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ABSTRACT: Quinones function as electron transport cofactors in photosynthesis and cellular respiration. The versatility and
functional diversity of quinones is primarily due to the diverse midpoint potentials that are tuned by the substituent effects and
interactions with surrounding amino acid residues in the binding site in the protein. In the present study, a library of substituted
1,4-naphthoquinones are analyzed by cyclic voltammetry in both protic and aprotic solvents to determine effects of substituent
groups and hydrogen bonds on the midpoint potential. We use continuous-wave electron paramagnetic resonance (EPR)
spectroscopy to determine the influence of substituent groups on the electronic properties of the 1,4-naphthoquinone models in
an aprotic solvent. The results establish a correlation between the presence of substituent group(s) and the modification of
electronic properties and a corresponding shift in the midpoint potential of the naphthoquinone models. Further, we use pulsed
EPR spectroscopy to determine the effect of substituent groups on the strength and planarity of the hydrogen bonds of
naphthoquinone models in a protic solvent. This study provides support for the tuning of the electronic properties of quinone
cofactors by the influence of substituent groups and hydrogen bonding interactions.

■ INTRODUCTION

In photosynthesis and respiration, quinones are used for
electron and proton transport, as these cofactors are highly
tunable and versatile in function.1−4 It is known that substituted
benzoquinone and naphthoquinone molecules serve as electron
acceptors in the type II reaction centers (RC), photosystem II
(PSII) and the bacterial reaction center (BRC), and the type I
RC, photosystem I (PSI), respectively.5−14 The large difference
in the redox potential of the benzoquinone and naphthoqui-
none cofactors in the RC proteins is thought to arise from a
difference in the substituent groups on the quinone ring,
hydrogen bonding (H-bonding) interactions, hydrophobic
interactions, π-stacking with the surrounding protein environ-
ment, and the conformation of the phytyl chain of the

respective quinones.15−21 Each of these factors acts in tandem
to either stabilize or destabilize the semiquinone anion radical
that is formed in vivo.
Phylloquinone, also known as vitamin K1 (VK1), is a

substituted 1,4-naphthoquinone with a phytyl chain. Previous
studies have suggested that the presence of different substituent
groups on a 1,4-naphthoquinone molecule affect the electron
spin density distribution on the quinone ring.22−24 Quantum
mechanical and molecular modeling methods have previously
been used to examine the influence of the protein environment
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and the effect of H-bonding interactions on the electron spin
density distribution of quinones.25,26 In addition, spectroscopic
techniques, such as transient continuous-wave (cw) electron
paramagnetic resonance (EPR) spectroscopy, Fourier trans-
form infrared (FTIR) spectroscopy, and time-resolved
absorption spectroscopy have been used to probe the
interactions between quinones and their surrounding environ-
ment.18,27−33

In PSI, there are two highly symmetric phylloquinone
molecules, A1A and A1B, that act as single electron acceptors.
Although the phylloquinone molecules are chemically identical,
A1A and A1B are functionally distinct (Figure 1). This is

apparent in the lifetime of the reduced phyllosemiquinone
anions, A1A

− and A1B
−
, which is ∼200 and ∼20 ns,

respectively.34−37 The lifetime of the respective phyllosemiqui-
nones is representative of the rate of electron transfer between
the phylloquinone and the iron−sulfur cluster, Fx, through the
A and B branches of PSI. One of the reasons for the distinct
functional behavior of A1A and A1B is the difference in the
midpoint potential of the cofactors. Recently, density functional
theory, free energy, and electrostatic calculations have
estimated the midpoint potential of A1A and A1B as −671 and
−844 mV, respectively.16 Given that A1A and A1B are identical
phylloquinone molecules, it is proposed that interactions with
the surrounding protein environment influence the electronic
structure of the quinones.
The effect of the protein environment on the functional

tuning of quinone cofactors has previously been studied by the
biosynthetic replacement of the phylloquinone with plastoqui-
none in PSI.38 In PSII, the primary plastoquinone is a one-
electron acceptor operating at an estimated midpoint potential
of ∼−100 mV (vs NHE). When plastoquinone replaces the
naturally occurring phylloquinone in PSI, the midpoint
potential is shifted to −650 mV (vs NHE), a value far more
similar to that of the native phylloquinone in PSI. These studies
indicate that the protein environment directly affects the
functional tuning of quinone cofactors. In addition to the
protein environment, the effect of the presence of substituent

groups on quinone function has been studied by the
replacement of the native phylloquinone of PSI with 2,3-
dichloro-1,4-naphthoquinone (vs NHE).39 The midpoint
potential of 2,3-dichloro-1,4-naphthoquinone is ∼400 mV
more positive than the native phylloquinone. Thus, when the
native phylloquinone is replaced with 2,3-dichloro-1,4-naph-
thoquinone, the electron transfer pathway of PSI is blocked at
the A1A and A1B sites.
In the present study, we perform a systematic investigation of

an extensive library of substituted naphthoquinone models and
phylloquinone (VK1). We use cw EPR and two-dimensional
(2D) hyperfine sublevel correlation (HYSCORE) spectroscopy
to measure the isotropic and anisotropic components of the
electron−nuclear hyperfine interactions of the substituted
naphthoquinone models. From cw EPR spectroscopy, we
obtain information on the isotropic component of the
electron−nuclear hyperfine interaction that provides a direct
measure of the electron spin density distribution on the
individual carbon atoms of the reduced naphthosemiquinone
models. Further, we elucidate the strength and geometry of H-
bonds between the reduced naphthosemiquinones and a protic
solvent using 2D HYSCORE spectroscopy. In parallel, we
perform cyclic voltammetry measurements to determine the
redox potentials of the naphthoquinone models in both protic
and aprotic solvents. We correlate the electron spin density
distribution of the naphthosemiquinone models that is obtained
by cw EPR and 2D HYSCORE spectroscopy with the
substituent and solvent effects and relate these to the midpoint
potential of the naphthoquinone models. This study provides
valuable insight on the influence of molecular interactions on
the tuning and function of quinones in vitro.

