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ABSTRACT: The temperature dependences of hydroxyl group proton and ring proton isotropic hyperfine coupling
constants (IHFC) of 1,4-hydroquinone (HQ) and 1,4-dihydroxynaphthalene (NQ) cation radicals were measured by
electron paramagnetic resonance spectroscopy. The spectral parameters were obtained in the temperature range
150-300 K using various solvents. The hydroxyl group proton IHFC data obtained were fitted to the theoretical
temperature dependence model, yielding the hydroxyl group rotation barrier height and completely planar
hydroxyl proton IHFC value. Experimental results are discussed with reference to theoretical density functional
calculations. The new experimental rotation barrier heights for HQ and NQ cation radicals are 59 + 4 and 37 + 4

kJ mol ! in nitromethane, respectively. © 1998 John Wiley & Sons, Ltd.
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INTRODUCTION

The radical cations of 1,4-hydroquinone (HQ) and 1,4-
dihydroxynaphthalene (NQ) may be produced in
strongly acidic media with suitable oxidants.!*> These
compounds exist in doubly protonated form under
these conditions.?

The internal barriers to rotation of the hydroxyl
groups in HQ and NQ cation radicals have been deter-
mined earlier experimentally as 42 + 8 and 25 + 6 kJ
mol ™!, respectively, in the liquid phase.* The calculated
theoretical rotation barrier height for HQ cation radical
in the gas phase is slightly higher than the experimental
value, 46 kJ mol 1.5 This high rotation barrier causes
cis—trans isomerism in the HQ cation radical, which has
been detected experimentally at 230 K by electron para-
magnetic resonance (EPR) and ENDOR spectros-
copy. 1246

The EPR spectra of HQ and NQ cation radicals
exhibit temperature-dependent behaviour, temperature
dependence of isotropic hyperfine coupling constants
(IHFCs) and linewidth alternation. These effects have
been investigated earlier by Sullivan and co-workers.*°
The temperature dependence of the hydroxyl proton
IHFC was assigned as originating from the torsional
oscillations of this group at the bottom of a deep poten-
tial well.*> The zero point and temperature-dependent
correction for this IHFC was calculated earlier by Elo-
ranta et al.> The ratio for the protonated and deuter-
ated hydroxyl group IHFCs, ay/ap,, was observed to be
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generally higher than predicted by the ratio of the mag-
netogyric ratios. This is caused by the change in the
reduced moment of inertia of the rotating groups.!->

The THFCs for the cis and trans isomers of HQ
cation radical have been measured experimentally by
Vuolle et al.! using ENDOR spectroscopy. Identifica-
tion of the cis and trans isomers has been proposed
earlier by Sullivan.® IHFCs for NQ cation radical have
been measured by Sullivan* and Bolton et al.® Assign-
ment of the IHFCs to specific positions in both radicals
was proposed by Barabas et al.®

In this study, we applied the method originally
described by Bauld et al.” to model the temperature-
dependent effects of the IHFCs in the HQ and NQ
cation radicals. A similar method for these compounds
was applied earlier by Sullivan.* For determination of
the experimental rotation barrier heights, this work was
essentially a re-examination of Sullivan’s work. In con-
trast to his study, the method is enhanced by accurate
numerical solution of the one-dimensional torsional
Schrodinger equation, least-squares fitting, high-
accuracy EPR simulations and density functional
(DFT)-based IHFC and energy calculations. A larger
temperature scale was also achieved by a careful choice
of solvent. Finally, the experimental results were com-
pared with data calculated by the theoretical DFT
method.

EXPERIMENTAL
Materials
The cation radicals were produced from neutral HQ

(fotopur) from Merck and 1,4-naphthoquinone (puriss.)
from Fluka. Other chemicals used were fluorosulfonic
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acid (FSA) (triply distilled) from Aldrich, deuterated sul-
furic acid (DSA, 96-98% D) from Merck, nitromethane
(NM) (purum) from Fluka and sulfuryl chloride fluoride
(SCF) (distilled, 99%) from Acros Organics.

