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Abstract

The results are presented of an electron magnetic resonance analysis at 110 K of radiation-induced defects in sucrose single crystals X-irradiated
at room temperature, yielding a total of nine 'H hyperfine coupling tensors assigned to three different radical species. Comparisons are made
with results previously reported in the literature. By means of electron paramagnetic resonance and electron nuclear double resonance temperature
variation scans, most of the discrepancies between the present 110K study and a previous 295 K study by Sagstuen and co-workers are shown
to originate from the temperature dependence of proton relaxation times and hyperfine coupling constants. Finally, radical models previously
suggested in the literature are convincingly refuted by means of quantum chemical density functional theory calculations.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The (in particular oxidative) radiation chemistry of saccha-
rides has been the subject of intensive research the last decades
for anumber of reasons. Firstly, little is still known with certainty
about the nature and reactions of radicals induced by direct radi-
ation effects in the deoxyribose sugar of DNA and their roles
with respect to important DNA damage processes [1,2]. Due
to the complex nature of DNA, studying smaller model sys-
tems bearing key features similar to the DNA components has
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proven useful for gaining insight in these radiation-induced pro-
cesses. In this context, saccharide single crystals are suitable
systems for modeling the direct effects of ionizing radiation on
the deoxyribose sugar unit in DNA.

Secondly, understanding the nature of radiation-induced
defects in sugar compounds is important for radiation dosimetry
purposes and for the detection and characterisation of irradi-
ated foodstuffs. Sucrose (or table sugar) is of particular interest
for nuclear emergency dosimetry because of its widespread
use, its radiation sensitivity, the stability of the induced rad-
icals [3,4], and its linear dose response up to 10* Gy [5].
More recent studies suggest sucrose to possibly be one of
the best, universal materials for EPR (electron paramagnetic
resonance)- and/or UV-dosimetry in the region 0.44—160kGy
[6,7].

Considerable efforts have been made to work out a com-
prehensive scheme of the radiation-induced radical chemistry
of saccharides. Although a substantial number of sugars has
been studied intensively and in great detail by means of EPR
(electron paramagnetic resonance), ENDOR (electron nuclear
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double resonance) and EIE (endor-induced EPR) (e.g. sucrose
[8—14], glucose-1-phosphate [15], methyl-a-D-glucopyranoside
[16], a-D-glucopyranoside [17], B-D-fructose [18,19], rhamnose
[20-25], trehalose [8,26,27]), the structures of the radiation-
induced radicals could often not be unambiguously identified.
Unravelling the detailed formation mechanism of the radicals
is even more challenging, even if some more general mech-
anisms have emerged to be commonly operative from these
studies.

In the past few years however, EMR (electron magnetic
resonance) experimentalists have adopted a new tool to aid
in solving these problems: density functional theory (DFT)
quantum chemical calculations. Comparison of experimentally
obtained EMR results with parameters calculated for a cer-
tain radical structure using DFT, may provide arguments for
either rejection or validation of a proposed radical model. The
energetics and feasibility of certain chemical reactions tak-
ing place can also, to some extent, be assessed by means of
DFT. Due to the considerable increase in computer power and
the availability of more accurate density functionals over the
past few years, DFT calculations have evolved into a power-
ful tool for clarifying, interpreting and explaining experimental
results. This synergy was nicely illustrated by e.g. the recent
work of Vanhaelewyn and co-workers [19,28]. As a conse-
quence, a renewed interest in the radiation-induced radical
processes of saccharides has arisen and experimental results
from the last few decades are re-investigated in search for new
or more detailed radical models. An example is the compu-
tational study on rthamnose done by Pauwels and co-workers
[29].

In the case of the disaccharide sucrose (see chemical structure
in Fig. 1), the experimental results for RT (room temperature)
radiation-induced defects in single crystals reported in literature,
as obtained at different temperatures, are in disagreement at sev-
eral points. This lack of reliable experimental data impedes the
interpretation of the available data in terms of credible radical
structures. In order to clear up this matter, a new EMR study
at 110K was undertaken in the present work and the role of
the measuring temperature was carefully investigated by means
of EPR and ENDOR temperature scans: for a number of spe-
cific orientations, spectra were recorded at temperatures between
20K and RT. Careful and detailed comparisons are made with
the most relevant literature results [11,13]. In addition, DFT cal-
culations on the so far best radical models proposed in literature
[11] are presented.
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Fig. 1. The chemical structure of the sucrose molecule with the atomic number-
ing used in the present work.

