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Abstract: Despite the importance of electron transfer in electrochemistry, photosynthesis, respiration, and chemical
syntheses, the first-principles calculation of one-electron reduction potentials remains a significant challenge to modern
computational chemistry. This contribution describes a thermodynamic cycle method, combined with hybrid Hartree—
Fock/density-functional quantum chemical and thermodynamic perturbation/molecular dynamics calculations, to
estimate the one-electron reduction potential for the parent of quinone electron acceptors in photosynthesis and
respiration, p-benzoquinone, in water at 300 K. Hybrid Hartree—Fock/density functional methods yield a calculated,
gas-phase electron affinity of 1.85 eV (42.55 kcal/mol), in agreement with the experimental electron attachment free
energy (42.9 kcal/mol) and thermodynamic perturbation/molecular dynamics simulations give a hydration free energy
difference between p-benzoquinone and p-benzosemiquinone anion of 64.26 kcal/mol (2.79 eV). Together, the two
numbers yield a computed reduction potential of 4.63 eV for p-benzoquinone, within approximately 90—100 mV of
the experimental reduction potential of 4.54 eV. The exceptional accuracy attained for p-benzoquinone suggests the
possible computer-aided design of molecules and their solvent or protein surroundings to achieve predictable

electrochemical properties.

Introduction

First-principles calculation of one-electron reduction potentials
remains a significant challenge to modern computational
chemistry, despite the importance of electron transfer to
electrochemistry,? natural and artificial photosynthesis,>~3
respiration,” and a number of enzymatic’ and synthetic®’
chemical reactions. Broad classes of organic reactions catalyzed
by electron transfer include Sx1, Sn2, cycloreversion, and
cycloaddition reactions.%” Even the classical thermal Diels—
Alder reaction of p-benzoquinone is now believed to accelerate
upon one-electron reduction of p-benzoquinone (1la) to form
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the more reactive p-benzosemiquinone anion (1b)® And
quinones are central to other one-electron reductions as well:®

@ Abstract published in Advance ACS Abstracts, November 1, 1994.
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2,3-dichloro-5,6-dicyano-p-benzoquinone (DDQ) and tetra-
chloro-p-benzoquinone (p-chloranil) are powerful oxidizing
agents in organic synthesis,' p-anthraquinone is a common
industrial oxidant,!! and p-benzoquinone (1a) is the parent of
quinone electron acceptors in respiration and photosynthesis.>*12
This contribution extends recent advances in thermodynamic
cycle/free-energy perturbation theory!3-20 to estimate the reduc-
tion potential for one-electron reduction of p-benzoquinone to
p-benzosemiquinone anion, 1. Results reported here for p-
benzoquinone evoke the possibility of computer-aided design
of molecules and their solvent or protein surroundings to tailor
a system’s electrochemical properties.

Despite impressive, recent advances in computational methods
based on thermodynamic cycles,!3~20 one-electron reduction
potentials are extremely difficult to calculate accurately and the
thermodynamic cycle shown in 2 reveals the reasons. The top
reaction in 2 represents the reduction of p-benzoquinone (pbq)
to p-benzosemiquinone anion (pbsq~) in aqueous solution,
whereas the other reactions illustrate the conceptual decomposi-
tion of the reduction into (1) quinone desolvation, (2) gas-phase
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reduction, and (3) hydration of the p-benzosemiquinone anion.

AGC4(aq)
pbq(ag) ———®  pbsq (aq)
2 -AGCy4(pbq) AGCy4(pbsq)
pbq(g) ———  pbsq (g

AG%(8)

The overall reaction is characterized by a standard Gibbs free
energy of reduction, AG°q(aq) = —FE®, where F is the Faraday
constant (F = 23.06 kcal mol~! V1) and E° is the standard
reduction potential. The reduction free energy in water is equal
to the sum of free energies for the indirect route from reactants
to products in 2, AG°c4a(aq) = AG°a(g) + [AG hya(pbsq™) —
AG°hy4(bpq)].  Although molecular dynamics (MD) methods
cannot yield accurate estimates for the gas-phase free energy
change, AG°.q(g), and quantum chemical methods currently
require too much computer time to be useful in calculating
hydration free energy differences [AG°nya(pbsq™) — AG°hyq-
(pgb)] for such a large molecule, MD and quantum chemical
methods may be combined effectively by using the thermo-
dynamic cycle shown in 2.

