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Hybrid Density Functional Study of the p-Benzosemiquinone Anion Radical: The Influence
of Hydrogen Bonding on Geometry and Hyperfine Couplings
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Hybrid density functional calculations (B3LYP) are performed onpHeenzosemiquinone anion radical in

its free and hydrogen-bonded forms. Geometries and hyperfine couplings are reported. A variety of basis
sets ranging from split valence to full tripieare employed. Converged results for hyperfine couplings are
observed at the doublelevel. Hydrogen bonding principally leads to increased spin density on the carbonyl
carbon leading to an increase in tR€ isotropic and anisotropic hyperfine coupling of this atom. Comparison
with experimentally determined isotropic and anisotropic hyperfine couplings shows good quantitative
agreement between theoretical calculation and experiment.

Introduction

M

Quinones are ubiquitous to living systems and represent N

important cofactors for electron transfer in photosynthesisand ™~ ~
respirationt In photosynthesis, for example, quinones act as o

electron acceptors in the initial charge separation. For both H H
bacterial and higher plant Photosystem 2 two quinones termed "‘
H

H
Qaz and @Q act in concert to enable efficient charge separation ‘
to take place. Q,is initially reduced to form the semiquinone
anion radical. This then forwards its electron tg fQrming
the Q semiquinone anion radical. On further charge separation 0 H H
Qa accepts another electron to form the semiquinone anion o) o
radical again. This electron is then passed on to the already Ny H/
reduced @ to give the @2 dianion. This then accepts two
protons to form QHwhich leaves the protein site to be replaced (a) (b)
by another quinone molecule from a quinone pool nearby.  gigyre 1. p-Benzosemiquinone (a) and its hydrogen-bonded complex
Qa and Q are often identical quinones; plastoquinone in  with four water molecules (b)D2, point group symmetry.
higher plants and ubiquinone in bacterial systems. Their
differing functions and properties are therefore conferred by their electronic structures for nonradicals and radicals &like They
interactions with their protein environment. A variety of are uniquely capable of giving highly accurate descriptions of
spectroscopic methods, most notably EPR, ENDOR, FTIR, and free radical properties such as isotropic and anisotropic hyperfine
NMR, have been used to investigate such differedces. coupling constant3® Nuclear hyperfine couplings consist of
Differences in the hydrogen bonding ability of both quinones an isotropic (Fermi contact) and anisotropic(dipolar) terms. In
is generally put forward for the differing functions observed, the electronic structure calculation both are calculated separately.
i.e., specific hydrogen bonds to nearby amino acid residues areExperimentally, in liquid solution, rapid tumbling leads to
able to tailor the quinone to perform a specific function. elimination of the anisotropic component and the isotropic value
In this study we use modern density functional methods to is measured in isolation. For solid-state studies both the
examine the structure, and hyperfine couplings of the parentisotropic and anisotropic terms contribute to the coupling, and
semiquinone anionp-benzosemiquinone (Figure 1). First the total tensor is the experimental observable.
principles electronic structure methods provide a unique probe For calculation purposes thex33 hyperfine interaction tensor
into the electronic influence of hydrogen bonding on the can be separated into its isotropic (spherically symmetric) and
electronic structure of quinones and their semiquinone anion anisotropic (dipolar) components. To first-order isotropic
forms. It is imperative to perform an in-depth study of the hyperfine interactionsi\so(N) are related to the spin densities,
parent unsubstituted form initially to investigate the key p3(ry), at the corresponding nuclei by
electronic structure factors which change on hydrogen-bond
formathn. This stu'dy will also permit us to test the most A (N) = (87/3)9.9nBBn p°(ry)
appropriate electronic structure method for later study of larger
quinones. Such information will thereby form the basis forthe 1, anisotropic components are derived from the classical
interpretation of future studies on the more highly substituted, expression of interacting dipoles:
less symmetrical forms. The influence of hydrogen bonding
on the calculated hyperfine couplings is primarily studied. _ o—f -5 (2 _
Hybrid density functional methods, particularly the B3LYP Ty(N) = geg’\ﬁﬁ“zp Pl 100~ Saliag) 19,0

functional, are increasingly being shown to provide excellent . . . )
av g P The isotropic component can be obtained form the Fermi