■ MATERIALS AND METHODS
Preparation of Naphthosemiquinone Anion Radicals.

1,4-Naphthoquinone (NQ), 5-hydroxy-1,4-naphthoquinone (5-
OHNQ), and 2,3-dichloro-1,4-naphthoquinone (DCNQ) were
obtained from Aldrich Chemical Co., Inc. (Milwaukee, WI). 2-
Methyl-1,4-naphthoquinone (MNQ) was obtained from Nutri-
tional Biochemicals Corporation (Cleveland, OH), and vitamin
K1 (VK1) was obtained from Alfa Aesar (Ward Hill, MA). The
numbering scheme of the carbon atoms of the naphthoquinone
models is shown in Figure 2.
The naphthosemiquinone anion radicals were generated by

dissolving the naphthoquinone models (0.2−10 mM) in
dimethyl sulfoxide (DMSO) (Mallinckrodt Chemicals, Phillips-
burg, NJ) or isopropyl alcohol (IPA) (J. T. Baker, Phillipsburg,
NJ) in a Bactron X anaerobic chamber (Sheldon Manufacturing
Inc., Cornelius, OR). The naphthosemiquinone anion radicals
in DMSO were generated by adding 1.0 M sodium hydroxide
(NaOH) dropwise, and the naphthosemiquinone radicals in
IPA were generated using potassium tertiary buteroxide (t-
BtOx) (Sigma-Aldrich, St. Louis, MO). The VK1 semiquinone
anion radical was formed using one drop of benzyltrimethy-
lammonium hydroxide in 40% methanol (Sigma-Aldrich, St.
Louis, MO). For the cw EPR spectroscopy measurements at
room temperature, the naphthosemiquinone samples were
loaded into 2 mm glass capillaries (Kimble Chase, Vineland,
NJ) and placed in 4 mm quartz tubes (Wilmad LabGlass,
Vineland, NJ). For the cryogenic pulsed X-band 2D HYSCORE
spectroscopy measurements, the naphthosemiquinone models
were loaded into 4 mm quartz tubes and frozen at 77 K.

Electrochemical Measurements. Cyclic voltammetry
(CV) measurements were performed on a bipotentiostat

Figure 1. The electron-transfer cofactors in the A- and B-branches of
photosystem I.
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(model AFCBP1) (Pine Instrument Company, Grove City,
PA) using a three-electrode system consisting of a glassy carbon
working electrode, a platinum wire counter electrode, and a
silver wire reference electrode. The CV measurements of the
naphthoquinone models in dry acetonitrile were performed
with 0.1 M tetrabutylammonium hexaflourophosphate
(TBAPF6) as the supporting electrolyte (Indofine Chemical
Company Inc., Hillsborough, NJ). In addition, CV measure-
ments of the naphthoquinone models were also performed in
dry ethanol with 0.1 M sodium perchlorate (NaClO4) as the
supporting electrolyte (Alfa Aesar, Heysham, Lancashire, U.K.).
The concentration of the samples was between 2 and 3 mM,
varying based on the solubility of the naphthoquinone. The
measurements were performed in an argon atmosphere at 25
°C, and ferrocene (Sigma-Aldrich, St. Louis, MO) that was
purified by sublimation was used as an internal standard for the
measurements. All of the CV measurements are referenced to
ferrocene/ferrocinium (Fc/Fc+) and corrected to the normal
hydrogen electrode (NHE) (Fc = 0.400 V vs aqueous SCE in
acetonitrile; Fc = 0.456 V vs aqueous SCE in ethanol; SCE =
−0.24 V vs NHE).40−42 The cyclic voltammograms were
plotted in Origin 8.0 where the redox potentials were calibrated
by referencing the Fc/Fc+ internal standard to the NHE
standard potential. The midpoint was determined by averaging
the values of the cathodic and anodic peak potentials.
CW and Pulsed EPR Spectroscopy. The EPR spectra

were obtained on a custom-built cw/pulsed X-band Bruker
Elexsys 580 EPR spectrometer. The cw EPR measurements
were performed at room temperature using a dual-mode
resonator ER 4116-DM (Bruker BioSpin, Billerica, MA)
equipped with a continuous-flow helium E900 cryostat (Oxford
Instruments, Oxfordshire, U.K.). The operating microwave
frequency was 9.64 GHz. The EPR spectra were acquired using
a modulation frequency of 100 kHz and modulation amplitude
of 0.05−0.1 G. The experimental cw EPR spectra that were
acquired at room temperature were simulated using the “garlic”
spectral subroutine of the EasySpin software package. This

subroutine is designed to reproduce isotropic cw EPR spectra
on a Matlab R2010b platform.43

