen Bonds to the Quinone Radical
Anions. In previous studies it was empirically established that
the nq coupling constante2qQ/h ) 2Pmax shows a linear
dependence on the inverse third power of the length of the
hydrogen bond70,71

wherea andb are empirical coefficients equal to 310 and 57270

and 328 and 643,71 respectively.Pmax is the largest component
of the nq coupling tensor (herePx). The nq coupling constant
is given in kilohertz, and the hydrogen-bond length in angstroms.
Through the use of eq 2 and a nq coupling of 2Pmax ) 2Px )
204 kHz, a distance of 1.75 or 1.73 Å is obtained for both BQ•-

and NQ•- for the two different sets of coefficients. Our DFT
calculations with four solvent molecules showed that the
hydrogen bonds have a length of 1.76-1.78 Å. These results
correlate well with values of 1.74 Å for BQ•- and 1.76-1.77
Å for NQ•- obtained by Kaupp et al.33 using DFT calculations.

Another experimental approach for the evaluation of the
length of hydrogen bonds is based on the point-dipole model.
From the dipolar part of the hf coupling the hydrogen-bond
length can be calculated according to

wherege andgN are the electron and nuclearg-values,âe and
âN are the electron and nuclear magnetons,FS is the spin density
at the quinone oxygen,δ is the angle between the applied
magnetic field and the direction of the hydrogen bond, andr is
the length of the hydrogen bond in angstroms.22 The disadvan-
tage of this approach is, however, that the spin density on the
oxygen must be known for this estimation. This can be
determined experimentally using17O labeling of the quinone
and subsequent analysis of the oxygen hf coupling obtained from
EPR experiments (see, e.g., refs 64, 72, and 73 for the analysis
of BQ•-, NQ•-, and VK3

•- in alcoholic solvents). However, it
should be noted that the error of such an analysis can be quite
large since only the largest component of the17O hf coupling
is typically determined and a localization of the unpaired

electron in thepz orbital of the oxygen is assumed. The spin
densities determined from experimental data are 0.2364 for BQ•-

in IP, 0.20 for NQ•- in ethanol,72 and 0.19 for VK3
•- in IP73

(see Figure S2 of the Supporting Information for a comparison
with calculated spin densities).17O hf couplings for VK1

•- are
not available; they should be very close to those of VK3

•-.
Through the use of eq 3 and experimentally determined hfcc’s
of the hydrogen-bond protons, distances of 1.82, 1.78, and 1.78
Å are obtained for BQ•-, NQ•-, and the in-plane hydrogen bonds
in VK3

•-. In view of the possible error margins of both methods,
the agreement between the different methods of determination
of hydrogen-bond length can be considered satisfying.

Number of Hydrogen Bonds to the Quinone Radical
Anions. The number of hydrogen bonds cannot be directly
determined from ENDOR spectra since the intensity of ENDOR
lines is strongly dependent on nuclear relaxation and electron-
nuclear cross relaxation times. However, taking into account
that the line width of EPR spectra of quinone radical anions is
significantly affected by the hyperfine interaction, it is possible
to estimate the number of coupled nuclei from a careful analysis
of the EPR spectral line width.67 In fully deuterated quinones
the hydrogen-bond protons are the strongest coupled nuclei;
consequently their impact on the EPR line width is the largest.
Hence, an analysis of the EPR line shape was done with
deuterated quinones.

The analysis of the EPR line shapes was performed in three
steps. In the first step the line width of the experimental EPR
spectra of corresponding quinones in IP-d1 was obtained. In the
next step the simulation of EPR spectra using a spin Hamiltonian
including hyperfine terms for two and four hydrogen bonds and
the line width obtained in the first step was performed. Then,
the effective line width of the simulated spectra was compared
with the experimental EPR line width of quinones in IP-h8.