To obtain accurate estimates of energy changes due to
changes in covalent bonding and intermolecular contacts,
represented by AG°.q(g) and AAGhye® = [AGhya(pbsq™) —
AG°hy(pbq)] respectively, one may appeal to quantum chemical
calculations to approximate gas-phase reduction free energies
as calculated electron affinities and molecular dynamics simula-
tions to calculate hydration free energy differences. Work
utilizing MD simulations and thermodynamic cycles similar to
those in 2 was pioneered by several research groups,!*~20 but
the work closest to that described here is the calculation by
Reynolds and co-workers 821723 of differences in two-electron
reduction potentials between two different quinones. Because
the net reactions studied by Reynolds et al. involved changes
in covalent bonding within uncharged, closed-shell molecules,
they could use molecular orbital (MO) methods?*25 to calculate
gas-phase free energy changes and MD simulations with
thermodynamic perturbation theory!3=2° to compute accurate
hydration free energy differences between very similar, un-
charged molecules. However, calculating accurate gas-phase
electron affinities by using MO methods requires estimating the
correlation energy of charged, open-shell structures by using
extended basis sets and sophisticated schemes for introducing
electron correlation. To our knowledge, this has been ac-
complished only for relatively smaller molecules.*?6=2 Because
of the difficulties encountered in using MO methods to calculate
energies of large, open-shell molecules and because the custom-
ary scaling of charges input to MD simulations*-3! is impossible
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for ions, estimating accurate electron affinities by using density
functional methods and estimating hydration free energy dif-
ferences without charge scaling represent the major computa-
tional challenges addressed here. Naturally, this strategy of
separately calculating the solute’s gas-phase electron affinity
and the hydration free energy difference neglects the effects of
solvent on quinone electronic structure, as well as the influence
of a solute on the solvent’s molecular structure and force field.

Computational Methods

Spin-unrestricted Hartree—Fock (UHF),2* second-order Mgller—
Plesset perturbation (UMP2),242532 density-functional,** and hybrid
Hartree—Fock/density-functional (HF/DF)** 36 methods were employed
by using the GAUSSIAN92/DFT?” quantum chemistry programs to
solve UHF, UMP2, or Kohn—Sham density-functional equations. The
semiempirical “B3LYP” hybrid Hartree—Fock/density-functional
method*$7 was found to give the most accurate electron affinities. The
method is similar to methods developed by Becke®3* and expresses a
molecule’s energy as a functional of the electron density, E[g], where
the molecular energy is a weighted sum of Hartree—Fock (ExHF),
Slater's local (ExS@r),*® and Becke's gradient-corrected (ExBecke)3®
exchange energies, combined with the local correlation energy expres-
sion of Vosko, Wilk, and Nusair (EcYWN)* and the nonlocal, gradient-
corrected correlation energy proposed by Lee, Yang, and Parr
( ECLYP):M

E[o] = AES™ + (1 — A)E™ + BE™ + CEX"T +
1-0 ECVWN

The parameters A, B, and C in this equation were chosen to reproduce
thermochemical data accurately, =36 and we have shown that the hybrid
HF/DF methods also yield extremely accurate structures for p-
benzoquinones* and harmonic vibrational frequencies accurate to within
an average of approximately 30—50 cm~! for phenoxyl radical,
p-benzoquinones,*? and their p-benzosemiquinone radical anions.*
Apparently, anharmonic corrections for these species are small and the
three-parameter, HF/DF methods show considerable promise in provid-
ing accurate harmonic force fields, including the effects of electron
correlation, for these molecules and radical anions.