€ Abstract published irAdvance ACS Abstractéyugust 1, 1997. contact analysis given by most modern electronic structure
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TABLE 1: Optimized Bond Distances and Angles of the ability of the method to provide accurate representation of
Hydrogen-Bonded and Free p-Benzosemiquinone Anion the hydrogen-bonding interaction. Clearly this is of some
Radicals of Figure 1 Using Different Basis Sefs significance for future calculations on larger less symmetrical
bond/angle PM3 6-316G(d)  EPR-lI EPR-III qguinones where the density functional calculation of optimized
Ca-0 1.25(1.26) 1.27 (1.28) 1.27 (1.29) 1.26(1.28) geometries may be infeasible because of computer cost.

Ca—Cb 1.45(1.45) 1.45 (1.44) 1.47 (1.45) 1.45(1.44) Spin Densities and Hyperfine Couplings. The isotropic,
Cb—Cb 1.36 (1.36) 1.37(1.37)  1.38(1.38) 1.37(1.37) anisotropic, and total(isotropic plus anisotropic) hyperfine
8;0":_({(‘}?%) 827 18)3) ((1127 29)3) ((11-272)1) ((11;2)0) couplings calculated for thg-benzosemiquinone anion radical
: ) ) : are given in Tables 2-6. A variety of methods were used to
2 Functional used for all calculations, except PM3, is B3LYP. calculate the hyperfine couplings to understand the effect of
Distances in angstroms and angles in degrees. Hydrogen-bondedyasis set and geometry on such couplings. In line with accepted
complex (Figure 1b) values are given in brackets. notation the method after the double slash signifies the geometry

TABLE 2: UB3LYP/EPR-II//JUB3LYP/EPR-II Calculated optimization level with the method before the slashes signifying
Hyperfine Couplings (MHz)?2 the level of theory used to calculate the hyperfine couplings:
R anling couming 1. UB3LYP/EPR-II//UB3LYP/EPR-II
isotropic T Ar
coupling T2 Ay 2. UB3LYP/EPR-111//UB3LYP/EPR-III
position Aiso Taz Ags
o —20.1(-21.0) 41.7(37.0) 21.6(17.0) 3. UB3LYP/6-31GH-G(d)//UB3LYP/6-31G-G(d)
41.1(36.3) 21.0(16.3)
—82.9(-75.4) —103.096.4) )
H —6.5(—6.2) —3.4(-3.4) —9.9(-9.6) 4. UB3LYP/EPR-III//PM3
—2.3(-2.5 —8.8(-8.7
5.655.9)) ,Olgg,osg 5. UB3LYP(SCIPCM)/EPR-II//UB3LYP/EPR-II
Ca —10.3(-4.2) -8.2(-12.1) —18.5(-16.3) . .
—4.2(-9.1) —14.5(13.3) The second method uses a very large tripleasis set and
12.3(21.1) 2.0(16.9) would be expected to provide the most accurate geometries and
Cb —0.3(-1.5) —7.0(-6.5) —7.3(-8.0) couplings. It has already been shown to perform admirably in
—6.7(-6.1) ~7.0¢°7.6) the calculation of atomic and small-molecule hyperfine cou-
13.7(12.6) 13.4(11.1) . , yp
H(hb) 0.2) (6.3) (6.5) plings? The smaller doublé- basis set EPRII is more
(-3.1) -2.9) economical and has already been shown to produce results of
(-3.1) (=2.9) similar quality to EPR-11I for smaller radical$. The 6-31G-G-
a The values for the hydrogen-bonded complex (Figure 1b) are given (d) D@sis set is again more economical than the £PRasis
in brackets. set and is of interest from a test of more general basis sets in

the calculation of hyperfine couplings. Method 4 is used mainly
programs. The anisotropic components can be obtained fromin anticipation of difficulties in calculating geometries for the

the spin-only electric field gradient tensors. unsymmetrical highly substituted quinones at the density
functional level. Here the PM3 method is used for geometry
Methods optimization followed by single-point density functional calcula-