The line widths of experimental spectra and effective line
widths of simulated spectra were obtained in the following way.
Since the line shape and intensity of pulsed EPR spectra are
affected by various anisotropic relaxation effects, the standard
deviation cannot be used as a criterion for the line width analysis
of the simulation. Thus, we did not rely on the full simulation
of pulsed EPR line shapes but tried to obtain the best agreement
of the line width of each spectral component. The spin
Hamiltonian with the electron Zeeman term was used (see Table
1 for simulatedg-factors). The components of the spectra were
broadened using anisotropic magnetic field strain as defined in
the EasySpin package. The isotropic EPR line width was set to
zero.

The magnetic field strain parameters for the experimental
results and effective line width simulations are presented in
Table 5. It can be seen that the line width of the EPR spectra
increases with the number of hydrogen-bonded protons coupled
to the radical. The simulations with two hydrogen bonds did
not produce a broadening comparable with the EPR line width
in IP-h8 solvent for any of the quinones. However, four hydrogen
bonds produce sufficient broadening (or even slight overbroad-
ening) of the EPR lines. The case of three hydrogen bonds was
excluded on the basis of our DFT calculations since such a
situation yields very strong deviations of hfcc’s of the ring
protons from the experimentally determined ones (Supporting
Information, Table S1). From this we conclude that four
hydrogen bonds are present to the radicals in all cases (BQ•-,
NQ•-, and VK3

•-). The number of hydrogen bonds to VK1
•-

was not analyzed since fully deuterated VK1
•- was not available.

Nevertheless, on the basis of our DFT calculations and taking
into account the agreement of the experimentally determined

e2qQ/h ) a - b

r3
(2)

Adip )
geâegNâN

hr3
FS(3 cos2 δ - 1) (3)
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hfcc’s with those obtained theoretically, we predict four
hydrogen bonds for VK1•- as well.

There is some contradiction in the literature concerning the
number of hydrogen bonds that a semiquinone radical can have.
Flores et al.25,74 and Hales67 experimentally determined two
hydrogen bonds for BQ•- in H2O and for BQ•- in methanol,
respectively. The difference between these results and our
estimation may be explained by (i) the impact of weakly coupled
protons of the solvent (see next paragraph) that was not taken
into account in previous studies and (ii) the fact that quinones
in IP exhibit a smaller line width compared with H2O and
methanol that allows a more precise line width analysis.

The majority of previous DFT calculations ofg- and
hf-tensors on these and similar quinone radical anions also
predicts the formation of four hydrogen bonds (see, e.g., refs
26 and 33). As mentioned above, our DFT calculations clearly
support this view by a comparison of measured and calculated
hfcc’s obtained for different model systems (see also the
Supporting Information, Tables S1 and S2).

Hyperfine Couplings of Weakly Coupled Protons of the
Solvent. The presence of a so-called matrix line from distant
nuclei is common for ENDOR spectra of frozen samples.20,22,75

The matrix line is centered at the Larmor frequency and is
typically not or only weakly structured. However, in our1H
ENDOR spectra of fully deuterated quinone radical anions in
IP-d1 a clearly resolved structure was found.

The1H ENDOR spectra of BQ-d4
•-, NQ-d6

•-, and VK3-d8
•-

in IP-d1 are presented in Figure 2, lower trace, for each field
position. These spectra arise from nonexchangeable bulk-solvent
protons since in IP-d1 the hydroxyl group is deuterated.1H
ENDOR spectra of BQ-d4

•-, NQ-d6
•-, and VK3-d8

•- in fully
deuterated IP (not shown) exhibit extremely weak signals mainly
due to the incompletely deuterated quinones. In this way the
contribution of quinone protons and protons of benzyltri-
methylammonium hydroxide, used to produce the radical anion,
to the ENDOR spectra of respective quinone radical anions in
IP-d1 can be excluded.

