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Molecular modeling adopting a periodic approach based on
density functional theory (DFT) indicates that a Grotthuss-
like mechanism is active in the formation of the radiation-
induced alkoxy radical in a-L-rhamnose. Starting from an ox-
idized crystal structure, a hydroxyl proton is transferred
along an infinite hydrogen bond chain pervading the entire
crystal. The result of this proton shuttling mechanism is a
stable radical species dubbed RHop. Only after several reori-
entations of crystal waters and hydroxyl groups, the more
stable radical form RO4 is obtained, which differs in structure
from the former by the absence of only one hydrogen bond.
Calculations of the energetics associated with the mechanism
as well as simulated spectroscopic properties reveal that dif-
ferent variants of the rhamnose alkoxy radical can be ob-
served depending on the temperature of irradiation and con-
secutive EPR measurement. Cluster calculations on both rad-
ical variants provide hyperfine coupling and g tensors that
are in good agreement with two independent experimental
measurements at different temperatures. o© 2008 by Radiation Re-

search Society

INTRODUCTION

The radiation chemistry of solid-state sugars has attract-
ed considerable attention, because these highly structured
systems can function as model systems to study radiation
damage in biomolecules from a general perspective. The
involvement of deoxyribose sugar radicals in radiation-in-
duced single-strand breaks of DNA has added to the interest
in this subject (/, 2), which only recently led to the un-
ambiguous identification and characterization of such rad-
icals in irradiated nucleotides (3, 4). However, the exact
processes that lead to the formation of radical end products
are not known. In an attempt to clarify the initial radiation-
induced events, several electron paramagnetic resonance
(EPR) studies have been performed on single-crystal sugars
at very low temperatures [e.g. ref. (5)]. The lack of thermal
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energy limits the conversion of primary radiation products
in secondary reactions, and this allows thorough EPR char-
acterization of the former. One of the archetypal systems in
this respect is a-rhamnose, since both oxidation and reduc-
tion products have been observed in this sugar. Reduction
results in the “trapping” of low-energy electrons at inter-
molecular sites within the crystal matrix, stabilized through
the cumulative effect of dipolar molecules or functional
groups in the vicinity (6—8). lonization-induced oxidation
of rhamnose leads to the formation of an oxygen-centered
alkoxy radical (9, 10). Several of the secondary radiation-
induced radicals have also been characterized in rhamnose
and are generally considered to be decay products of the
previous primary species under the influence of temperature
or light (7, 8, 11).

In an earlier theoretical study, we investigated the primary
alkoxy and several secondary rhamnose radicals using density
functional theory (DFT) calculations (/2). Adopting a cluster
approach, the radical model under scrutiny was surrounded
by several intact rhamnose molecules in accordance with crys-
tallography data, and EPR properties were calculated on the
optimal conformation of the model. Comparison of calculated
g and hyperfine tensors and experimental data resulted in the
independent identification and corroboration of the radical
structures that were proposed in the various EPR experiments.
It also led to the assignment of a completely new radical
structure to one of the observed species. For the alkoxy rad-
ical, however, an unusual discrepancy was encountered. Cal-
culated EPR properties were found to be in accordance with
only one of the two EPR measurements on this radical that
are available in literature.

In 1980, Samskog and Lund performed a Q-band ESR
measurement at 77 K of the alkoxy radical and determined
its g tensor along with two hyperfine coupling constants
(9). Five years later, Budzinski and Box used a combination
of both ESR and ENDOR to thoroughly characterize this
species at 4.2 K (/0). They succeeded in deriving the g
tensor and seven hyperfine tensors. An overview of the
measured data is given in Table 1, although several likely
errors in the data from the original manuscript were cor-
rected (a detailed discussion is given as Supplementary In-
formation). We will refer to the results of these experiments
with the notations Alkg, and Alkg;, respectively. From the
table, it can easily be seen that the two data sets are very
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TABLE 1
Summary of EPR Measurements and Previous DFT Calculations on Rhamnose Alkoxy
Radical
Signal Ai/8io Ao Guniso Direction cosines vs {a*bc)
Alk, (77 K)
SL-1 112.1
SL-2 39.2
SL-g 2.0184 2.0032 —0.020 —0.982 0.189
2.0064 —0.698 0.149 0.700
2.0456 —0.716 —0.118 —0.688
Alk,, (4.2 Ky
BB-1 -3.0 =7.7 0.127 0.003 0.991
-7.3 0.990 0.056 —0.127
15.1 —0.056 0.998 0.003
BB-2 5.2 —12.7 —0.136 0.176 0.975
-0.2 0.787 0.616 —0.001
12.9 —0.601 0.767 —0.222
BB-3 (xc) 0.1 -5.9 —0.023 0.221 0.974
—-4.9 0.364 0.909 —0.197
10.8 0.930 —0.351 0.102
BB-4 (xc) 5.2 -7.8 0.259 —0.079 0.962
—0.1 0.744 0.651 —0.146
7.9 —0.615 0.754 0.227
BB-5 67.2 —4.0 0.743 —0.481 —0.464
-0.2 0.409 —0.220 0.884
4.3 0.528 0.848 —0.033
BB-6 539 =7.7 0.219 0.687 0.691
—2.0 —0.377 —0.594 0.710
9.7 0.899 —0.417 0.129
BB-7 3.9 -1.9 0.696 —0.607 0.381
—-0.7 0.584 0.789 0.189
2.6 —0.416 0.091 0.904
BB-g 2.0096 2.0018 —0.339 —0.691 0.637
2.0068 —0.554 0.694 0.458
2.0202 —0.759 —0.198 —-0.619
RO4 (cluster DFT)~
H2 40.5
H4 100.4
g tensor 2.0189 2.0022 —0.251 —0.885 0.392
2.0090 —0.690 0.448 0.569
2.0456 —0.679 —0.128 —0.723

Note. Hyperfine couplings are in MHz.
« Reference (9).