The pulsed EPR spectroscopy measurements were obtained
using a dielectric flex-line ER 4118-MD5 probe (Bruker
BioSpin, Billerica, MA) and a dynamic continuous-flow cryostat
CF935 (Oxford Instruments, Oxfordshire, U.K.). An operating
microwave frequency of 9.71 GHz was used for the pulsed
resonator. The 2D HYSCORE spectra were recorded at a
magnetic field position of 3458 G. The pulsed EPR spectra
were recorded at 115 K.
For the 2D HYSCORE spectra, the pulsed echo amplitude

was measured using the sequence π/2-τ-π/2-t1-π-t2-π/2-echo
with a τ value of 132 ns and a 12 ns detector gate (centered at
the maximum of the echo signal); the delays are defined as the
differences in the starting points of the pulses. The echo
intensity was measured as a function of t1 and t2, where t1 and t2
were incremented in steps of 8 or 16 ns from their initial values
of 24 and 40 ns, respectively. Equal amplitude pulses of 16 ns
for π/2 and 32 ns for π were used to record a 256 × 256 matrix.
The 16 ns time difference between the initial values of t1 and t2
and π/2 and π were set equal to obtain more symmetric
spectra. The unwanted echoes and anti-echoes were eliminated
by applying a 16-step phase cycling procedure.44

For the 2D HYSCORE data, a low-order polynomial baseline
correction and tapering with a Hamming function was used to
remove the unwanted echo decay. Before the application of a
2D Fourier transform, the data was zero filled to a 1024 × 1024
matrix and the magnitude spectra were calculated using the
Bruker X-EPR software (Bruker BioSpin, Billerica, MA). The
2D HYSCORE spectral contour plots were created using
Matlab R2010b.

Theory and Analysis. The isotropic hyperfine coupling
parameters were obtained by spectral simulation of the room-
temperature cw EPR spectra of the naphthosemiquinone
models. The corresponding electron spin density distribution
at each of the carbon atoms of the naphthosemiquinone models
was calculated using the McConnell relationship.45 The
McConnell relationship for the calculation of the electron
spin density on the carbon atoms that are adjacent to α-protons
is

ρ=a QN N (1)

where aN is the isotropic hyperfine interaction for the nucleus,
N, ρN is the electron spin density at the α carbon atom that is
adjacent to the nucleus, N, and Q is a constant. For 1,4-
naphthoquinone, the value of Q for the α protons that are
directly bound to the naphthoquinone ring is −27 G.46 For
methyl and ethyl protons, the value of Q is 20 and 26 G,
respectively.47,48

The electron spin density distribution at each carbon atom of
VK1 was calculated using the complete McLachlan relationship
which takes into account the angle of the β-methylene protons
of the phytyl chain with respect to the plane of the
naphthoquinone ring:48

θ ρ= +a B B( cos ( ) )N o 1
2

N (2)

Here, Bo is a constant approximated to zero and B1 is 112
MHz.49

The three principal components of an electron−nuclear
hyperfine tensor can be represented as (Ax, Ay, Az) = (aiso −
T(1 − δ), aiso − T(1 + δ), aiso + 2T), where aiso, T, and δ are
the isotropic, dipolar, and rhombic components of the

Figure 2. The structure of (A) naphthoquinone models (NQ R1 = R2
= R3 = R4 = R5 = R6 = H;MNQ R1 = methyl, R2 = R3 = R4 = R5 = R6 =
H; ENQ R1 = ethyl, R2 = R3 = R4 = R5 = R6 = H; DMNQ R1 = R2 =
methyl, R3 = R4 = R5 = R6 = H; 5-OHNQ R1 = R2 = R3 = R5 = R6 = H,
R4 = hydroxyl; DCNQ R3 = R4 = R5 = R6 = H, R1 = R2=chloro) and
(B) vitamin VK1 (VK1).
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hyperfine tensor, respectively. In the case of axial symmetry (δ
= 0, Ax = Ay = A⊥ = aiso − T, Az = A|| = aiso + 2T), the proton
cross-peaks (which appear as ridges in powder samples)
represent straight-line segments when plotted in frequency-
squared coordinates. In this case, the anisotropic and isotropic
components of the electron−nuclear hyperfine interaction can
be obtained from the slope and intercept of the ridges. On the
basis of the value of the slope, Qα(β), and intercept, Gα(β), that
are determined experimentally and the calculated value of the
nuclear Zeeman frequency, υI, the value of aiso and T can be
calculated from the following equations:50
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To obtain the value of Qα(β) and Gα(β), the frequency-squared
coordinates of the points were measured on the median of a
ridge corresponding to the highest signal intensity along the
direction of the ridges. This is appropriate, since the processes
responsible for line broadening in the 2D frequency space (e.g.,
nuclear relaxation, hyperfine strain, and signal apodization)
would not affect the position of maximum signal intensity. The
measured coordinates were fit with a straight line using a least-
squares algorithm that yielded the value of Qα(β) and Gα(β).
Each pair of Qα(β) and Gα(β) values results in four sets of
possible hyperfine parameters (please see eq 3), where the sign
of T can be positive or negative and, for a given value of T,
there are two possible values of aiso.
In cases of significant rhombicity, the parameter δ causes the

splitting of the ridge into two ridges that could be resolved in
the experiment. For each of the two ridges, one can determine
corresponding values of A∥ and A⊥, using the procedure
described above. If indeed two ridges originate from a rhombic
proton and not from two distinct protons with axial
interactions, the value of A⊥ will be identical within
experimental deviations and provide a measure of the AZ
component of the rhombic hyperfine tensor. Two distinct
values of A∥ provide a measure of AX and AY. Thus, all three
principal values of the hyperfine tensor can be determined in a
similar way in the case of axial symmetry.