Lo . . N tions. An alternative here would be use of smaller basis set
The p-benzosemiquinone radical is shown in Figure 1a yongiy functional calculations for the geometry optimizations.
together W'Fh the numbering scheme us_ed. A hydrogen-bonded, ;e mqecular interactions are modeled poorly by such small
complex with four water moleculgs (Figure 1b) was used to basis sets, and considerable stabilization of hydrogen-bonded
model hydrogen bonding interactions. complex is found due to basis set superposition. This in general

All studies utilized the B3LYP hybrid function®l as | :
. ; eads to overly short intermolecular hydrogen bohd3he
mplementti(lj on GAUSSIAN 94(11). _The calculations used _the parametrization of the PM3 method overcomes such difficul-
6-31+G(d), .EPR'IP and EPR'II? basis sets. The EPR basis jjeg14 Comparison between results for the EPIRand EPR-
sets are partlcularly appropriate for calculation of Fermi contact ) pasis sets shows that very similar results are obtained. Indeed
terms. Comparative studies were also performed using thejy .o he said that converged results are observed at the-EPR
semlempl_rlcal PM3 method. Lo_ng-range (_anvwonmental effects Il level for all couplings. For the 6-3&G(d) basis set, Table
on hype_rflne cogpllngs were estimated using the self-consistent, ¢ s that good agreement for the proton couplings is
isodensity polarizable continuum model (SCIPCH¥). observed when compared with EPRI. For 170 and’3C the

All c_alculations were performe(_j using GA[‘!SSIAN _94(11)' agreement with the larger basis sets is poor in particular for the
Graphical representations of orbitals and spin densities wereis- couplings.

generated using SPARTAN' The cglculanons Were run on Of particular note are the hyperfine couplings obtained using
DEC and Silicon Graphics workstations. the UB3LYP/EPR-II//lUPM3 method, (Table 5). The hyper-
fine couplings are in excellent agreement with the values
calculated by UB3LYP/EPR-1I//UB3LYP/EPR-II. Clearly this
Geometry. Selected bond distances and angles fer may be the method to adopt for hyperfine coupling calculation
benzosemiquinone, both hydrogen-bonded and non-hydrogen-on larger more unsymmetrical semiquinone anions present in
bonded, are given in Table 1. No major changes are broughtbiological samples.
about on the internal geometry of theebenzosemiquinone Because of the similarity of the hyperfine couplings calculated
molecule as a result of hydrogen bond formation. The only by all methods this discussion will be confined to an analysis
significant change is a slight lengthening of tha-€O bond. of the UB3LYP/EPR-11//UB3LYP/EPR-II data (Table 2). This
From Table 1 it is of note that the PM3 method compares method gives quality results similar to the more expensive
favorably with the higher level methods. Of particular note is UB3YP/EPR-1II//UB3LYP/EPR-III set and represents an ideal

Results and Discussion
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TABLE 3: UB3LYP/EPR-III//UB3LYP/EPR-III Calculated
Hyperfine Couplings(MHz)2

TABLE 5: UB3LYP/EPR-II// UPM3 Calculated Hyperfine
Couplings(MHz)?2

anisotropic total anisotropic total
coupling coupling coupling coupling
iSOtrOpiC T Aax iSOtrOpiC Ti1 Aax
coupling T2 Az coupling T2 Az
position Aiso Taz Aas position Aiso Tas Ass
O —22.1(22.0) 43.6(39.8) 21.5(17.8) O —20.1(19.9) 41.4(38.0) 21.3(18.1)
42.7(39.0) 20.6(17.0) 40.8(37.3) 20.7(17.4)
—86.378.7) —108.4(100.7) —82.1(-75.4) —102.2¢95.3)
H —6.7(-6.4) —3.4(-3.5) —10.1(-9.9) H —6.7(-6.4) —3.4(-3.5) —10.1-9.9)
—2.2(-2.4) —8.9(-8.8) —2.3(-2.5) —9.0(-8.9)
5.7(5.9) —1.0(-0.5) 5.7(5.9) —1.0(-0.5)
Ca —-9.1(-3.8) —9.1(-13.0) —18.2(-16.8) Ca —10.1¢5.2) —8.3(-11.7) —18.4(-16.9)
—4.9(-9.7) —14.0(-13.5) —4.3(-8.5) —14.4(-13.7)
14.1(22.8) 5.0(19.0) 12.5(20.1) 2.5(14.9)
Cb —0.6(—1.6) —7.4(-6.9) —8.0(—8.5) Cb -0.4(-1.4) —7.0-6.7) —7.4(-8.1)
—7.1(-6.5) —7.7-8.1) —6.8(-6.3) —-7.2(-7.7)
14.4(13.3) 13.8(11.7) 13.8(13.0) 13.4(11.6)
H(hb) (0.2) (6.1) (6.2) H(hb) (0.2) (6.5) (6.6)
(—3.0) (—2.9) (—3.0) (—2.9)
(—3.0) (=2.9) (—3.0) (=2.9)