> Reference (10).

< Reference (12).

dissimilar, as already noted by Sagstuen et al. (/1). The
Alkg, species is characterized by two isotropic splittings
(112 and 39 MHz) that cannot be matched with the two
largest couplings (67 and 54 MHz) in Alkgg. Furthermore,
the maximum anisotropic component of the g tensor differs
between the two sets: 2.0456 in Alkg, and 2.0202 in Alkgg.
In particular, the latter difference is surprising since the
corresponding eigenvectors deviate by only a few degrees.
Despite these clear distinctions, an identical structure was
assigned in both studies, represented in Fig. 1.

Recent theoretical calculations (/2) on this suggested
structure were found to be in complete accordance with the
EPR data of Samskog and Lund: hyperfine couplings of 40
and 100 MHz, and a maximum g-tensor component of

2.0456 (see calculated RO4 data in Table 1). Given the
temperature difference between the two EPR measure-
ments, it was assumed that Alkg, represents a precursor to
the Alkg structure and differs from the latter mainly be-
cause of the closeness of the dissociated H,, hydroxyl pro-
ton in the former (see Fig. 1 for atom numbering scheme).
In the Alk,, measurements, a hyperfine coupling tensor was
determined for this proton, indicating that it is generally
situated in the direction of the original O,~H,, bond.

In the current work, we present the results of new cal-
culations based on a periodic DFT approach in which the
origin of this discrepancy is investigated. Starting from the
primary radical cation species, generated directly by radi-
ation, proton transfer reactions are considered within the
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OH OH
a-L-rhamnose

FIG. 1. Atom numbering in a-L-rhamnose and structure of the alkoxy
radical. Oxygens and hydrogens are numbered according to the carbon
to which they are bound.

solid state. A mechanism is found that likely connects the
Alkg, precursor at very low temperature with the Alkg,
radical at 77 K. Energetic considerations are corroborated
by theoretical EPR calculations on the suggested species,
which are in agreement with the experimental EPR data for
both the Alkg, and Alkg, species.

COMPUTATIONAL DETAILS

A simulation study of proton transfer reactions between the rhamnose
radical and its molecular environment is meaningful only if as little con-
straint as possible is imposed on the latter. The surrounding molecule(s)
in the solid must be able to accommodate the proton that is transferred
through atomic relaxation. This requirement seriously limits the use of
cluster models in this respect. As adopted in the previous paper (/2), the
smallest thamnose cluster model that is physically sound already consists
of the radical, seven rhamnose molecules, and eight water molecules—
those molecules that are involved in hydrogen bonds with the central
paramagnetic species. However, only the atoms of the radical were al-
lowed to relax in this model. To enable relaxation of the closest hydrogen-
bonded species, it is necessary to expand the cluster with an additional
layer: Every hydrogen bond partner of the radical has to be surrounded
in a similar fashion by its hydrogen bond partners, all in accordance with
the rhamnose crystal symmetry. The resulting supercluster (containing
more than 500 atoms) is far too large to be computationally feasible at a
reasonable level of theory. The outermost shell of rhamnose/water mol-
ecules still has to be constrained because it is at the boundary between
the cluster and the vacuum. A more effective and natural way to simulate
the radical and its solid-state environment is to perform periodic calcu-
lations, thereby exploiting the translational symmetry of the crystalline
state. Hence the lattice environment is automatically and fully incorpo-
rated, and no constraints are needed on the hydrogen-bonded species.

The unit cell of rhamnose is monoclinic (space group symmetry P2))
and contains two rhamnose and two water molecules. Its cell parameters
area = 7.901 A, b = 7922 A, ¢ = 6.670 A and B = 95.52° (13). To
ensure that the radical is well separated from its periodic images, the
original unit cell was doubled in all directions. The resulting (2a2b2c)
supercell contains 416 atoms. All calculations were performed using the
CPMD software package (/4). The BP86 gradient-corrected density func-
tional (15, 16) was used, together with a plane wave basis set (cutoff 25
Ry) and ultrasoft pseudopotentials of the Vanderbilt type to describe the
electron-ion interaction (/7). To corroborate the results obtained with a
(2a2b2c) supercell, several simulations were also performed with the
(a2bc) and (a3bc) supercells, obtained by respectively doubling and tri-
pling the original unit cell in the b direction.

Subsequently, EPR properties were calculated (/8) on the structures
obtained from the periodic (2a2b2c) optimizations. As ascertained in oth-
er studies, the environment of a radical has a significant impact on these
properties. Hence it is imperative to include this environment also in the
EPR calculation, either using a periodic scheme (/9) or by adopting a

cluster approach (12, 20, 21). To allow direct comparison with the EPR
results in the earlier study of rhamnose (/2), the latter approach was
chosen. After optimization, a cluster was cut out of the periodic system
to contain the radical and all the molecules that are hydrogen bound to
it (seven rhamnose and eight water molecules). This is the same model
space that was used in the previous study, but it was adopted only for
the EPR calculation. The benefit of such a hybrid periodic/cluster scheme
is that the EPR properties of the radical can be determined consistently
with cluster methods, while the structural information obtained from ge-
ometry optimization in a periodic approach can still be maintained.