Equipment and Sample Preparation

EPR spectra were measured on a Bruker ESP-300
spectrometer with 12.5 or 100 kHz modulation fre-
quency and modulation amplitude <2 pT. The applied
microwave power for all samples was < 0.5 mW to
avoid power saturation. Accuracy of the temperature
controller was enhanced by a calibration curve, and the
estimated maximum error was +2 K.

The quinone was inserted in the sample cuvette and
FSA or DSA was added. The resulting solution was
mixed throughly and the solvent, NM or SCF (distilled
under vacuum), was added. The amount of FSA or
DSA was kept to the minimum (ca. 10%) in order to
obtain maximum resolution for the spectrum. The solu-
tion was then frozen in liquid nitrogen and connected to
the vacuum line [ca. 1077 Torr (1 Torr = 133.3 Pa)].
After two freeze—pump-thaw cycles, the cuvette was
sealed with a flame. The resulting sample radical con-

centration was ca. 1074-1073 mol dm 3.

Simulation of EPR Spectra

The root-mean-square (RMS) error between the experi-
mental and first-order simulated EPR spectra was mini-
mized by the Monte Carlo and simplex procedures
provided in the xemr package.®° Given a suitable initial
guess of the spectral parameters, this process yields esti-
mates for the variables with good accuracy. The
ENDOR derived IHFC values were used as initial guess
data.! In the case of HQ cation radical the simulation
consisted of two spectra, for the cis and trans isomers,
which were summed before the RMS error was calcu-
lated. The optimization initially contained restrictions
among the spectral parameters of the isomers in order
to avoid convergence to a local minimum. The isotropic
first-order simulation procedure included the nuclear
spin dependent linewidth alternation which is caused by
the introduction of the anisotropic effects to the spec-
trum.'® Degenerate EPR transitions were assumed to
consist of a single Lorentzian line.!! For studies of the
linewidth alternations, the well known four-jump model
was applied. The average lifetimes of the conformations
were calculated by using the Norris equation as imple-
mented in the xemr program.®'? The average lifetime
was included in the set of optimized parameters.

Hydroxyl Group Temperature Dependence

The temperature dependence model of the hydroxyl
protons in the HQ cation radical has been presented
earlier.” This procedure was also applicable to the NQ
cation radical, as will be justified in the Discussion
section. If the IHFC barrier height is chosen to be con-
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stant, then the experimental hydroxyl proton tem-
perature dependence may be used to obtain estimates
for a, and V,, where a, denotes the completely planar
hydroxyl proton IHFC and V,, the hydroxyl group rota-
tion barrier height. The applied IHFC barrier heights
were obtained from the DFT calculations as described
later. The torsional dependences of IHFC and potential
energy were described by one Fourier term. The least-
squares method was used in fitting the experimental
data to the theoretical model.> Since the torsional Sch-
rodinger equation was solved, the procedure also
yielded the zero-point energy correction due to tor-
sional oscillation.

The initial guess for the variables must be reasonable
in order to avoid convergence to a local minimum in
the least-squares fit. Solution of the one-dimensional
torsional Schrodinger equation depends on the reduced
moment of inertia of the rotating groups, and therefore
deuteration of the hydroxyl group offers a suitable
method for revalidating the results. The error ranges for
the rotation barriers were derived from the estimated
errors in the IHFC barrier height. Routines of the
Numerical Algorithms Group (NAG) Library MK16
were used in the calculations.!?

Density Functional Calculations

The optimum cis, trans and transition state (TS) geome-
tries of the HQ cation radical were obtained from
earlier calculations.!* Corresponding geometries for
NQ cation radical were calculated by the UB3LYP/6—
31G* DFT method.'> The UB3LYP method is the spin
unrestricted Becke’s three-parameter hybrid method
with the Lee-Yang-Parr correlation functional.!®—1°
The TS geometry was calculated by constraining the
hydroxyl group proton torsion angle to be completely
out of the quinone ring plane and by performing a con-
strained geometry optimization. The correct number of
imaginary frequencies was verified for each optimized
structure by separate single-point frequency runs. All
the calculated molecules were cation radicals having an
electronic doublet state.