A number of different basis sets were employed with several density-
functional and hybrid HF/DF methods. The 6-31G(d) basis set was
used initially because it gives accurate structures and vibrational
frequencies for p-benzoquinones*** and the 6-311G(d,p) basis was
selected because it was optimized for post-Hartree—Fock calculations*s
and we believed that it might prove more compatible than other
Gaussian basis sets with the correlation functionals tested. Larger basis
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sets including diffuse functions, ranging in size from 6-31+G(d) to
6-3114++G(d,p), were also tested, but the polarization basis sets gave
the most accurate electron affinities. Although it is not unusual even
for ab initio molecular orbital results to degrade as basis set size
increases, the deterioration of B3LYP-derived electron affinities may
be due instead to the parametrization of the semiempirical hybrid HF/
DF methods without diffuse functions in the basis set,343

The thermodynamic perturbation method with molecular dynamics
was chosen to calculate hydration free energy differences because it
(and thermodynamic perturbation or thermodynamic integration with
Monte Carlo methods) gives accurate hydration free energy differences
between various organic and biological molecules and between halide
ions and noble gas atoms.!*~2 The thermodynamic perturbation method
was invented to minimize numerical errors by expressing the Hamil-
tonian, or energy operator, as a weighted sum of Hamiltonians for
reactants and products. For changing p-benzoquinone into p-ben-
zosemiquinone anion, the Hamiltonian is

H,; = 0H(pbsq™) + (1 — 6)H(pbq)

The parameter 6 was varied from 0 to 1 in small increments
(“windows”) as the geometry and MD parameters for p-benzoquinone
were changed to those for p-benzosemiquinone anion. The free energy
difference is a sum of small equilibrium free energy changes calculated
for each of 21 windows. A second, independently equilibrated sample
containing p-benzosemiquinone anion was then transformed into one
containing p-benzoquinone and the average magnitude of the free
energy changes for forward and reverse simulations gives the reported
free energy difference. The difference between the average free energy
change and the free energy change from either simulation is a lower
limit for the error. Simulations were thus performed for a constant
volume, temperature, and number of atoms by using the AMBER MD
programs.® A temperature of 300 &= 20 K was maintained by coupling
the system to a heat bath with a time constant of 0.1 ps.’ Bond
distances were held constant by using the SHAKE coordinate re-setting
algorithm*%#° to allow use of a 0.001 ps time step and all structures
were equilibrated for at least 100 ps before beginning thermodynamic
perturbation. In solution, a single molecule (ion) was studied in a
rectangular box containing the molecule (ion) and 360 water molecules,
with periodic boundary conditions. Interactions in solution were cut
off beyond 10 A and the Born charging correction®~52 was applied by
using the first term from eq 15 of ref 54, a multipole expansion of the
energy for a distribution of charges within a sphere imbedded in a
structureless, polarizable dielectric.>** Although the truncated mul-
tipole expansion is an approximation, higher-order terms in the
expansion for p-benzoquinone in water are likely to be very small.
First, the average structure of both the p-benzoquinone molecule and
its radical anion have zero dipole moment, so the next largest term in
the series expansion, the dipolar term, is zero. Moreover, terms in the
expansion of higher order than the dipolar term fall off as 1/ or faster,
and are therefore likely to be insignificant for the cutoff distance
employed. The 10 A radius of the sphere was in fact used as the cutoff
distance and the dielectric constant was assumed the same as the
experimental dielectric constant of water, 78.

Because truncating long-range interactions and using the Bomn
correction is an approximation, a large amount of work has been done
to test its accuracy and to investigate alternatives such as generalized
reaction field methods and Ewald sums.55~%% Although Ewald sums
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and generalized reaction fields are generally more accurate, especially
for calculating potentials of mean force for ion pairs,¢% the Bomn
charging correction reportedly recaptures approximately 95—98% of
the hydration free energy lost by cutting off interactions between a
single ion and distant water molecules.%~52 We are nonetheless
investigating ways to calculate long-range interactions more accurately
and to attenuate the effects of cutoffs on calculated energy differences
by considering thermodynamic cycles involving species of the same
charge.