2. Results reported in literature

Radiation-induced defects in sucrose have been investigated
by means of EMR measurements at different temperatures (for
both irradiation and measurements) in the past by a number of
research groups [8—14]. After irradiation of sucrose single crys-
tals at RT, composite EPR spectra are observed [8,11,13,14]
at conventional microwave frequencies (X- and Q-band). This
composite nature, in combination with the fairly small g-
anisotropy of all involved radicals, impedes any analysis by
means of EPR alone.

A first breakthrough was achieved by Sagstuen et al. [11]: RT
EPR and ENDOR measurements were performed using sucrose
single crystals X-irradiated at RT. Their analysis allowed for
the determination of five proton hyperfine coupling tensors that
were assigned to two different radicals. For one of these species
these authors managed to extract a fairly precise g-tensor from
Q-band measurements. They also used these data to propose
radical structure models for the two species.

In 2000, a new EMR study on sucrose single crystals was
published by Vanhaelewyn et al. [13]: their analysis of EPR,
ENDOR and EIE measurements at 60 K using RT irradiated
single crystals yielded altogether nine proton hyperfine coupling
tensors, assigned to a total of three radicals. Two of these radi-
cals were very similar, but clearly distinguishable. The number
and characteristics of the coupling tensors were clearly different
from those reported in [11], although some tensors did seem to
show some similarity.

A third important study was recently carried out by Georgieva
et al. [14]. Multifrequency EPR measurements on sucrose pow-
ders at different temperatures, including RT, confirmed the
presence of at least three different radicals. The spectrum simu-
lation analyses carried out in this work corroborated the results
reported in [13] and allowed for estimations of the g-tensors of
these three radical species.

3. Experimental

Analytical grade sucrose was obtained from Aldrich (98%)
and was used to grow single crystals from H>O or D, O solutions.
Recrystallisation from DO was performed three times, imply-
ing that approximately 99% of the exchangeable protons were
replaced by deuterium. The crystal structure of sucrose is known
from X-ray [30,31] as well as neutron [32] diffraction analysis.
The crystals are monoclinic with space group P2; and a unit
cell contains two molecules (Z=2). The crystal parameters were
determined to be a=1.0868 nm, »=0.8710nm, ¢=0.7761 nm
and 8=102.97°, B being the angle between the (a)- and (c)-axes.
The a*bc system ({a*) being orthogonal to both (b) and (c)) was
chosen as orthogonal reference frame in this work, in analogy
with previous publications. Due to the monoclinic symmetry
combined with Z=2, the only allowed symmetry operation to
be applied on the eigenvector matrices in this reference frame
is a twofold rotation around (b) (being equivalent to changing
the signs of all the eigenvector (a)- and (c)-components simul-
taneously), next to, of course, the inversion symmetry operation
that is always present in case of EMR measurements. For a cer-
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tain direction vector, the polar coordinates 6 and ¢ are defined
in the current work as the angles measured from the positive
z-axis (=(c)-axis) to the vector and the angle measured from the
positive x-axis (=(a*)-axis) to the projection of the vector in the
xy-plane (=a*b-plane), respectively.

The single crystal samples used for the temperature scans
were X-irradiated at RT to doses of 60-90kGy using a Philips
chromium-anode X-ray tube operated at 60 kV and 40 mA. They
were then mounted to a goniometer head. For alignment of the
direct crystal axes {a), (b) and (c) parallel to the rotation axis, the
goniometer was put in a Weissenberg X-ray diffraction camera
and oscillation diagrams were used. For determining the orienta-
tion of the rotation axis of the skewed plane, the goniometer was
placed in a Bruker D8 Discover X-ray diffraction machine and
stereographic projections were recorded for several crystallo-
graphic planes. With these methods, an accuracy of 0.5° and 2°,
respectively is obtained. The crystals were then transferred from
the goniometer head to a quartz crystal holder for EPR/ENDOR
measurements with a minimal loss of alignment. EPR, ENDOR
and EIE spectra were recorded at X-band (9.5 GHz) on a Bruker
ESP300E spectrometer with an ESP353 ENDOR-Triple exten-
sion (Ghent) or on a Bruker Elexsys 560 spectrometer (Oslo)
and at Q-band (34 GHz) on a Bruker ElexSys ES00 spectrome-
ter (Ghent). The spectrometers are equipped with Oxford flow
cryostats, ESR910 (2-300 K), ESR900 (4-300K) and CF935
(4.2-300 K), respectively.