■ RESULTS

Electrochemical Studies of Naphthoquinone Models.
In this study, both aprotic (acetonitrile) and protic (ethanol)
solvents were used for the CV measurements. The protic
solvent, ethanol, forms hydrogen bonds (H-bonds) with the
naphthoquinone models that are absent in the aprotic solvent,
acetonitrile. This allows for the determination of the effects
solely due to the presence of H-bonds on the redox potential of
the respective naphthoquinone models. The cyclic voltammo-
grams of the naphthoquinone models in acetonitrile and
ethanol are shown in Figures 3 and 4, respectively. The cyclic
voltammograms are referenced to the internal standard, Fc/Fc+.
To facilitate qualitative visual comparison, a dashed line marks
the midpoint potential of ferrocene. The reduction and
oxidation couples of the naphthoquinone models have been
obtained by averaging the maximum and minimum voltages in
the cyclic voltammogram.

The values of the midpoint potential of the naphthoquinone
models in acetonitrile and ethanol are presented in Table 1.

The substituent groups on the naphthoquinone ring affect the
value of the midpoint potential in both solvents. There is a
decrease in the midpoint potential (to a more negative value)
of the naphthoquinones in the presence of electron-donating
alkyl groups on the quinone ring. In contrast, there is an
increase in the midpoint potential (to a more positive value) in
the presence of electron-withdrawing groups (e.g., hydroxyl and

Figure 3. The cyclic voltammogram of naphthoquinone models in
acetonitrile that are referenced to ferrocene (0.40 V vs NHE;
represented by the dashed line): (A) 1,4 NQ; (B) MNQ; (C)
DMNQ; (D) ENQ; (E) DCNQ; (F) 5-OHNQ; (G) VK1.

Figure 4. The cyclic voltammogram of the naphthoquinone models in
ethanol that are referenced to ferrocene (0.456 V vs NHE; represented
by the dashed line): (A) 1,4-NQ; (B) MNQ; (C) DMNQ; (D) ENQ;
(E) DCNQ; (F) 5-OHNQ; (G) VK1.

Table 1. The First Mid-Point Potential of the
Naphthoquinone Models vs NHE in Acetonitrile and
Ethanol, Respectively

midpoint potential (V)

quinone (abbreviation) in ethanol in acetonitrile

1,4-naphthoquinone (NQ) −0.610 −0.903
2,3-dichloro-1,4-naphthoquinone (DCNQ) −0.445 −0.644
5-hydroxy-1,4-naphthoquinone (5-OHNQ) −0.503 −0.735
2-methyl-1,4-naphthoquinone (MNQ) −0.715 −0.981
2-ethyl-1,4-naphthoquinone (ENQ) −0.701 −1.002
2,3-dimethyl-1,4-naphthoquinone (DMNQ) −0.795 −1.070
vitamin K1 (VK1) −0.786 −1.049
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chloro substituents). For all of the naphthoquinone models,
there is an increase in the midpoint potential in the presence of
H-bonding interactions with the solvent. This is reflected by the
more positive value of the midpoint potential of the
naphthoquinone models in ethanol in comparison with the
corresponding value of the midpoint potential that is measured
in acetonitrile.
CW EPR Spectroscopy of Naphthoquinone Models.

Shown in Figure 5 are the experimental (black trace) and

simulated (red trace) cw EPR spectra of the naphthosemiqui-
none models at room temperature in DMSO. The cw EPR
spectra display distinct line shape splitting patterns that are
characteristic of the electron−nuclear hyperfine interactions
between the electron spin (S = 1/2) on the naphthosemiqui-
none anion and the protons (nuclear spin, I = 1/2) that are in
close proximity and magnetically interacting with the electron
spin. In solution, rapid rotational reorientation of the molecules
averages the anisotropic component of the hyperfine
interaction. The only remaining directionally independent
isotropic hyperfine component, aiso, arises from the presence
of electron spin density on the protons. The spectral splitting
patterns that are observed in the cw EPR spectra of the
naphthosemiquinone anion radical depend on the magnitude of
the isotropic hyperfine interaction, aiso, and the number of
interacting protons. In this study, the experimental cw EPR
spectra were numerically simulated to obtain the values of aiso

(Table 2). The assignments of the isotropic hyperfine
components are based on simple structural considerations
and comparison with previous literature.23

2D 1H HYSCORE Spectroscopy of Naphthoquinone
Models. Figure 6 shows the 1H HYSCORE spectrum of 1,4-

naphthoquinone in IPA. As can be seen in this spectrum, the
cross-peaks form extended ridges that are centered at the
Zeeman frequency of the protons (14.72 MHz). The ridges
arise from the hyperfine interactions between the electron spin
(S = 1/2) of naphthosemiquinone anion and the protons (I =
1/2) that are in close proximity, such as the ring, substituent,
and H-bonded protons.
The hyperfine interaction is characterized by two parameters,

namely, the isotropic and anisotropic component, aiso and T,
respectively. The isotropic hyperfine component, aiso, is a
measure of the presence of electron spin density on the
nucleus. The anisotropic hyperfine component, T, is due to a
through-space dipolar interaction between the electron spin
and the magnetic nucleus. The location of the ridges in the 2D
frequency space in the HYSCORE spectrum is determined by
the magnitude and the relative sign of aiso and T. Qualitatively,
aiso causes separation of the observed ridges from the main
diagonal that is defined as v1 + v2 = 2vi, where vi is the proton
Zeeman frequency. The anisotropic component, T, extends the
ridges approximately along the antidiagonal that is defined as v1
= v2. Additionally, T causes a small shift of the ridges from the
antidiagonal toward higher frequencies. Both the diagonal and
antidiagonal have been marked on the 2D 1H HYSCORE
spectra in Figure 6.
In this study, we have determined both the isotropic and

anisotropic components of the hyperfine interaction, aiso and T,
from linear analysis of the 2D 1H HYSCORE spectra in
frequency-squared coordinates (Figures S4−S10, Supporting

Figure 5. The experimental (black trace) and simulated (red trace) cw
EPR spectra of naphthosemiquinone anion radicals in DMSO: (A)
NQ; (B) DCNQ; (C) 5-OHNQ; (D) MNQ; (E) ENQ; (F) DMNQ;
(G) VK1.