The Helmholtz hydration free energy difference between p-benzo-
quinone and p-benzosemiquinone anion, AAA°ng = AA®nyu(pbsq™) —
AA°L4(pbq) & AAG®ye, Was actually estimated from two sets of the
thermodynamic perturbation/molecular dynamics simulations described
above. The simulations transformed p-benzoquinone into p-benzosemi-
quinone anion in the gas phase [to estimate AA°.4(g)] and in water [to
calculate AA°.d(aq)). According to the thermodynamic cycle shown
in 2, the difference between the aqueous and gas-phase free energies
is the reported hydration free energy difference (AA°ws(aq) —
AA°4(8) = AA®nya(pbsq™) — AA°hy(pbq) = AAA®n). Gas-phase MD
simulations were thus performed in the same way as those described
above for solution simulations, but since no periodic boundary
conditions were implemented, cutting off interactions beyond specified
distances was unnecessary and the Born correction was not needed.

MD energies were derived from kinetic energies and potential energy
expressions for interactions between atom pairs—including Lennard-
Jones and Coulombic nonbonded terms, harmonic bond angle bending,
and sinusoidal torsional angle twisting terms. For water, the well-
known TIP3P model®® was used; for quinones, Lennard-Jones param-
eters were adopted from those for similar atom types in the AMBER
database® and other parameters were derived from UMP2 calculations.
Atomic charges were derived from UMP2 calculations of the electro-
static potential on a grid of approximately 9000 points, spaced 1 A
apart and located outside the van der Waals radius of each atom, but
within 2.8 A of any atom. The potential was calculated by using the
program GAUSSIAN92/DFT* with the 6-31G(d) basis set®>$5 and a
least-squares-fitting procedure® was used to determine the partial atomic
charges that best reproduce the electrostatic potential on the grid of
points. Force constants were obtained for p-benzoquinone and p-
benzosemiquinone anion by calculating uniformly scaled, harmonic
force constants*>* for internal coordinates chosen according to the
procedure recommended by Boatz and Gordon.5” For torsional angle
twisting, the harmonic force constants were adapted for use in AMBER
by using a trigonometric identity to relate the functional form of the
AMBER torsional potential, V,/2[cos(ng — ¢g)), to sines and cosines
of the individual angles n¢ and ¢, noting that the equilibrium torsional
angle, ¢y, is 180° for each torsional angle required, and expanding cos

"n¢ in a Taylor series to obtain the approximate relation V,/2 = Ky/n?

(where K, are scaled harmonic force constants obtained from the
molecular orbital calculations®244),

Results

Table 1 compares the experimental electron attachment free
energy at 300 K (42.9 kcal mol™1)%86° with electron affinities
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Table 1, Electron Affinity of p-Benzoquinone, Calculated by a
Variety of Computational Methods,?*2533 Compared to the

Experimental, Gas-Phase Electron Attachment Free Energy at 300
K68.69

method/basis set?$25.33 energy (kcal mol ™)

UHF/6-31G(d) 16.86
UMP2/6-31G(d) 20.32
B3LYP/6-31G(d) 36.53
B3LYP/6-311G(d,p) 42.55
experiment86? 429

Table 2. Helmholtz Hydration Free Energy Differences between
p-Benzoquinone (pbq, 1a) and p-Benzosemiquinone Anion (pbsq™,
1b), AAA®wys = AA°rd(aq) — AA°a(g) = AA°hya(pbsq™) —
AA®y4(pbq), Computed by Using Various Simulation Conditions®

no. of
equilibration  ‘no. of data
steps per  collection steps  total AAA®
simulation window per window  time (ps) (kcal mol™!)

pbq — pbsq~ 250 250 10.5 —62.93
pbsq™ — pbq 250 250 10.5 67.46
pbq — pbsq~ 500 500 21 —64.09
pbsq™ — pbq 500 500 21 64.61
pbq — pbsq~ 2000 3000 105 —64.26
pbsq™ — pbq 2000 3000 105 64.25