The NQ cation radical may exist in two different
planar cis forms and in one planar trans form. The cis 1
form has both hydroxyl protons pointing away from the
protons at positions 5 and 8. Correspondingly, the cis 2
form has the hydroxyl protons pointing towards posi-
tions 5 and 8.

The IHFC values were calculated from the normal-
ized spin densities at the magnetic nuclei as described
elsewhere.?® All the DFT calculations were performed
by the Gaussian 94 program on Digital Alpha and Cray
C94 computers.?!

RESULTS
HQ Cation Radical

The experimental spectral parameters for HQ cation
radical in NM-FSA, NM-DSA and SCF-FSA at 230 K
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Table 1. Experimental spectral parameters at 230 K for HQ cation radical obtained from

the EPR simulations?

Solvent Conformation a; (2x) a,(2x) a3;(2x) Linewidth Ratio (%)
NM-10% FSA trans 0.3329 0.2066 0.2468 3.33 51
cis 0.3262 0.2371 0.2156 327 49
NM-10% DSA trans 0.0530 0.2076 0.2448 5.30 50
cis 0.0530 0.2373 0.2152 5.93 50
SCF-10% FSA trans 0.3487 0.2022 0.2513 3.92 50
cis 0.3484 0.2396 0.2135 4.13 50

*IHFC values (a;) are expressed in mT and linewidths in uT. The ratio column represents the ratio of signal

intensities for the two isomers.

are given in Table 1. Corresponding temperature depen-
dence data for the IHFCs are shown in Fig. 1. The tem-
perature dependences predicted by the theoretical
model are also shown by continuous lines using the
values in Table 2.

The least-squares fit derived rotation barrier heights,
completely planar hydroxyl proton IHFCs and the tor-

Table 2. Experimental rotation barriers (kJ mol~'), com-
pletely planar hydroxyl proton IHFCs (mT) and torsional
zero point energies (k) mol~!) for HQ cation radical in
various solvents

sional zero-point energies for the solvents used are
listed in Table 2. Estimated errors for the rotation bar-
riers were ca. +4 kJ mol 1.

HQ cation radical samples in 10, 40 and 50% FSA in
NM were prepared in order to investigate the effect of
the acid concentration on the hydroxyl group proton
temperature dependence. The acid concentration did
not change the shape of the temperature dependence
curve but introduced only a constant change, as can be
seen in Fig. 1.

The linewidth alternation in SCF-FSA in the high-
temperature region is shown in Fig. 2. The activation
energy was extracted from an Arrhenius plot (In k vs.
1/T) obtained by the least-squares fitting. The rotation
barrier obtained by this method was 50.3 + 4 kJ mol 1.
The error range was obtained directly from the least-
squares fit.

NQ Cation Radical

Table 3 lists the spectral parameters for NQ cation
radical in NM-FSA, NM-DSA and SCF-FSA at 230

+SCF (90K) / FSH (10%)
X SCF (85K) / FSH (15%)

Rotation Planar Zero point
Solvent barrier IHFC energy
NM-10% FSA 594 —0.428 3.8
NM-40% FSA 59.1 —0.430 3.7
NM-50% FSA 58.8 —0431 3.7
NM-10% DSA 68.4 —0414 2.9
SCF-10% FSA 52.7 —0.451 3.5
SCF-15% FSA 52.5 —0451 3.5
-0.330 |
-
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~
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Figure 1. Temperature dependence of the hydroxyl proton IHFC in HQ cation radical. The continuous lines were

obtained from least-squares fitting to the theoretical model.
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Table 3. Experimental spectral parameters for NO cation radical at 230 K*

Solvent a; 2x) a, (2x) a; (2x) a, (2x%) Linewidth
NM-10% FSA (cis 1) 0.2416 0.3074 0.1663 0.0819 9.31
NM-10% DSA (cis 1) 0.0387 0.3076 0.1600 0.0821 4.24
SCF-10% FSA (cis 1) 0.2461 0.3105 0.1808 0.0836 6.11

*IHFC values are expressed in mT and linewidths in pT.