Table 2. The Isotropic Hyperfine Interaction Parameters of the Naphthoquinone Models That Are Obtained from the
Numerical Simulations of the cw EPR Spectra in DMSO

aiso (MHz)

quinone (abbreviation) R1 R2 R3 R4 R5 R6

1,4-naphthoquinone (NQ) 9.20 9.20 0.87 0.87 1.75 1.75
2,3-dichloro-1,4-naphthoquinone (DCNQ) n/a n/a 1.47 1.47 2.18 2.18
5-hydroxy-1,4-naphthoquinone (5-OHNQ) 11.10 7.25 2.25 0.95 2.86 2.11
2-methyl-1,4-naphthoquinone (MNQ) 7.71 7.45 1.10 0.80 1.80 2.05
2-ethyl-1,4-naphthoquinone (ENQ) 6.37 7.40 1.05 0.80 1.80 2.10
2,3-dimethyl-1,4-naphthoquinone (DMNQ) 7.11 7.11 0.89 0.89 2.10 2.10
vitamin K1 (VK1) 7.20 4.40 3.10 0.80 1.00 2.10 1.80

Figure 6. The 2D 1H HYSCORE spectrum of 1,4-NQ in IPA.
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Information). The values of aiso and T that are obtained for the
H-bonded protons are shown in Table 3. Due to decreased

orbital overlap between the carbonyl oxygen and the H-
bonding proton, there is a low probability of finding unpaired
electron spin density on the H-bonded proton. This leads to a
much smaller value of aiso. As can be seen in Table 3, the values
of T and aiso for the H-bonded protons are similar in the series
of substituted naphthoquinone models, with an average
anisotropic coupling constant of 2.84 MHz and negligible
isotropic coupling constants. However, for DMNQ and VK1,
we observe much larger values of T of ∼4.3−4.4 MHz.
Moreover, for both DMNQ and VK1, the H-bonded protons
have a larger value of aiso, namely, 1.91 and 2.16 MHz for
DMNQ and VK1, respectively (the 2D 1H HYSCORE spectra
are shown in Figure S3, Supporting Information). We also
determine the hyperfine parameters for the ring protons at
positions 2 and 3 and the methyl protons in the case of the
substituted naphthoquinone models. Additionally, for some of
the ring protons, we resolve a small rhombic hyperfine
component that provides the three principal components of
the corresponding hyperfine tensor. The values of AX, AY, and
AZ are displayed in Table 4. The weak interactions with the ring
protons of the naphthoquinone models at positions 5−8 could
not be resolved in the 2D 1H HYSCORE spectra.

■ DISCUSSION
Electrochemical Studies of Naphthoquinone Models.

The redox potential is a measure of the propensity of a
molecule to either lose or gain an electron to its environment.

In cyclic voltammetry, a potential field is linearly swept where
the sample is first reduced and then subsequently oxidized
during the measurement. This manifests as separate peaks in
the cyclic voltammogram that represent the reduction and
oxidation of the quinone molecule. The midpoint potential of
the quinone is determined by taking the average value of the
two peaks. The presence of substituent groups on the ring
directly affects the electronic structure of the naphthoquinone.
An increase in the electron density on the carbonyl group of a
quinone due to the presence of an electron-donating
substituent group leads to increased electron repulsion. This
leads to a negative shift in the midpoint potential. In contrast,
the presence of an electron-withdrawing substituent group gives
rise to a positive shift in the midpoint potential of the quinone.
Similarly, the presence of H-bonds to the carbonyl oxygen
atoms withdraws electron density from the quinone molecule
that leads to a positive shift in the midpoint potential of the
quinone.
Shown in Table 1 are the midpoint potentials of the

naphthoquinone models. In comparison with the midpoint
potential of 1,4-naphthoquinone, the substituted naphthoqui-
none models with electron-withdrawing groups, such as chloro
and hydroxyl, display a more positive midpoint potential. In
contrast, the naphthoquinone models with electron-donating
groups, such as alkyl chains, display a more negative midpoint
potential. In addition, it is observed that in the case of electron-
donating substituent groups, after the initial addition of an alkyl
substituent, the extension of the group from methyl, ethyl, to
the phytyl substituent of VK1 has little effect on the midpoint
potential. However, the number of substituent groups has a
pronounced effect on the midpoint potential as observed for
DMNQ and VK1. This indicates a strong effect on the value of
the midpoint potential from the number of substituent groups
directly bound to the quinone ring and a much weaker effect
from the length of the substituent group. For electron-
withdrawing substituent groups, the more electronegative
atom in a substituent group is expected to display the largest
effect on the midpoint potential of the quinone. This suggests
that a hydroxyl substituent would have the largest effect on the
midpoint potential of the naphthoquinone. However, upon
comparison of 5-hydroxy-1,4-naphthoquinone (5-OHNQ) with
2,3-dichloro-1,4-naphthoquinone (DCNQ), the presence of the
hydrogen in a hydroxyl group mitigates some of the
electronegativity of the oxygen. In addition, there are two
chlorine atom substituents in DCNQ in comparison with a
single hydroxyl group in 5-OHNQ that causes two chlorine
atoms to have a larger effect on the electron density of the
naphthoquinone.
In addition to the presence of substituent groups, we also

investigate the effect of H-bond interactions on the midpoint
potential of the naphthoquinone models. In the presence of a
protic solvent, ethanol, in addition to substituent effects, there
are effects from the presence of H-bonds between the carbonyl
group of the naphthoquinone and the solvent. The presence of
H-bonds withdraws electron density from the naphthoquinone.
Similar to the observation with the electron-withdrawing
substituents, the presence of H-bonds causes a positive shift
in midpoint potential of the naphthoquinone models. As
displayed in Table 1, the values of the midpoint potential of the
naphthoquinone models are shifted to more positive values in
ethanol as compared to the values that are obtained in
acetonitrile. This shift in the midpoint potential is greater for
the alkyl-substituted naphthoquinone models (MNQ, ENQ,