@ The best estimate for the reduction potential of p-benzoquinone
(—106.81 kcal mol~! = 4.63 V) is obtained by averaging the magnitude
of the free energy differences for the longest total simulation times
(—39.11 kcal mol™1), subtracting the MD-derived, gas-phase free energy
difference (8.80 kcal mol™?), subtracting the Born charging correction®~>*
(16.35 kcal mol~!) to obtain the Helmholtz hydration free energy
difference (—64.26 kcal mol™!), and then subtracting the calculated
electron affinity (1.85 eV = 42.55 kcal mol™!).

for p-benzoquinone calculated by using several different meth-
ods. The table shows that the B3LYP method with a 6-311G-
(d,p) basis set yields a calculated electron affinity for p-ben-
zoquinone (42.55 kcal mol™!) in excellent agreement with
experiment. We have therefore begun to examine the generality
of the B3LYP method with polarization basis sets for calculating
the electron affinities of a variety of other molecules. For
example, the electron affinity for tetrafluoro-p-benzoquinone
(p-fluoranil), calculated by using the B3LYP method with the
6-311G(d,p) polarization basis set, is within approximately 85
meV of the experimentally measured electron affinity.

Table 2 shows Helmholtz hydration free energy differences
between p-benzoquinone and p-benzosemiquinone anion, cal-
culated by using a variety of simulation conditions. Because
the calculated Helmholiz hydration free energy differences
presented in Table 2 are similar for total simulation times
ranging from 20 to 100 ps, calculations appear to be converged.
Since the difference between free energies calculated in the
forward or reverse directions and their average magnitude is
only 0.01 kcal mol~! for the 100 ps simulation, relative statistical
error is also small. Moreover, the most reliable computed
hydration free energy difference between p-benzoquinone and
p-benzosemiquinone anion, 64.26 kcal mol~!, is within 4% of

(68) Heinis, T.; Chowdhury, S.; Scott, S. L.; Kebarle, P. J. Am. Chem.
Soc. 1988, 110, 400—407.

(69) Chowdhury, S.; Grimsrud, E. P.; Kebarle, P. J. Phys. Chem. 1986,
90, 2747—-2752.
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the experimentally-derived value of 61.8 kcal mol~!. Compu-
tational accuracy for the p-benzoquinone molecule is thus
comparable to the accuracy of calculated hydration free energy
differences for atomic anions.!’~13 Finally, combining the
density-functional-derived, gas-phase electron affinity for p-
benzoquinone (42.55 kcal mol~1) with the calculated hydration
free energy difference yields a calculated reduction potential
for p-benzoquinone of 4.63 eV, approximately 90 to 100 meV
greater than the experimental value of 4.54 + 0.03 eV. We
note that the absolute reduction potential for p-benzoquinone
was obtained by following the current [UPAC recommendation’®
to add 4.44 & 0.02 V to the experimental reduction potential
of 0.099 + 0.02 V, measured relative to the normal hydrogen
electrode.”"2

Conclusions

The exceptionally close agreement between the one-electron
reduction potentials for p-benzoquinone determined experimen-
tally (4.54 £ 0.03 eV)’72 and calculated here (4.63 eV) suggests
the possibility of combining thermodynamic cycles with hybrid
Hartree—Fock/density-functional quantum chemical and ther-
modynamic perturbation/molecular dynamics methods to esti-
mate accurate one-electron reduction potentials from molecular
properties of quinones and their solvent or protein surroundings.
Although this result is provocative, a great deal of work remains
to generalize the method. It may in fact be desirable to explore
(1) other basis sets?>6%73 and ultimately MO methods with
electron correlation?6-2%7* for calculating accurate electron
affinities and partial atomic charges for dipolar molecules, (2)
more accurate methods for developing intra- and intermolecular
force fields for both solvents and solutes,” (3) more sophisti-
cated methods of correcting for finite interaction distances in
MD simulations,’>¢ and perhaps (4) alternative thermodynamic
cycles for estimating solvation free energy differences.!3-16
Work to generalize the method and to study trends in one-
electron reduction potential differences between molecules with
various chemical substituents is currently underway.
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