Several previous investigations, in which a subtraction of
quinone ENDOR spectra in IP-h8 and IP-d8 was used for the
analysis of hydrogen bonds, attributed these solvent signals to
a second set of weaker hydrogen bonds. Our results do not
support this assignment. Also it is interesting to notice that in
contrast to the hydrogen-bond signals, which are presented in

the same figures (see upper trace for each field position), the
hf tensors of these solvent protons have a different orientation.
While the largest component of the hydrogen-bond tensors lies
in the plane of the quinone (at least for BQ•- and NQ•-) the
corresponding largest component of the bulk-solvent protons
is oriented nearly perpendicular to this plane. It should be noted
that at orientations close togz the lines from weakly coupled
protons and hydrogen-bond protons overlap. The simulations
give values of 2.1-2.4 MHz for the largest component of this
hf tensor and 1.0-1.2 MHz for the smaller one.

Assuming a primarily dipolar nature of the interaction of these
nuclei with the unpaired electron, the position of the proton
must be above or below the quinone plane (carbonyl oxygens).
In this case the largest component of the hyperfine tensor will
be perpendicular to theπ-plane, as observed in the experiment.
The strength of a dipolar interaction is dependent on the distance
of the nucleus to the unpaired electron (see eq 3). To estimate
the maximum distance of the observed solvent shell protons,
we used DFT and calculated the dependence of the hyperfine
coupling of a proton from a methane molecule located straight
above the carbonyl oxygen on the distance from the plane. The
oxygen carries the largest electron spin density, and thus the
corresponding distance is the longest. According to these
calculations a proton that is located 3.1 Å above the carbonyl
oxygen will have the largest hf component ofA|| ) +2.3 MHz.
This result, however, has to be considered only as a crude
estimate.

The number of weakly coupled protons can be estimated using
a method analogous to that used for the hydrogen bonds. The
EPR spectral line width of quinone radical anions in IP-d8 is
used as a reference. Then a number of hf tensors (with
parameters estimated from ENDOR measurements) is added to
the Hamiltonian to obtain the line width of the EPR spectra of
the quinone radical anion in IP-d1. The estimation (not shown)
gives about four weak couplings for BQ•-, four to six couplings
for NQ•-, and six to eight couplings for VK3•-. Since the
couplings of all protons are not necessarily the same, a quite
large error in the determination of the amount of protons can
be expected.

There are two possible assignments of the small solvent
proton couplings: (i) to the protons of the hydrogen-bonded
solvent molecules and (ii) to the protons of other solvent
molecules, which are located above (below) the quinone plane.
The optimized structures with four hydrogen bonds give a
closest distance to the methyl group protons of about 2.9 Å
and an angle of the largest hf component fromgz of about 15°.
However at 80 K we expect free rotation of the methyl groups,
which leads to an averaging of hf couplings of the methyl group
protons. Since the other protons of the methyl group are further
away from the oxygen, the average hfcc is expected to be
smaller than the one observed experimentally. In addition,
similar hfcc’s from the solvent have been observed by us for
BQ•- in aprotic solvents, which do not form hydrogen bonds.
The CH protons of hydrogen-bonded IPs are more than 3.3 Å
away from the oxygen, and their out-of-plane angles are about
50°. This suggests that the second assignment is more likely.

Conclusions

In this work the semiquinone radical anions BQ•-, NQ•-,
VK3

•-, and VK1
•- in frozen 2-propanol solution were measured

using pulsed Q-band ENDOR spectroscopy. The use of a higher
microwave frequency band (34 GHz) than conventional X-band
allowed us to improve the orientation selection and to determine
the hf tensor principal components for all protons in the ENDOR
spectra.