The program MAGRES [33,34] was used to derive the hyper-
fine coupling tensors from the ENDOR data. A six-parameter
linear regression routine generates these tensors from the polar
angles 0 and ¢ of the rotation axes, the measurement angle « (in
the plane of rotation), and the corresponding measured ENDOR
frequencies. Further refinements consisting of additional small
variations of a total of 12 angles (the two polar angles for each
of the rotation axes and the in-plane rotation starting angle for
each plane) were made, using a nonlinear refinement procedure
converging to a minimal root mean square (rms) value for the
complete data set.

As for the temperature scans, in each instance the sample
was first cooled to 20 K and then both EPR and ENDOR spec-
tra were recorded at a number of temperatures while gradually
warming up the sample to RT. In order to guarantee thermal sta-
bilisation of the sample at each temperature setting, the spectra
were recorded several minutes after the temperature displayed
by the temperature controller had stabilised. Using this method
and in the probed temperature range, the recorded temperature
is expected not to differ more than 5 K from the actual specimen
temperature.

The details on the computational procedures are presented
together with the results of the DFT calculations.

4. Results and discussion
4.1. EPR, ENDOR and EIE at 110K
In Fig. 2, a typical X-band 110 K EPR spectrum of sucrose

irradiated at RT is shown. At this orientation of the magnetic
field the composite character of the resonance is apparent from
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Fig. 2. X-band EPR spectrum at 110K for RT X-irradiated sucrose crystals.
The magnetic field was perpendicular to (b), 16° from (a*) and 61° from (c*);
the microwave frequency was 9.748 GHz. The arrow marks the magnetic field
at which the ENDOR spectrum of Fig. 3 was recorded.

the significant asymmetry of the spectrum. At other orientations,
a spectrum resembling a doublet of triplets is observed, as seen
in Fig. 7 and as also reported in previous publications [8,11,13].

Fig. 3 shows the corresponding ENDOR spectrum. This is
one of the few orientations of the crystal in the external mag-
netic field for which the ENDOR lines in the generally crowded
lower frequency range (18-25MHz) are fairly well resolved.
The ENDOR lines for which the analysis was successful and
corresponding hyperfine coupling tensors were determined have
been labelled in Fig. 3 in accordance with the labelling scheme
in Table 1.

ENDOR measurements were performed at one or two mag-
netic field positions in the EPR spectrum in 5° steps over 130°

Hg,(T2)
He,(T1)

Hy,(T3) /
p2
a( 3) Bl( 1

H (T2

Has(T1) Hp,(T3)
ya
I 1 A 1 . 1 1
20 24 35 40 45
ENDOR frequency (MHz)

Fig. 3. X-band ENDOR spectrum at 110K for RT X-irradiated sucrose. The
magnetic field was perpendicular to (b), 16° from (a*) and 61° from (c*); the
magnetic field was 347.2 mT. The ENDOR lines of the ' H hyperfine interactions
for which a tensor could be determined are marked using the labelling scheme
of Table 1.
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Table 1
Proton hyperfine coupling tensors (in MHz) of radicals T1, T2 and T3 in RT X-irradiated sucrose single crystals, measured at 110K
Radical Proton type Isotropic values Anisotropic values Eigenvectors
a* b c
T1 Hp, 46.80 —-3.99 0.616 0.121 —0.778
—2.38 0.072 0.975 0.209
6.37 0.784 —0.185 0.592
Hg> 15.88 —2.69 0.106 0.825 0.555
—2.31 0.989 —0.144 0.025
5.00 0.101 0.546 —0.832
AHgs —11.07 —6.50 0.707 —0.245 —0.664
—3.69 0.383 0.921 0.068
10.19 0.595 —0.302 0.745
BHgs —11.20 —8.00 0.602 —0.558 —0.572
—0.59 0.580 0.797 —0.167
8.59 0.549 —0.231 0.803
T2 Hqy —38.69 —19.66 0.424 —0.163 —0.891
—2.11 0.886 0.280 0.371
21.77 0.189 —0.946 0.263
Hg, 16.37 —2.32 0.869 —0.355 —0.344
—-1.72 —0.209 0.368 —0.906
4.04 0.448 0.860 0.246
Hp: 13.68 —3.09 0.718 —0.650 0.248
-2.17 0.638 0.473 —0.608
5.26 0.278 0.595 0.754
T3 Hq —35.81 —18.98 0.584 —0.184 —0.790
—2.11 0.755 0.481 0.446
21.09 0.298 —0.857 0.420
Hpgi 16.42 -2.10 0.840 —0.541 —0.034
—-1.77 0.178 0.334 —0.926
3.87 0.512 0.772 0.377
Hp> 12.24 —3.62 0.528 —0.822 0.214
—2.12 0.804 0.402 —0.439
5.74 0.275 0.403 0.873