Table 3. The Anisotropic Hyperfine Interaction Parameters
of the H-Bonded Proton of the Naphthoquinone Models
That Are Obtained from the 2D 1H HYSCORE Spectra in
the Protic Solvent, IPA

quinone (abbreviation) Aiso (MHz) T (MHz)

1,4-napthoquinone (NQ) −0.11 2.86
2,3-dichloro-1,4-naphthoquinone (DCNQ) −0.40 3.03
5-hydroxy-1,4-naphthoquinone (5-OHNQ) 0.21 2.83
2-methyl-1,4-naphthoquinone (MNQ) −0.35 2.69
2-ethyl-1,4-naphthoquinone (ENQ) ∼0 2.81
2,3-dimethyl-1,4-naphthoquinone (DMNQ) −1.91 4.30
vitamin K1 (VK1) −2.16 4.37

Table 4. The Hyperfine Interaction Parameters of the Ring
Protons of the Naphthoquinone Models That Are Obtained
from the 2D 1H HYSCORE Spectra in the Protic Solvent,
IPA

quinone (abbreviation) AX, AY, AZ (MHz)

1,4-napthoquinone (NQ) −14.2, −12.3, −2.4a

2,3-dichloro-1,4-naphthoquinone
(DCNQ)

N/A

5-hydroxy-1,4-naphthoquinone
(5-OHNQ)

−14.1, −11.7, −2.2a

2-methyl-1,4-naphthoquinone
(MNQ)

(I) −12.4, −10.9, −2.1a;
(II) 6.1, 6.1, 9.9b

2-ethyl-1,4-naphthoquinone (ENQ) −11.3, −11.3, −1.5a

2,3-dimethyl-1,4-naphthoquinone
(DMNQ)

5.4, 5.4, 9.7b

vitamin K1 (VK1) -

aRing proton. bMethyl group on the ring.
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DMNQ, and VK1) than for those with electron-withdrawing
substituents (DCNQ and 5-OHNQ). This is consistent with
previous literature and is due to the relative basicity of the
substituents.51,52 The presence of electron-donating substituent
groups increases the electron density on the carbonyl oxygen
atom, which causes strong H-bonding interactions with the
protic solvent.
The naphthoquinones with electron-withdrawing substitu-

ents, DCNQ and 5-OHNQ, display a smaller positive shift in
the second midpoint potential in ethanol, while the
naphthoquinones with alkyl substituents display only one
cyclic wave (Figure 4). A similar trend has previously been
observed with the addition of ethanol to benzonitrile in a study
on benzoquinones. Previous CV measurements in water,
methanol, and ethanol have also shown a positive shift in the
second redox potential of quinones, caused by rapid H-bond
equilibrium upon quinone reduction, resulting in a singular
wave. The relative basicity of the quinone also affects this
equilibrium, with a smaller effect observed for less basic
quinones like DCNQ and 5-OHNQ.53,54

CW EPR Spectroscopy of Naphthoquinone Models. In
a highly conjugated π-system, such as the naphthosemiquinone
models, the electron spin density is distributed over the carbon
and oxygen atoms of the primary ring of the molecule. The
strength of the electron−nuclear hyperfine interaction is
proportional to the electron spin density at the adjacent carbon
atom on the aromatic ring. Using the proton hyperfine
interactions that are displayed in Table 2, we calculate the
electron spin density distribution on the carbon atoms of the
naphthoquinone models (please see the Theory and Analysis
section for details). The electron spin density distribution on
the carbon atoms of the naphthosemiquinone models is
presented in Table 5. In the present study, we describe the

numbering scheme of the naphthosemiquinone models using
the nomenclature described in Figure 2. The 1,4-naphthoqui-
none molecule will be used as a standard for the comparison of
substituted naphthoquinone models.
The experimentally determined electron spin density

distribution of the naphthosemiquinone models in DMSO is

shown in Table 5. In 1,4-naphthoquinone, the majority of the
electron spin density resides on the carbons atoms at the 2 and
3 positions of the primary ring and the carbonyl oxygen
atoms.23,55 A smaller percentage of the electron spin density is
present on the carbon atoms at the 6 and 7 positions of the
primary ring. The carbon atoms at the 5 and 8 positions have
approximately half of the electron spin density in comparison
with the carbon atoms at the 6 and 7 positions. This is in good
agreement with previously published literature.56