Hyperfine tensors were calculated using the Gaussian03 software suite
(22), using the B3LYP functional (23) and a 6-311G** basis set (24, 25)
for all atoms within the cluster. However, this level of theory is too
expensive from a computational point of view for the calculation of g
tensors. This difficulty can be overcome either by reducing the model
system (taking up fewer molecules in the calculation) or by reducing the
level of theory for (part of) the model system. The first approximation
was adopted in the previous study (/2), and only the rhamnose radical
itself was considered in the g-tensor calculation. Since this is an approach
that can essentially provide only gas-phase properties, the second option
was preferred in the current work, where intermolecular interactions be-
tween radical and environment are at least minimally accounted for in
the g-tensor calculation. The B3LYP level of theory was maintained for
the entire cluster, but now only the atoms of the central radical were
described using the 6-311G** basis set, along with those of two nearby
water molecules. The other atoms of the cluster were still included in the
calculation, but they were considered at the much smaller 3-21G basis
set level (26, 27). The two water molecules were selected in the high
basis set layer, because they are hydrogen bound to oxygen O, and ef-
fectively make up the immediate environment of the radical center. This
mixed basis set scheme offers an affordable way to determine the g tensor
without neglecting the crucial interactions between the central radical and
the molecules in its close environment.

For reference, g-tensor properties were also calculated on geometries
optimized within a (a2bc) supercell, adopting a consistent periodic ap-
proach as described in ref. (28). For these calculations, a BLYP functional
form (29, 30) was used, together with a 100-Ry cutoff plane-wave basis
set and Goedecker-type norm-conserving pseudopotentials (37). The pa-
rameters related to the evaluation of the g-tensor contributions in this
approach included a threshold value of 0.05 for the magnetic response
calculation and an ionic charge potential contribution to the effective
potential close to the Coulomb limit [see ref. (28) for further information].

RESULTS AND DISCUSSION
Energetic Considerations of Proton Transfer

Following the suggestion in the measurements of Bud-
zinski and Box that the dissociated hydroxyl proton was
still in the vicinity of the radical center (O,), proton transfer
from this oxygen was considered. Such a mechanism as-
sumes that the positive charge is (more or less) located on
the Ho, hydroxyl proton after ionization and that it migrates
into the molecular environment, generating the alkoxy spe-
cies. This migration will follow the path of the original
hydrogen bond, which, in the undamaged structure, extends
between H,,, and the oxygen of a crystal water molecule.

The onset of this reaction is immediately after the ioni-
zation event. Hence the system has just been oxidized (an
electron has been ejected), leaving the periodic (2a2b2c)
supercell positively charged. Within the computational ap-
proach, this is compensated by a (nonlocalized) uniform
negative charge background to prevent the unphysical sit-
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FIG. 2. Overview of energy and structural changes upon elongation
of the O,—~H,, bond. AE is considered relative to the PrimCat* binding
energy (—2222.707 atomic units). Optimized points corresponding to the
PrimCat* and RHop* structures are indicated by a circle. Arrows point
out proton transfers. For O,, Hy,, O,, H,;, O, and H,, absolute distances
are plotted with respect to O,. The gray highlighted regions indicate the
main location of the positive charge.

uation in which the periodic system would get an infinite
charge. Starting from the ideal crystal structure, the ionized
supercell is optimized without geometric constraints. A
symmetrical structure is obtained with the unpaired electron
density distributed evenly over (mainly) C, and O, of all
the molecules in the unit cell. The absolute binding energy
for the entire cell containing this primary cation structure
(labeled PrimCat*) is —2222.707 atomic units. Subse-
quently, the H,,—O, bond of one molecule is increased sys-
tematically and the system is reoptimized at each point un-
der that constraint. This results in the energy profile pre-
sented in the lower half of Fig. 2. The energy difference
(in kJ/mol) is considered relative to PrimCat*, correspond-
ing to an H,,—O, bond distance of about 1.0 A. The energy
of the rthamnose system increases steadily with increasing
bond distance until a shallow, local minimum is encoun-
tered around 1.85 A. Along this path, three proton transfers
throughout the periodic structure have taken place (at each
time indicated by an arrow), although constraints were im-
posed on only one of the protons. This is illustrated in the
top of Fig. 2, where the distances of all atoms involved
with respect to O, are plotted as a function of the con-
strained H,,—O, distance. Gray highlighted regions indicate
the main location of the positive charge.

The distances in the undamaged crystal are given for ref-
erence at an H,,~O, bond length of 0.968 A. This pattern is
not altered much when the entire supercell is ionized. One
could visualize the PrimCat* as represented at the left of the

plot: Charge and spin density are both still located on the
same rhamnose molecule. When the O,~H,, distance is in-
creased to about 1.3 A, a first proton transfer occurs. The spin
density now becomes firmly localized on O,, whereas the Hg,
proton (and hence the charge) is transferred along the hydro-
gen bond to one of the crystal waters (labeled “a”). As a
result, the alkoxy radical is formed, connected to this H,O;
species with a hydrogen bond. However, this does not cor-
respond to a minimum on the potential energy surface. Only
when the O,—H,,, distance is further elongated, thus increasing
the distance between the water molecule and the alkoxy rad-
ical, is a second minimum eventually found. Between 1.5 and
1.85 A, two further proton transfers occur. First, the H,, proton
of H;O; is transferred to oxygen O, (labeled O, in the plot)
of a rhamnose molecule further away, briefly generating an
R-O,H; cation. Finally, the original H,, proton of this rham-
nose (labeled H,) is in turn transferred to crystal water (O,),
again resulting in an H,O/ species. The stability of the final
species resulting from the three proton transfers was verified
by reoptimization without constraints (indicated by a circle).
This structure, with absolute energy of —2222.692 atomic
units, is depicted on the right side of Fig. 2 (referred to as
RHop*) and has an H,,~O, distance of 1.748 A. In contrast
with the PrimCat*, the charge is now separated from the
main site of the unpaired spin density by almost 8 A, inci-
dentally comparable to half the length of the (2a2b2c) super-
cell along the crystallographic b axis.