TABLE 5: Anisotropic Line Width Components ( Hi) of EPR
Spectra of BQ-d4

•-, NQ-d6
•-, and VK3-d8

•- in IP Solvents as
Compared with EPR Line Widths from Simulations with
Two or Four Hydrogen Bonds to the Carbonyl Oxygensa

quinone solvent Hx (MHz) Hy (MHz) Hz (MHz)

BQ-d4
•- IP-d8 7.8 5.5 7.3

IP-d1 8.8 7.9 9.4
IP-h8 9.9 11.3 12.4
simulation with 2 H-bonds 8.9 9.0 11.5
simulation with 4 H-bonds 9.2 12.3 12.5

NQ-d6
•- IP-d8 8.3 5.5 7.3

IP-d1 9.8 8.3 10.4
IP-h8 11.4 9.8 11.6
simulation with 2 H-bonds 9.9 9.2 11.3
simulation with 4 H-bonds 10.2 10.3 12.1

VK3-d8
•- IP-d8 9.1 8.2 7.6

IP-d1 10.8 9.4 10.9
IP-h8 11.4 11.6 12.2
simulation with 2 H-bonds 10.9 10.3 11.7
simulation with 4 H-bonds 11.3 11.6 12.4

a See Tables 2-4 for the hfcc’s of the hydrogen bonds. The precision
of the line width determination is∼0.3 MHz.
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Special attention was paid to the determination of the number,
strength, and geometry of hydrogen bonds formed between the
quinone radical anions and specific solvent molecules in frozen
solution. We confirmed the hypothesis of the presence of two
strong hydrogen bonds to each oxygen of the semiquinone
radicals and found that in VK3•- and VK1

•- some of these
hydrogen bonds do not lie in the plane of the quinone. This
spread of hydrogen-bond geometries turned out to be the major
problem in the analysis of ENDOR spectra. In addition to the
strong hydrogen bonds, signals from the weaker coupled
exchangeable protons from a second solvation shell were
identified. It can be speculated that these protons are part of a
solvent hydrogen-bond network and are located in the plane of
the quinone close to the quinone oxygens.

Hydrogen-bond lengths were estimated both from the dipolar
coupling of the respective protons using the point-dipole model
and from nuclear quadrupole couplings using empirical formu-
las.70,71The distances obtained by these two methods are similar
with the latter one in better agreement with the geometry
obtained from the DFT calculations. The hydrogen-bond lengths
to the investigated immobilized radicals all lie in the same range
around 1.77( 0.05 Å. In an earlier study on BQ•- similar
hydrogen-bond lengths were found for different alcoholic
solvents and water.25

Furthermore, resonances of weakly coupled nonexchangeable
protons of the solvent were detected. The analysis of the
respective hfcc’s suggests that these protons are located above
and below the quinone plane, e.g., close to the carbonyl groups
that carry the majority of the spin density. These probably belong
to the hydrogen-bonded solvent molecules or to additional
solvent molecules located above or below theπ-plane of the
radical.

Several theoretical studies have already been devoted to the
calculation of spin Hamiltonian parameters of quinone radicals,
but only a few reported the hfcc’s of the ring protons.28,29,76

The results of these studies for naphthoquinone radical anions
were compared mostly with the isotropic hfcc’s available in
the literature. In our work a more extensive comparison was
performed, since all proton hyperfine tensors have been
determined.

Our DFT calculations demonstrated the potential of the
method in predicting the hf tensors of the quinone protons. The
error of prediction increases with the complexity of the model
but does not exceed 15%. Hyperfine tensor orientations could
also be predicted by the calculations and were found to be
helpful in the spectral simulations. The calculations showed that
four hydrogen-bonded solvent molecules are necessary to obtain
the best agreement with the experiments. The combination with
a COSMO continuum model further improved the agreement
with the experimental results.

The results of this study form a solid basis for the analysis
of EPR and ENDOR data of VK1 and MQ radicals in biological
systems. The accurate set of hyperfine data, obtained here for
the VK1 radical anion in vitro, is very important for a solid
comparison with data obtained for this radical in redox proteins.
By such a comparison a deeper understanding can be achieved
of how the protein surrounding tunes the electronic structure
and the physical properties of this molecule, e.g., in photosystem
I of oxygenic photosynthesis.
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