K. The obtained hydroxyl group rotation barrier
heights, completely planar hydroxyl proton IHFCs and
torsional zero point energies are given in Table 4. The
estimated errors for rotation barriers were + 4 kJ
mol~!. Only one isomer was detected throughout the
applied temperature range.

DFT Calculations

The DFT calculated IHFC values, energy differences
and Boltzmann populations at 230 K for HQ®'* and
NQ cation radicals are listed in Table 5. The zero-point

Table 4. Experimental rotation barriers (k) mol~"), com-
pletely planar hydroxyl proton IHFCs (mT) and torsional
zero point energies (k) mol~!) for NQ cation radical in
various solvents

Rotation Planar Zero point
Solvent barrier IHFC energy
NM-10% FSA 36.7 —0.336 3.0
NM-10% DSA 40.3 —0.323 22
SCF-10% FSA 35.7 —0.341 2.9

energy corrections lowered the rotation barrier height
by ca. 5 kJ mol ™! in both HQ and NQ cation radicals.

The expectation values of the S? operator were
< 0.76 and exactly 0.75 after the annihilation of the
higher states for all the DFT calculations.

DISCUSSION
Hydroxyl Group Rotation Barriers

The obtained hydroxyl group rotation barrier in HQ
cation radical was higher than that reported by Sullivan
and co-workers.*® The barrier was ca. 30% higher than
the theoretical value in the gas phase. The deuterated
sample showed a slightly higher rotation barrier than
the non-deuterated species but was still of the same
order of magnitude. The values obtained compared
favorably with the approximate barrier height obtained
from the Arrhenius plot. The SCF-FSA solvent system
produced the lowest rotation barrier and the completely
planar hydroxyl proton IHFC closest to the DFT cal-
culated value. This means that there was only a weak
interaction between the solvent and the radical mol-
ecule. The lowered rotation barrier permitted the detec-

F T =300 K 1
J Ju 1] hn" JlL
" "ll[
F T =260 K
334.0 334.5 335.0 335.5 336.0 336.5 337.0
B/ mT

Figure 2. Temperature dependent linewidth a

Iternation in HQ cation radical (SCF-FSA).
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Table 5. IHFC values (mT) for cis, trans and TS conformations of HQ%'# and NQ cation radicals computed by the

UB3LYP/6-31G* DFT method®

Cation
radical conformation agy (1)  agy (4) a, a, as ag AE Ratio (%)
HQ cis —0459 —-0459 —0176 —0.176 —0.241 —0.241 12 35
trans —0462 —0462 —0271 —0.148 —0.271 —0.148 0.0 65
TS +240 —-0503 -—0.117 —-0293 —0362 —0.012 46 0
aoy (1) aoy (4) a, a, as ag a, ag AE  Ratio (%)
NQ cis 1 —0298 —0298 —0325 —0.325 —-0.274 —0.078 —0.077 —0.274 0.0 98
cis 2 —0351 —-0351 -—-025 —0.257 —0.212 —0.081 —0.081 —0.212 17 0
trans —0350 —0.307 —0.347 —-0.239 —-0216 —0.115 —0.042 —0.259 7.2 2
TS +1.75 —0.288 —0.178 —0.359 —0.296 —0.171 —0.024 —0.404 35 0

2The energy differences (kJ mol ~ ') and Boltzmann populations are indicated for each structure. Energies include the zero point energy corrections.

tion of the linewidth alternation effects in HQ cation
radical in the high-temperature region.