The consecutive proton transfers bear a striking resem-
blance to the classical Grotthuss mechanism in solutions
(32-35), where sequential proton “hops’ between an initial
donor and ultimate acceptor are mediated by water mole-
cules or ionizable functional groups, extending along an
extensive network. In the case of rhamnose, the three pro-
ton hops to go from PrimCat* to RHop* occur along a
so-called infinite hydrogen bond chain or ribbon. As illus-
trated in Fig. 3, this chain extends throughout the crystal
along the direction of the b axis, alternately connecting the
0,-H,, hydroxyl groups of rhamnose molecules with crys-
tal waters. Hence it is a suitable route for the proton to
diffuse through the crystal matrix after ionization at a cer-
tain site. Similar proton transfers, or ‘““multi-proton shuf-
fles””, have been proposed in crystals of nucleic acids, such
as cytosine (36), adenosine (37) or cocrystals of methyl-
cytosine and fluorouracil (38).

Attempts were made to initiate further proton jumps
along the chain in rhamnose by systematically extending
the H.,—O, bond in RHop~. This resulted in a steep uphill
potential, indicating that, within this model space, only a
structure characterized by three proton jumps constitutes a
(local) minimum along this relaxation route. However, the
distance between the charged and the spin sites in RHop™*
(also shown in Fig. 3) is connected to the size of the sim-
ulation cell. The (2a2b2c) supercell is 2*b wide (15.844 A)
in the direction of the b axis, implying that the charged site
is (roughly) in the middle between the spin site (at a dis-
tance +b) and its periodic image (at a distance —b). This
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FIG. 3. View of the RHop*, RHop and RO4 species along the infinite
hydrogen bond chain (b axis). A fragment of the intact crystal structure
is shown at the top. All H and O atoms that are involved in the hydrogen
bond chain are presented as balls.

seems to suggest that the proton is “trapped” between the
two spin sites in this model space and that additional proton
hops would become possible if the supercell would be fur-
ther enlarged along b.

Additional calculations on (a2bc) and (a3bc) supercells
confirm this statement. In Fig. 4, the energy change upon
H,,—O, elongation in these supercells is plotted, resulting
in energy profiles similar to that in Fig. 2. Here also, a
minimum is encountered at 1.8 A for {a2bc) and 1.75 A
for (a3bc), the latter perfectly comparable to the H,,~O,
distance for RHop* in the (2a2b2c) supercell. Three proton
hops occur in the smallest model space ({a2bc)), yielding
a 7.0 A separation between the charged site (O,) and the
spin site (O,). However, in the (a3bc) supercell, two further
proton jumps along the infinite hydrogen bond chain are
energetically favorable when additionally elongating the
O.H,, bond! Starting from a PrimCat* species, all to-

AE (kJ/mol)

11 11 12 13 14 15 16 17 18 19 20

O4-Hoa (A)

FIG. 4. Energy change upon elongation of the O,—H,, bond in the
(a2bc) (A) and (a3bc) (X) model space and upon further elongation of
the O~H,, bond in (a3bc) (*). The energy of the PrimCat* species is
taken as reference (respectively —555.686 and —833.520 atomic units).
Optimized points are indicated by circles, arrows point out proton trans-
fers.

gether, five proton transfers take place in this model space
before the charge is finally located on an H;O* species,
10.6 A away from the O, radical center. Since the (a3bc)
supercell is 23.766 A wide along b, the charged site is again
nicely situated between the spin site (at +3/2 b) and its
periodic image (at —3/2 b). Extrapolating these results, it
is clear that the separation between the charge and the un-
paired spin density is proportional to the length of the sim-
ulation cell along the b axis. In reality, of course, an irra-
diated crystal will not display the perfect supercell peri-
odicity as in the simulations. The ionization sites will be
distributed randomly throughout the matrix at relatively
long distances from each other. For each such ionization
site, the infinite hydrogen bond chain effectively represents
something like a conductor channel, along which charge
can migrate throughout the crystal matrix.

However, proton migration requires that the initial large
energy barrier of about 40 kJ/mol has been crossed. This
is not unlikely given that high-energy radiation is applied
in these studies [y rays in ref. (9), X rays in ref. (/0)], often
for several minutes. Also, tunneling or excited-state dynam-
ics is likely to be involved in the proton transfer process.
Furthermore, it is plausible that the migrating charge will
become trapped at some point along the infinite hydrogen
bond chain, for instance, when a radiation-induced anion is
encountered further on in the crystal matrix. In a study of
crystalline nucleic acids (36), it is even suggested that the
mutual occurrence of both reduction and oxidation products
is likely to be observed along this chain. Since the proton
can readily move along the channel, it will transfer from
the cation site to the anion site, hence irreversibly canceling
out the charges and leaving behind two neutral radicals. In
rhamnose, such neutralization would effectively prevent
back-reaction and recombination with the alkoxy species,
driving the system in the direction of RHop* formation. In
fact, the mere occurrence (or observation) of a PrimCat*
species seems highly unlikely, since it would require that
oxidation of the rhamnose crystal would lead to a perfect
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TABLE 2
Overview of Calculated g and Hyperfine Tensors for the RHop Alkoxy Species, Optimized in a (2a2b2c)
Supercell Periodic Approach