The singly alkyl-substituted naphthoquinone models,
namely, methyl- and ethyl-substituted 1,4-naphthoquinone,
display a similar trend of electron spin density distribution on
the primary ring. Both alkyl substituents cause a decrease in the
electron spin density at the carbon atoms at the 3 and 5
positions. The carbon atoms at the other positions display an
increase in the electron spin density due to the electron-
donating nature of the methyl and ethyl substituent groups.
Due to rapid rotation of the methyl groups, the proton
hyperfine interactions are averaged and equivalent. For the
ethyl substituent, only the hyperfine interactions of the β-
methylene protons are observed, as the hyperfine interactions
of the terminal methyl protons are too small to be resolved.
Both methyl- and ethyl-substituted 1,4-naphthoquinone display
equivalent electron spin density on all of the carbon atoms of
the primary ring with the exception of the carbon atom at the 2
position. This indicates that, while the initial substitution of the
1,4-naphthoquinone affects the electron spin density distribu-
tion throughout the aromatic ring system, a change in the
length of the alkyl substituent has minimal effect. This is in
agreement with previous literature.57,58 The doubly alkyl-
substituted naphthoquinone, dimethyl 1,4-naphthoquinone,
displays a very similar electron spin density distribution in
comparison with methyl- and ethyl-substituted 1,4-naphtho-
quinone.
The dichloro-substituted 1,4-naphthoquinone shows an

increase in the electron spin density at all of the carbon
atoms on the secondary ring (carbon atoms at positions 5−8).
It has been shown through DFT calculations that the addition
of an electronegative element (such as chlorine) to a
naphthoquinone will alter the electron spin density distribution
of the entire molecule.59 Such an element will cause alternating
positive and negative changes in the electron spin density on
the carbon atoms of the naphthoquinone ring. It was also
shown that the positive changes are larger in magnitude than
the negative. In 2,3-dichloro-1,4-naphthoquinone, there are
chlorine atoms bound to the carbon atom at the 2 and 3
positions. Each carbon atom of the ring will experience an
additive positive and negative change in electron spin density
from the chloro substituents. Due to the larger positive
component, the net effect is an increase of the electron spin
density at each carbon atom. The electron spin density for the
carbon atoms at the 2 and 3 positions of the primary ring could
not be determined due to the lack of a neighboring α-hydrogen.
As with the 2,3-dichloro-1,4-naphthoquinone, the hydroxyl-
substituted 1,4-naphthoquinone shows an increase in the
electron spin density of the secondary ring carbon atoms at
the 6−8 positions. This is in agreement with previously
published studies.60 Similar to the chloro substituents, the
oxygen atom of the hydroxyl substituent is expected to induce
alternating positive and negative changes in the electron spin
density at the carbon atoms of the primary ring of the
naphthoquinone.

Table 5. The Electron Spin Density Distribution of the
Naphthoquinone Models That Are Obtained from the
Spectral Simulations of cw EPR Spectra in the Aprotic
Solvent, DMSO

electron spin density (%)

quinone (abbreviation) C2 C3 C6 C7 C5 C8

1,4-naphthoquinone (NQ) 12.16 12.16 2.31 2.31 1.15 1.15

2,3-dichloro-1,4-
naphthoquinone
(DCNQ)

n/a n/a 2.88 2.88 1.94 1.94

5-hydroxy-1,4-
naphthoquinone
(5-OHNQ)

14.68 9.59 2.79 3.78 n/a 2.78

2-methyl-1,4-
naphthoquinone
(MNQ)

13.76 9.85 2.71 2.38 1.06 1.46

2-ethyl-1,4-
naphthoquinone (ENQ)

8.74 9.78 2.78 2.38 1.06 1.39

2,3-dimethyl-1,4-
naphthoquinone
(DMNQ)

12.69 12.69 2.78 2.78 1.17 1.17

vitamin K1 (VK1) 12.85 9.00a 2.38 2.78 1.32 1.06
aNiklas et al., 2009.65
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In vitamin K1, there are two alkyl substituents, namely, a
methyl group and the phytyl chain. The strongest proton
hyperfine interaction that is observed is attributed to the methyl
group by comparison with 2-methyl-1,4-naphthoquinone. The
proton hyperfine interactions of the secondary ring of vitamin
K1 have been assigned by comparison with previously published
literature.61,62 The remaining proton hyperfine interactions that
are observed arise from the β-methylene protons at the carbon
atom at position 3 of the phytyl group. Since the hyperfine
interaction of these protons depends strongly on the
orientation of the substituent group, any deviation from
symmetry will cause the two β-methylene protons to be
inequivalent, with one proton interacting much more strongly
than the other due to the larger overlap with the pZ-orbitals of
the quinone ring. In this study, we observe two strong
hyperfine interactions that indicate two conformations of the β-
methylene protons. Using eq 2 and the electron spin density
that was previously obtained from DFT calculations, we
determine the angle between the C−H bond of the two
strongly coupled β-methylene protons and the axis normal to
the quinone ring plane. For the hyperfine coupling values of
4.40 and 3.10 MHz, θ is determined as 48.6 and 56.3°,
respectively. We favor the presence of two separate
conformations as opposed to inequivalent protons of the
same conformation of the β-methylene group. This is because
the protons of a β-methylene group are at an angle of 120°
from one another and if the symmetry is broken then the two
protons are at differing angles from the axis perpendicular to
the quinone ring plane. This would cause one of the hyperfine
interactions to be significantly stronger than the second
hyperfine interaction. However, the observed values of the
hyperfine interactions of 4.40 and 3.10 MHz are comparable.
Hence, it is concluded that the hyperfine parameters obtained
for β-methylene protons do not arise from the same β-
methylene group. Instead, these are attributed to different
conformations of the β-methylene group that may be caused by
steric interference from the neighboring methyl group at the
carbon atom at the 2 position, multiple isopropyl groups from
the H-bonding solvent, and the H-bonding of one of the β-
methylene protons to the carbonyl oxygen atom of the quinone
ring which could restrict the movement of the phytyl chain.
2D 1H HYSCORE Spectroscopy of Naphthoquinone