2 The values for the hydrogen-bonded complex (Figure 1b) are given

in brackets.

TABLE 4: UB3LYP/6-31G +G(d)//UB3LYP/6-31G+G(d)

Calculated Hyperfine Couplings (MHz)?

2 The values for the hydrogen-bonded complex (Figure 1b) are given

in brackets.

anisotropic total
coupling coupling
isotropic T Au
coupling To Aoo
position Aiso Tas Ass
o] —28.0(-27.0) 39.3(35.6) 11.3(8.6)
38.3(34.8) 10.3(7.8)
—77.770.3)  —105.7¢97.3)
H —6.9(—6.5) -3.1-3.2) —10.0(-9.7)
—2.5(-2.7) —9.4(-9.2)
5.7(5.8) —-1.2(-0.7)
Ca —0.7(6.3) —8.4(—12.1) —9.1(-5.8)
—3.4(-8.9) —5.1(-2.6)
12.8(20.9) 12.1(27.2)
Cb 4.1(2.8) —6.6(—6.1) —2.5(-3.3)
—6.2(-5.7) —2.1(-2.9)
12.8(11.7) 16.9(14.5)
H(hb) (0.2) (6.1) (6.2)
(=3.1) (=3.0)
(-3.1) (-3.0)

aThe values for the hydrogen-bonded complex (Figure 1b) are given Figure 2. o highest occupied molecular orbital fiptbenzosemiquinone
in brackets. at UB3LYP/EPR-II//UB3LYP/EPR-II level contoured at 0.002 &/au
. . . ) The radical orientation is as shown in Figure 1.
efficient method for the theoretical calculation of hyperfine

couplings for medium-sized radicals. These spin density plots an now be used to interpret the
To interpret the calculated hyperfine couplings, we make use calculated isotropic and anisotropic hyperfine couplings of Table
of the orbitals and spin density plots of Figures£2 The 2. From Table 2 we can see that hydrogen bonding affects all
highest occupied molecular orbital for thebenzosemiquinone  coupling to some extent. The isotropic and anisotropic hyperfine
radical is shown in Figure 2 couplings for the ring hydrogen atom remain essentially
. The orbital is bonding betweera@nd G and nonbonding unchanged on hydrogen-bond formation. Hydrogen bonding
between the two Batoms and @ and O. In Figures3 and 4 leads to a slight decrease in the anisotropic components of the
the unpaired spin density plots(alphlaeta) are contoured at O coupling. The ® and particularly the & couplings are
two levels, 0.002 and 0.01 efauThe 0.01 e/atiplot (Figure particularly sensitive to hydrogen bonding. FdriBe principal
4) powerfully demonstrates the effect of hydrogen bonding on change occurs for the isotropic coupling which decrease8
the distribution of unpaired spin. For the non-hydrogen-bonded, to —1.5 MHz on hydrogen-bond formation. The anisotropic
“free” case the unpaired spin is concentrated at the O atom couplings are relatively unchanged however. Fardtamatic
positions. Much lower concentrations are found at tlaea@d changes in both isotropic and anisotropic hyperfine couplings
Cb locations. Closer examination of the plots does indicate occur.
slightly higher spin at 8. On hydrogen-bond formation (Figure The isotropic (Fermi contact) arises from the presence of finite
4), clearly shows an enhanced spin density at thep@sition. unpaired electron spin density at the nucleus in question. The
A decrease in the iand O positions accompanies this. The unpaired electron is situated inmatype orbital (Figure 2) and
major effect of hydrogen bonding is therefore an increased spin hence unpaired electron spin density arises at the nuclear
density at the @ positions at the expense of a decrease in the positions via spin polarization mechanistfisThe anisotropic
O (primarily) and ® locations. couplings are, on the other hand, a direct measure of the
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¥ a slight decrease in the anisotropic coupling of the oxygen atom
% (Table 2). This can be directly correlated with a decrease in
- spin density at the oxygen atom on hydrogen bond formation
referred to above.