Ai/8io A i Ganiso Direction cosines vs (a*bc) v Ao A i Ganiso
H2 61.6 —-3.8 0.736 —0.481 —0.476 1 67.2 —4.0 BB—5
—=0.7 0.608 0.160 0.778 26 —=0.2
4.5 0.297 0.862 —-0.410 26 4.3
H3 1.6 —10.0 —-0.117 0.199 0.973 2 52 —12.7 BB—-2
—0.8 0.856 0.517 —0.003 7 —=0.2
10.8 —0.504 0.833 —0.231 7 12.9
H4 40.7 —=5.7 0.219 0.716 0.663 2 53.9 7.7 BB—-6
-39 —0.413 —0.548 0.728 3 —=2.0
9.6 0.884 —0.433 0.175 3 9.7
Ho6a 2.5 —-1.9 0.711 —0.625 0.323 4 3.9 —-1.9 BB—7
—=0.7 0.634 0.768 0.092 6 —=0.7
2.5 —0.306 0.139 0.942 7 2.6
HO3 —=5.7 —=7.7 —0.546 0.788 0.284 5 =52 -=7.9 BB—4 (x¢)
—-0.5 0.762 0.609 —0.223 5 0.1
8.2 0.348 —0.095 0.933 5 7.8
HO4 —6.6 —114 0.608 0.010 0.794 30 —-3.0 —=7.7 BB—1 (x¢)
—10.3 0.778 0.187 —-0.599 31 —=7.3
21.8 —0.155 0.982 0.106 8 15.1
Hd1 —0.1 —-7.8 0.208 0.575 0.791 27 0.1 -=5.9 BB—3 (x¢)
—-6.2 0.349 0.712 —0.609 26 —-4.9
14.0 0914 —0.403 0.052 4 10.8
g 2.0112 2.0030 —-0.314 —0.704 0.637 2 2.0096 2.0018 BB—¢
2.0087 —0.569 0.676 0.468 1 2.0068
2.0220 —0.760 —0.215 —-0.613 1 2.0202
35 2.0184 2.0032 SL—g
34 2.0064
7 2.0456

Note. Hyperfine couplings are in MHz, W angle deviations with experiment in degrees.

distribution of the remaining unpaired electron over all
molecules. However, multiple ionization and excitation
events will be induced by radiation, giving rise to a disor-
ganized and asymmetrical distribution of the spin density.

Of course, when the ejected proton has migrated along
the hydrogen bond chain and has possibly recombined at
some point with an anionic species, the positive charge is
well separated from the alkoxy radical. The (local) geom-
etry of the radical and its direct environment will no longer
be influenced by the presence of a positive charge, nor will
its EPR properties. To account for this possibility in the
simulations, the (2a2b2c¢) rhamnose supercell was reoptim-
ized after the removal of either the H,, or H,, protons from
the RHop* species (see Fig. 3), effectively making the su-
percell neutral in the calculation. In both cases, this resulted
in a significant displacement of the hydrogens and oxygens
involved in the infinite hydrogen bond chain, though large-
ly restricted to the locus of the removed proton. The ge-
ometry of the alkoxy radical was virtually unaltered. Re-
moval of the H, proton (absolute energy —2222.004 atom-
ic units) proved to be slightly favored over H, elimination
(—2222.003 atomic units), which makes sense since the
latter would disrupt the infinite hydrogen bond chain. With
respect to RHop*, the energy of the species obtained by
removing H,, (dubbed RHop) formally increases by more
than 0.68 arbitrary units. However, this energy increase

does not really constitute a barrier, under the assumption
that the proton is not removed altogether from the system
but rather migrates at a sufficiently long distance from the
alkoxy species. The structure of the RHop species is also
shown in Fig. 3.

EPR Properties of RHop

The calculated EPR spectroscopy properties of the RHop
radical are presented in Table 2. Both the hyperfine and g-
tensor data are separated into an isotropic (A, or g,.) and
an anisotropic part. Diagonalization of the latter matrix pro-
duces anisotropic couplings (or principal values A,,../€uniso)
and corresponding eigenvectors (or principal directions),
expressed as direction cosines with respect to the orthog-
onal {a*bc) crystal axis reference frame. The W angle (in
degrees) reflects the deviation in orientation between the
calculated eigenvectors and their experimental counterparts.

Overall, the close match with the Alk,, measurements is
remarkable. The calculations predict two main proton hy-
perfine couplings for this radical (61.6 and 40.7 MHz) that
are significantly closer to the Alkg, than to the Alkg, re-
sults. What is more, the g tensor is in perfect agreement
with the measurement of Budzinski and Box: g-tensor com-
ponents agree closely, and the calculated eigenvectors de-
viate by less than 2° from the measured eigenvectors! The
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assignment is further corroborated by several smaller hy-
perfine coupling tensors, many of which were detected in
the EPR experiment. Since the isotropic coupling for these
proton tensors is close to zero, their anisotropy is perhaps
the most characteristic feature. Based on the correspon-
dence between the calculated EPR properties for the RHop
model and the Alkg, data, several incorrect assignments
were identified in the latter. In the following, this compar-
ison is discussed briefly for each proton hyperfine tensor.

H,. The calculated isotropic coupling for this proton is
very close to the measured value of 67.2 MHz for the BB-
5 signal. Interestingly, Budzinski and Box attributed this
signal to a & coupling: from one of the methyl protons on
Cs. In the RHop model, the unpaired electron density on
O, interacts with an equally distant proton on the other side
of the pyranose sugar ring (H,).

H,;. As Budzinski and Box mentioned with respect to
their BB-2 signal, this tensor indeed ‘‘has the characteristics
of a strongly coupled vy proton.”” However, this signal does
not correspond to Hy as was suggested but rather to the
other y coupling, H,. The agreement between the measured
data and the calculations is very good for isotropic and
anisotropic couplings as well as for the eigenvectors.