Models. The 2D HYSCORE spectroscopy measurements yield
a two-dimensional correlation spectrum of the hyperfine
interactions between the unpaired electron spin with the
surrounding nuclear spins. In comparison with one-dimensional
EPR spectroscopy techniques, such as electron nuclear double
resonance (ENDOR) and electron spin echo envelope
modulation (ESEEM) spectroscopy, the use of two dimensions
in HYSCORE spectroscopy increases the frequency space that
provides higher resolution. 2D 1H HYSCORE spectroscopy is
particularly suitable for measuring strongly anisotropic hyper-
fine (dipolar) interactions, such as H-bonded protons. In the
present study, the 2D 1H HYSCORE spectroscopy experiments
are used to observe H-bonding interactions of the naphthose-
miquinone models with the solvent molecules. Among other
magnetically coupled protons, H-bonded nuclei can be easily
identified due to their characteristically large anisotropic dipolar
component of the hyperfine interaction. The anisotropic and
isotropic hyperfine parameters for the H-bonded proton of the
naphthosemiquinone models that are determined by linear
analysis are presented in Table 3. For the naphthosemiquinone
models with the exception of VK1 and DMNQ, the anisotropic

hyperfine component, T, is nearly identical (∼2.9 MHz) with
less than 10% deviation. The isotropic hyperfine component,
aiso, has a near-zero value for all the naphthosemiquinone
models.
The relation between the anisotropic dipolar coupling of the

H-bonded proton and the strength of the H-bond can be
approximated by the point-dipole magnetic interaction:44

χ ρ=T
rHB

3 O
(4)

where χ is a constant, r is the H-bonding distance, and ρ is the
electron spin density at the carbonyl oxygen atom that is
participating in the hydrogen bond. The spin density on the
carbonyl oxygen atom has been previously determined as 0.20
for both 1,4-naphthoquinone and VK1.

23 From the results of
this study, the H-bond length of the naphthoquinone models is
∼1.78 Å and remains conserved through the series. This
indicates that the substituents have minimal effects on the
strength of the H-bonds of the naphthosemiquinone models.
The anisotropic hyperfine parameters and the H-bond lengths
that are determined in the present study compare well with
previous literature.22,23,63

The planarity of a H-bond can be estimated through a direct
measure of the electron spin density at the nucleus, aiso.

31,32

When a H-bond is in plane with the ring of the
naphthosemiquinone, there is insignificant orbital overlap
between the H-bonding partner and the p-orbitals of the
carbonyl oxygen atom; thus, the value of aiso is very small. In
the case of an out-of-plane H-bond, the spin density is
transferred from the p-orbitals of the carbonyl oxygen of the
naphthosemiquinone to the p-orbitals of the H-bonding solvent
molecule. This in turn causes negative electron spin density on
the H-bonding proton that leads to a negative value of aiso.

64

The experimental values of aiso that are obtained in this study
(Table 3) show a small absolute value of aiso for all of the model
naphthoquinones (−0.5 MHz < aiso < 0.5 MHz), with the
exception of VK1 and DMNQ. Thus, we conclude that for all
the naphthoquinone models (with the exception of VK1 and
DMNQ) the geometry of H-bonds formed between the
carbonyl oxygen atoms and the surrounding solvent molecules
is approximately planar with respect to the plane of the primary
ring. The substituent groups have a subtle effect on the length
and geometry of the H-bonds formed with solvent molecules.
Unlike the majority of the naphthoquinone models, VK1 and

DMNQ present very different results. For both VK1 and
DMNQ naphthosemiquinone radicals, the values of T and aiso
are significantly larger in magnitude in comparison with the
other naphthosemiquinone models. The significant magnitude
and negative sign of aiso provide direct evidence that the
geometry of the H-bonds is highly nonplanar. The increase in
the value of T does not necessarily reflect the shorter length of
the H-bonds, since some of the electron spin density is
transferred to the solvent molecule, making a simple point-
dipole approximation less accurate. However, on the basis of
theoretical calculations, it has been suggested that the
anisotropic dipolar interaction increases with an increase in
the magnitude of the isotropic hyperfine interaction upon
higher nonplanarity of the H-bond.22 The anisotropic hyperfine
interaction that is determined here is in agreement with the
average isotropic hyperfine parameters that were obtained in a
recent study using DFT calculations of phylloquinone in a
protic solvent.23 The calculations predict four H-bonds with
similar but distinct hyperfine coupling parameters. However, we
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do not resolve multiple H-bonds in the present study (Figure
S3, Supporting Information). In addition, our experimental
results indicate a slightly larger (more negative) isotropic
coupling, indicating a H-bond geometry that is more out of
plane than the model that is predicted by the theoretical DFT
calculations. The difference in the H-bond geometry of VK1
and DMNQ is most likely due to significant steric hindrance
that is induced by the presence of bulky methyl and methylene
groups at the 2 and 3 positions of the primary ring.
Interestingly, the presence of a single methyl or methylene
group on the primary ring does not result in a significant
difference in the planarity of the H-bonds.
Previous 2D 1H HYSCORE studies of the phyllosemiqui-

none radical, A1A
−, of PSI have determined that the values of T

and aiso are 3.93 and −0.27 MHz, respectively.31 The value of
the isotropic hyperfine interaction, aiso, that is obtained for VK1
in a protic solvent is much larger than the value for A1A

− in PSI.
This indicates much higher planarity of the H-bond formed
between A1A

− and Leu722 residue in the protein in comparison
with naphthosemiquinones in a protic solvent. This could be
due to the restricted conformational freedom within the protein
pocket that constrains the H-bond to be more planar in vivo.
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