For the G and  atoms the situation is somewhat different.
Here a relatively low unpaired spin density, compared with the
O atom, exists at both of these atoms in the non-hydrogen-
- bonded state (Figure 4). Because of the imbalance in spin
density between the O andaCatom positions, the high
concentration of spin density near the O atom can be expected
" to contribute significantly to the anisotropic coupling cd.dn

M w addition there exists some spin density along tiae-Cb bond
(Figure 3) which may also contribute to tR&C anisotropic
coupling of the Ca atom. These factors are reflected in the
rhombic symmetry of the & anisotropic coupling tensor as
opposed to the axial tensor that would be expected from it own
Y unpaired spin density. Hydrogen-bond formation leads to a
:" substantial change in theaGanisotropicl3C tensor principal

. [ values, (Table 2). The values are significantly increased, and
Figure 3. The 0.002 electrons/Awnpaired spin density contour.  the tensor assumes more axial nature. This is explained by the
UB3LYP/EPR-II//UB3LYP/EPR-II. Hydrogen-bonded complex (Figure ~ Spin density plots of Figure 4; increased spin densityab@
1b) on right-hand side. hydrogen bonding leads directly to increased anisotropic

couplings plus the greater contribution from the atoms own spin
"" & density will lead to a more axial tensor.

\ For the @ position an essentially axial anisotropic tensor
for both hydrogen bonded and non-hydrogen-bonded cases Table
2). Here the distance from the O atom precludes any major
contributions from this spin density tdxS anisotropic coupling.

{_ 4 The small decrease in coupling observed on hydrogen-bond
; formation is a reflection of the slight decrease in spin density
N

e

o
P
g

value demonstrated in Figure 4.

On the basis of the above analysis of the anisotropic

s couplings, it is now possible to discuss the trends in the isotropic

couplings. Such couplings are caused by spin density appearing

* &F directly at the nucleus in question, which arises in this case via
|

Wi i
spin polarization mechanisrg.
‘L | | The 13C isotropic coupling for @ and G are both negative
e “ negative in the non-hydrogen-bonded case (Table 2). Thisis a
® P reflection of excess negative spin density at these nuclei. Spin
w e polarization by the unpaired electron density of the atom’s own
o spin would be expected to contribute to excessxadpin
& k giving rise to a positive isotropic couplif§. Spin polarization
u by the neighboringr spin density would be expected to give
rise to excesg spin at the nuclear position leading to a negative
hyperfine coupling. From the negative coupling observed (Table
/ L 2) therefore it would appear that the polarization by the
5 » neighboring atoms predominate giving rise to a negative
) isotropic hyperfine coupling for both &and @ in the non-
}H ' hydrogen-bonded state. For the oxygen atom the isotropic
¢ coupling arises primarily from spin polarization by theorbital

Figure 4. 0.01 electrons/a&wnpaired spin density contour. UB3LYP/  |gbe at the oxygen atom giving rise to an excese.gpin and
EPR-II//UB3LYP/EPR-II. Hydrogen-bonded complex (Figure 1b) on  hence forl’0. a negative coupling constant.