H,. The calculated tensor for this proton is attributed to the
BB-6 signal, despite the 13 MHz difference in isotropic cou-
pling. However, as has been demonstrated on many occasions
(18, 39), the isotropic coupling is rather sensitive to the level
of theory. Thus the reported difference is not uncommon. The
anisotropic couplings and eigenvectors, on the other hand,
agree very well between theory and experiment.

H,,. The BB-7 signal, originally attributed to the H, y cou-
pling, is found to be in excellent agreement with the calcu-
lated EPR hyperfine tensor of Hy,, one of the methyl group
protons. The level of agreement for this remote & proton is
of rare quality, with almost perfectly reproduced isotropic and
anisotropic couplings and W deviations well below 10°.

H,;. Among the Alkg, hyperfine tensors, three of them
were found to be exchangeable upon deuteration (BB-1,
BB-3 and BB-4). The calculations corroborate the assign-
ment of BB-4 to the Hy, hydroxyl proton. In Table 2, com-
parison is made with the measured tensor with negative
isotropic hyperfine coupling, reversing the order of the an-
isotropic couplings. Absolute determination of the sign of
a hyperfine constant is difficult from the experimental point
of view, justifying the modification.

H,,. Again, the calculated tensor for this proton affirms
the experimental assignment to the dissociated H,, proton,
1.681 A from the ‘0, center in model RHop. Calculated
hyperfine couplings are in excellent agreement with their
experimental counterparts, but a ¥ correspondence lower
than 10° is obtained only for the eigenvector with maximum
principal component. This effect has been encountered in
other studies (/9, 20) and indicates the quasi-degeneracy
for both minor anisotropic interactions, as conveyed by the
mutual occurrence of virtually identical but rather large an-
gles for these interactions.

H,,. The last of the exchangeable couplings (BB-3) can be
attributed to H,;, which is one of the protons in the crystal
water on the other side of the dissociated H,,. The position
and orientation of this water molecule are most easily seen in
Fig. 3. Comparison between theory and experiment is similar
to the case for H,, and overall is very good.

Despite the few incorrect assignments, the accuracy and
detail of the original Alky, EPR measurements are stun-
ning. Furthermore, their accordance with the calculated
spectroscopy data, which is both qualitative and quantita-
tive in nature, leaves little doubt that the proposed RHop
model is valid. Hence, in their 4.2 K measurement on ir-
radiated rhamnose crystals, Budzinski and Box have effec-
tively observed an alkoxy radical precursor obtained by
proton transfer along an infinite hydrogen bond chain.

Energetic Considerations of Rearrangement

After consecutive proton hops, a Grotthuss mechanism
would also involve a rearrangement of the water molecules
to restore the hydrogen bonding network in its initial state.
Hence it is sometimes referred to as a ““hop-and-turn” pro-
cess because the water molecules have to reorient. This
field has been studied exhaustively [for a review, see ref.
(40)], spurred by its importance in, for example, conducting
proteins like gramicidin [e.g. ref. (4/)]. In rhamnose single
crystals, such a reorientation step can provide the link be-
tween the individual observations of apparently different
types of alkoxy radicals at different temperatures.

In an earlier theoretical study (/2), a structure was de-
termined for the alkoxy radical as measured by Samskog
and Lund. This RO4 radical is obtained by removing the
H,, hydrogen from the model space. To allow comparison
with the results in the current work, the geometry for this
radical was reoptimized within a (2a2b2c) supercell ap-
proach. The resulting geometry (partially shown in Fig. 3)
has an absolute energy of —2222.016 atomic units, which
is some 30 kJ/mol lower than that of RHop! When the
structure of the molecules in the vicinity of the RHop and
RO4 radicals is compared (shown in Fig. 3), it is apparent
that the main difference lies in the orientation of hydroxyl
groups and water molecules. Similar to the Grotthuss mech-
anism, three rearrangements would suffice to transform
RHop into RO4:

1. rotation of H, about the O~H_, bond over 94° (clock-
wise),

2. rotation of H,, about the O,~C, bond over 134° (counter
clockwise), and

3. rotation of Hy, about the O,—H,, bond over 104° (counter
clockwise).

In Fig. 5, the energy of the (2a2b2c) system (relative to
that of RHop) is plotted as a function of these three rotation
angles. The encircled points on the graph indicate fully op-
timized structures; all other points were obtained from con-
strained geometry optimizations. Apart from the constraint
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FIG. 5. Energy change upon sequential hydrogen bond rearrangement,
relative to RHop (—2222.004 atomic units). All dihedral angles (in de-
grees) are referred to distant carbon atoms C, further on in the crystal
lattice. Circles indicate points that were obtained by full optimization
(without constraints).

on the rotation angle, the Cartesian coordinates of the O,
and O, oxygen atoms were also restrained in space for (1)
and (3). The latter restrictions were imposed to prevent
translation of the water molecules within the crystal matrix
as much as possible. For clarity, only the change in the
dihedral angles is reported, relative to its value in the op-
timized geometry from which the rotation was initiated.
The figure shows that two stable, local minima are en-
countered when consecutively rearranging the hydroxyl
groups in the order (1)-(2)-(3). The structures RTurn(c)
and RTurn(b) were obtained through unrestricted geome-
try optimizations and are slightly more stable than the
RHop radical. When H,, finally is rotated about the O,—
H,, bond, the energy has dropped by 30 kJ/mol, indicating
that RO4 is significantly more stable than RHop. The en-
ergy barriers that have to be crossed are not exceedingly
large, although they still amount to 10-15 kJ/mol. Even
though this is inevitably a slight overestimation of the true
barrier, because of the imposed constraints, the mere pres-
ence of these barriers is enough to prevent the transfor-
mation of RHop into RO4 at temperatures as low as 4.2
K. Hence the rearrangement barriers allow the separate iso-
lation and identification of an RHop species in the mea-
surements of Budzinski and Box. At a temperature of 77
K, the system might just have acquired enough thermal
energy to attain the more stable RO4 species, as measured
by Samskog and Lund. Thus it appears that in the radiation-
induced alkoxy radical formation in rhamnose, hydrogen
bond rearrangement is the slowest step. Comparable con-
clusions have been reached in computational studies of pro-
ton conduction in the “water wire”” of the gramicidin pro-
tein (42). Although the hydroxyl group rearrangements
were conducted consecutively in the order (1)-(2)-(3), it is
doubtful that this exact sequence is followed in a real ir-
radiated rhamnose crystal. First, many more than three pro-
ton hops will occur in rhamnose crystals, as argued above,
which necessitates the rearrangement of multiple hydroxyl
groups to attain the RO4 species. Second, it is not clear