In the case of NQ cation radical three isomers exist
which differ in energy and IHFCs. Before the tem-
perature dependence model could be applied the results
of theoretical DFT calculations were inspected. The cal-
culations showed that there was only one dominant
isomer (cis 1). The IHFC barrier height was obtained
with respect to this conformation and the closest TS.
This allowed the use of the temperature dependence
model. The barrier heights obtained were about 17 kJ
mol~! smaller than in HQ. The rotation barrier was
only slightly higher than was predicted by the theoreti-
cal gas-phase calculations and was therefore unex-
pectedly small. Deuterated samples produced
approximately the same rotation barriers as the unde-
uterated species.

In general, the rotation barrier heights were about
40% larger than the earlier values reported by Sullivan
and co-workers.*® The reason for this difference
appeared to be the too small estimate of the IHFC
barrier height in Sullivan and co-workers’ work. In the
case of HQ cation radical, the rotation barrier height
from the hydroxyl proton IHFC temperature depen-
dence model with the new corrected IHFC barrier
height is in agreement with the results obtained from
exchange simulations and theoretical calculations.>*!*

Identification of Isomers

Identification of the isomers in HQ cation radical
(Table 1) was achieved from the small intensity differ-
ences in the EPR simulations (NM-FSA) and compari-
son of the experimental IHFC magnitudes with the
theoretically calculated values. This assignment is the
same as the earlier McLachlan perturbed Hiickel-based
proposition made by Barabas et al.’ The reason for the
differences between the calculated ring proton IHFCs
and the experimental IHFCs was probably due to
solvent effects.® After the cis—trans isomers had been
identified, the assignment of IHFCs to specific positions
may be performed by inspection of the data in Tables 1

© 1998 John Wiley & Sons, Ltd.

and 5. Solvation caused a strong stabilization of the cis
isomer since the isomer ratio is almost 50:50 as com-
pared with the theoretically calculated Boltzmann
populations (35:65) in the gas phase.

Since the NQ hydroxyl group proton IHFCs were
the same, then only the two planar cis forms (cis 1 and
cis 2) could be occurring. According to the theoretical
calculations, the cis 2 conformation is considerably
higher in energy than cis 1. Only one isomer was
detected in the NQ cation radical samples. Therefore,
we assigned the species present as cis 1. The theoreti-
cally calculated IHFCs for cis 1 were in reasonable
agreement with the observed IHFCs (Tables 3 and 5).
The largest deviation was at positions 5 and 8, where
the difference is large, ca. 0.1 mT.

General Remarks

The IHFC rotation barrier must be known if only the
linear part of the IHFC vs. temperature curve is avail-
able. In this work we were only able to reach a small
part of the non-linear section and therefore we did not
feel confident in varying the IHFC barrier height in the
least-squares fitting. The current DFT based methods
can be of great help in obtaining the approximate IHFC
barrier height. Also, in this work we assumed that the
IHFC barrier height was not a function of the solvent.
The motivation for this approximation can be seen from
the data in Fig. 1. The largest source of error is the
IHFC barrier height, and the error analysis may be
based on the estimated error in it. We expected that the
applied DFT model calculated the hydroxyl proton
IHFC with an accuracy of 10-15%. This observation
was based on our calculation of IHFCs in a series of
small organic radicals.

The iterative simulations of the EPR spectra had
many parameters to be optimized. It was essential that
as many parameters as possible were obtained from the
spectra manually and kept constant. It was also impor-
tant to inspect the plots of the multipliers of the nuclear
spin dependent linewidth parameters. The ‘continuous’
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behaviour of the spectral parameters against tem-
perature gives a good criterion for correctness of the
simulations.

CONCLUSIONS

The temperature dependence of the hydroxyl group
proton IHFC can be used to estimate the rotation
barrier height and the completely planar hydroxyl
proton IHFC value in cases where the IHFC difference
between the ground and the transition states is large.
The liquid-phase rotation barrier of HQ cation radical
was of the correct magnitude when compared with the
theoretically calculated gas-phase barriers. The earlier
determinations of rotation barriers in these compounds
gave too low values because the estimated IHFC barrier
height was too small.
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