ight-hand side. . . . .
rght-hand side On hydrogen-bond formation tH€C isotropic coupling for

interaction of the unpaired electron in theorbital with the Ca becomes less negative while théo Gotropic coupling
nuclei. Prevously in the absence of accurate molecular wave becomes more negative (Table 2). These can be directly related
functions these anisotropic hyperfine interactions have beento the changes in anisotropic couplings referred to above.
explained by assuming that the p type molecular orbital near Increasedz spin density at @ leads to an increased spin
the nuclear positions can be approximated by atomic p type polarization by this spin density on the@ orbitals. This will
functions!® For the oxygen atoms such a situation does indeed increase the positive contribution to the isotropic coupling. The
exist due to the nonbonding nature of the out-of-plane p orbital change in coupling value from10.3 to—4.2 is a consequence
on the oxygen atom (Figure 2). The anisotropic coupling of of this. For @ the isotropic coupling is more negative in the
the oxygen atoms will be dominated by the large concentration hydrogen-bonded state. This reflects the slight decrease in
of unpaired spin density. As expected from the shape of the spin density at 6 leading to less positive contribution plus the
unpaired spin density plots (Figures 3 and 4), an axial tensor isincrease in spin density at neighboring ®hich increases the
obtained for this coupling. Hydrogen-bond formation leads to negative contribution. For the oxygen atom the isotropic
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TABLE 6: UB3LYP(SCIPCM)/EPR-II//UB3LYP/EPR-II
Calculated Hyperfine Couplings (MHz)2

couplings. Good agreement is observed for ¥f@ coupling

constant. For the Eposition agreement between theory and

anisotropic total experiment is again good. For the@osition comparison of
coupling coupling the absolute values is reasonable between experimental and
isotropic Tu An calculated. This coupling, as the above discussion emphasized,
position COX_‘:!'”Q %2 Zz is extremely sensitive to hydrogen bonding. This has also been
found to be the case experimentally; see Table 7. In addition
o —19.6(-20.8) ?jlé)g(gﬂﬁ) 228-27(1g-3()) in the liquid solution hydrogen bonding is likely to be a
—80:12—;.41.)9) _99_§(£195'_7)) dynamical situation with rapid formation/breakup of the hy-
H —6.2(-6.1) —3.6(-3.4) —9.8(-9.5) drogen bonded complexes occurring within the EPR time scale.
—2.5(-2.5) —8.7(—8.6) This is to be contrasted to the static complex of Figure 1b used
5.4(5.8) —0.8(-0.3) for calculation purposes. In addition for DMSO it cannot be
ca —8.5(-3.9) :g'g(:ézé?’) :ﬂ'g(:ig'g) ruled out that nonspecific molecular complexes are formed
14'.7221:63 6.2((17"7)) t_)etween the semiquinone ar_1d [_)MSQ molecules. The calcula-
Cb —0.7(-1.6) —6.8(-6.4) —7.5(-8.0) tion of the change iA%C coupling in going from non-hydrogen-
—6.5(-6.0) —7.2(-7.6) bonded to hydrogen-bonded!3C = +4.2 MHz (experimen-
13.3(12.5) 12.6¢10.9) tally, Table 7) and+4.6 MHz (theoretically, Table 7) indicates
H(hb) ©0-2) (_(36'133) (_gsé?) excellent agreement between theory and experiment.
(=3.1) -2.9)

2The values in the brackets are for the complex of Figure 1b
immersed in a continuous dielectrie) (of 80.0 (water). For the non-
hydrogen bonded state arvalue of 47.24 (DMSO see text and Table
7) was used using structure of Figure 1a.

TABLE 7: Comparison of Experimental and Calculated H,
13C, and 17O Isotropic Hyperfine Couplings?

experimentab® calculated
atom DMSO DMSO/WATER DMSO WATER
O —26.5 —24.4 —19.6 —20.8
Ca —6.0 -1.8 -85 -39
Cb -1.4 -0.7 —-1.6
H —6.8 -6.7 —6.2 —6.1

a All couplings are given in MHz? Reference 185 Reference 19.

coupling changes little after hydrogen-bond formation. Here

Conclusions

Density functional calculations employing the B3LYP func-
tional provide excellent hyperfine couplings and spin density
distributions for thg-benzosemiquinone free radical. Detailed
insights into the influence of hydrogen bonding on the electronic
wave function are revealed. This study provides a firm
grounding for the interpretation of hyperfine couplings and spin
density distributions for the biologically important semiquinone
radicals.
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