whether these rearrangements occur consecutively or rather
simultaneously.

EPR Properties of RO4

Using the (2a2b2c) supercell optimized RO4 geometry,
the EPR properties for this radical were calculated in ac-
cordance with the computational protocol adopted in the
current work (Table 3a). To enable comparison with the
EPR results for the RHop species, all proton tensors have
been reported except for H,,, which is not present in this
system. It is immediately clear that the current results de-
viate to a larger extent from experiment than the results of
previous calculations (as reported in Table 1). Most dra-
matically, the maximum anisotropic g-tensor component
has dropped from an excellent 2.0456 to 2.0263. Based
solely on this parameter, the RO4 radical would be in better
agreement with the measurement of Budzinski and Box
than with that of Samskog and Lund. However, the H, and
H, isotropic hyperfine couplings are still in significantly
better agreement with the latter experimental data, even
though the quantitative accordance is somewhat less. These
discrepancies between current and previous calculations
have two origins:

1. The geometries for which the EPR properties were cal-
culated are not identical, because they were obtained
with different methodologies. In ref. (/2), a cluster ap-
proach was adopted under the constraint that the molec-
ular environment of the radical remained identical to the
crystal structure. In the current work, none of these con-
straints apply.

2. As mentioned in above, the g tensor in the previous
work was calculated on the basis of a single molecule
approach, i.e., without any of the neighboring molecules
present in the model space (not even the water mole-
cules). This is in sharp contrast to the current compu-
tational protocol, in which the environment is taken into
account for the g-tensor calculation.

To quantify the effect of the latter, the current computa-
tional procedure for g-tensor calculation was applied on the
cluster-optimized geometry from the previous work (Table
3b). Compared to the original calculated data for RO4 in
Table 1, the maximum anisotropic g-tensor component is al-
ready significantly smaller (2.0303)! As regards the first factor,
the RO4 cluster geometry from the previous work and the
present geometry are very similar, with a root mean square
deviation of only 0.19 A. Yet even such slight conformational
changes seem to have a significant impact on the g tensor, as
is exemplified in Table 3b. The maximum anisotropy changes
from 2.0263 to 2.0303, which is indisputably related to the
small difference in both geometries since the same compu-
tational protocol was used for both calculations.

To further distinguish the g tensors between RHop and
RO4, additional calculations were performed using a pe-
riodic formalism as described in ref. (28). Since the
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TABLE 3
Calculated g and Hyperfine Tensors for the RO4 Alkoxy Species Calculated on the Radical Geometry as
Optimized in a (2a2b2¢) Supercell Periodic Approach and on the Radical Geometry as Obtained from Previous

Work (12)
AL/ Ao Ganiso Direction cosines vs (a*bc) v AL /8o A s/ Ganiso
a. on radical geometry from (2a2b2c) periodic optimization
H2 50.4 -3.5 0.692 —0.528 —0.492 39.2 SL-2
-0.3 0.579 —0.001 0.815
3.8 0.431 0.849 —0.305
H3 -1.7 -10.3 —0.160 0.150 0.976
-0.3 0.943 0.316 0.106
10.6 —0.293 0.937 —0.192
H4 87.1 =59 0.443 0.881 0.163 112.1 SL—1
—4.6 —0.209 —0.075 0.975
10.5 0.872 —0.466 0.151
Ho6a 1.1 -1.5 0.705 —0.672 0.226
-0.8 0.654 0.740 0.156
2.4 —0.272 0.038 0.961
HO3 —4.0 —6.6 —0.460 0.865 0.202
0.9 0.881 0.474 —0.024
5.7 0.116 —0.167 0.979
Hdl -0.3 —11.1 0.175 0.385 0.906
-8.0 0.278 0.864 —0.420
19.1 0.944 —0.325 —0.045
g 2.0125 2.0023 —0.316 —0.839 0.443 14 2.0096 2.0018 BB—¢g
2.0087 —0.547 0.542 0.637 13 2.0068
2.0263 —0.775 —0.041 —0.631 9 2.0202
24 2.0184 2.0032 SL—g
25 2.0064
6 2.0456
b. on radical geometry from cluster optimization
g cluster 2.0138 2.0023 —0.294 —0.870 0.396 17 2.0096 2.0018 BB—¢
2.0087 —0.626 0.488 0.608 15 2.0068
2.0303 —0.722 —0.069 —0.688 9 2.0202
21 2.0184 2.0032 SL—g
21 2.0064
3 2.0456

Note. Hyperfine couplings are in MHz, ¥ angle deviations with experiment in degrees.

(2a2b2c) supercell approach proved too demanding com-
putationally for this scheme, analogous RHop and RO4
optimized geometries were taken from the (a2bc) supercell
calculations. The results are presented in Table 4. Concen-
trating on the variation in the maximum anisotropic g-ten-
sor component, the periodic approach yields results that are
consistent with the mixed basis approach of Tables 2 and
3. Both computational approaches rigorously take into ac-
count the molecular environment of the radical and succeed
in qualitatively reproducing the dissimilarity between the
experimental Alkg; and Alkg,y g tensors. The origin of the
residual difference with respect to experiment is unclear
and calls for further investigation.

Comparison of the RHop and RO4 Alkoxy Radicals

Probably the most striking feature in both the RHop and
RO4 variations of the rhamnose alkoxy radical is the oc-
currence of the large H, 8 couplings. Although this proton
is located about 4.56 A, respectively 4.49 A from the rad-
ical center, the unpaired electron density at this site is still

sufficiently large to result in couplings of 61.6 or 50.4 Mhz.
o couplings of this magnitude are quite rare, and their oc-
currence in rhamnose can be understood by considering the
unpaired spin density plots in Fig. 6a. Contrary to what
would be expected a priori, the unpaired electron density
is not just simply localized on oxygen O,, but rather it is
notably delocalized over several nuclei in the radical. The
plots further exemplify that considerable spin density is
present in between C, and C, in both RHop and RO4. This
is indicative of resonance states that contribute to the cal-
culated density, as illustrated in Fig. 6b. The resonance
structure on the left represents the classical view of the
alkoxy radical, with the unpaired electron localized mainly
on oxygen O,. In the second resonance conformer, the spin
density is concentrated on C;, O, is involved in a double
bond with C,, and the C,—C, bond has been broken. The
contribution of this resonance structure is attested by a re-
duced O,—C, bond length (1.34 A in both RHop and RO4
compared to 1.42 A in undamaged rhamnose) and an in-
creased C,—C, bond length (1.67/1.65 A in RHop/RO4



GROTTHUSS MECHANISM IN RHAMNOSE ALKOXY FORMATION 17

TABLE 4
Results of g-Tensor Calculations Adopting a Consistent Periodic Approach as Described
in Ref. (28)
Zio Laniso Direction cosines vs {a*bc) W(BB) W(SL)
RHop 2.0128 2.0048 —0.196 —0.810 0.553 12 25
2.0110 —0.623 0.538 0.568 12 24
2.0226 —0.758 —0.233 —0.610 2 8
RO4 2.0128 2.0027 —0.269 —-0.915 0.302 24 16
2.0106 —0.569 0.404 0.716 22 16
2.0252 —=0.777 0.021 —0.629 13 9

Note. Calculations were performed on RHop and RO4 geometries optimized within an (a2bc) supercell.

compared to 1.52 A in undamaged rhamnose). In the sec-
ond resonance state, H, is no longer in a & position with
respect to the unpaired electron but instead has become a
B coupling, which accounts for the size of its hyperfine
splitting. A similar resonance mechanism was already sug-
gested by Budzinski and Box, albeit not in rhamnose (43).

The differences between RHop and RO4 can be under-
stood in terms of this resonance. Due to the extra hydrogen
bond in the former radical between O, and crystal water
H,0,, the delocalization mechanism is extended to include
this water, indicated by a non-zero spin density on it (Fig.
6a). Conversely, the larger g-tensor anisotropy in radical
RO4 is due to reduced delocalization (spin concentration)
since it no longer disposes of this hydrogen bond with the
crystal water. Since both variations of the alkoxy radical
have similar structures, it is clear that they differ mainly in
electronic configuration. Hence it is the molecular environ-
ment that discriminates the two variants and causes the
marked differences in g and hyperfine tensors.

CONCLUSIONS

A Grotthuss-like mechanism is shown to be active in the
radiation-induced formation of rhamnose alkoxy radicals.

OH OH

FIG. 6. Panel a: Unpaired spin density in the RHop and RO4 radical
species (at an iso value of 0.005). Panel b: Resonance structures contrib-
uting to spin density in C,—C, bond give rise to large 8 couplings.

Starting from an adiabatically oxidized crystal structure,
hydroxyl proton H,, is transferred along an infinite hydro-
gen bond chain in the crystallographic (b) direction, likely
toward a reduction site further on where the proton recom-
bines. The resulting RHop radical species can then trans-
form in a more stable radical form, dubbed RO4, through
a number of (slow) water and hydroxy-group reorientations.
Although only low barriers (~15 kJ/mol) separate the two
structures, it is put forward that they are sufficient for the
former species to be isolated and observed at very low
temperatures. Calculation of EPR properties and compari-
son with experimental data in the literature shows that the
RHop radical is in very good agreement with the species
observed by Budzinski and Box in EPR experiments at 4.2
K. Similar measurements at 77 K by Samskog and Lund
reveal spectroscopic properties that are consistent with the
calculated EPR parameters of the RO4 species.

Hence calculations of the energetics associated with the
mechanism as well as simulated spectroscopic properties
support the assumption that different variants of the rham-
nose alkoxy radical can be observed depending on the tem-
perature of irradiation and consecutive EPR measurement.
Both species differ only in their local molecular environ-
ment, where RHop is involved in an extra hydrogen bond
interaction with crystal water compared to the more stable
RO4. Due to the absence of this additional interaction, the
spin density is more concentrated in the latter species, giv-
ing rise to typical variations in EPR properties, such as the
maximum anisotropic g-tensor component (2.0456 com-
pared to 2.0202) or the isotropic hyperfine couplings. The
existence of rather large 8-type hyperfine couplings in both
species was traced back to resonance contribution of a rad-
ical structure in which the pyranose sugar ring was broken.
As a result, the unpaired spin density is delocalized over a
large part of the rhamnose radical.
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