The tensors were fitted using ENDOR angular variation plots in a total of four planes: three planes constituted by the direct crystal axes (Figs. 4 and 5) and a skewed
plane (Fig. 6). For the Hp3(T1) coupling, two possible alternatives are presented, AHB3 being favoured by the fitting procedures over BHB3. The assignment of the
couplings to a total of three radical species was based on EIE measurements (Fig. 7).

(planes perpendicular to (a) and (c)) or 180° (plane perpendicu-
larto (b)), orin 10° steps over 180° (skewed plane). The ENDOR
line angular variation plots in the four experimental rotation
planes are shown as points in Figs. 4-6. These data allowed for
the determination of a total of nine 'H hyperfine coupling ten-
sors. Using only data points in the three planes perpendicular to
the direct crystal axes (Figs. 4 and 5), two essentially different
tensors were found fitting the data equally well for each of the 'H
hyperfine couplings. For most of the couplings it was not pos-
sible to reject with certainty either one of the two possibilities
based on empirical arguments alone. Therefore, measurements
were performed in a fourth, skewed plane (Fig. 6). For most cou-
plings, this fourth plane did allow for the determination of the
correct tensor with certainty. However, as the strong overlap of
ENDOR lines allowed for only a few data points to be attributed
to the Hg3(T1) interaction, unambiguous differentiation of the
obtained tensors for this coupling was not achieved, although
one tensor seemed to be favoured (Fig. 6 and below).

The complete set of tensors finally arrived at are shown in
Table 1. For the Hg3(T1) coupling, both possibilities are listed,
AHB3 (T1) being favoured over BHB3(T1). The expected angular
variations of the ENDOR lines calculated from these tensors

are shown as solid lines in Figs. 4 and 5 (and for some also in
Fig. 6). As discussed in Section 3, slight misorientations (<1.5°)
of the crystals used for the recording of spectra were included
in the final analysis. With exception of the Hg3(T1) coupling,
a minimum of 10 data points per data set — corresponding to
a single-line ENDOR angular variation in a certain plane and
belonging to one certain crystal site — was included in the fitting.
The spectra recorded using partially deuterated samples only
differed from their non-deuterated counterparts in the distant
proton region (13—17 MHz), implying that all nine interactions
in Table 1 arise from non-exchangeable protons and are thus
carbon-bound.

EIE measurements in X- as well as Q-band allowed for
unambiguous attribution of the tensors to three different radi-
cal species, as indicated in Table 1. X-band EIE spectra of the
three radicals are shown together with the EPR spectrum for
a particular orientation in Fig. 7. For the EIE based assign-
ment of the 'H couplings to a certain radical, four different
orientations were thoroughly probed at X-band, as well as two
orientations at Q-band. In the Q-band spectra, radicals T2 and
T3 were significantly better separated, but the signal to noise
ratio was considerably lower.
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Fig. 4. X-band angular variation of the ENDOR transitions associated with ra-
dical T1 in RT X-irradiated sucrose, measured at 110 K. The labelling scheme
of Table 1 is used. The spectra were normalised to a proton frequency of
14.480 MHz for the a*b- and the bc*-planes, and 14.760 MHz for the ac-plane.
The dots represent experimentally determined ENDOR resonance positions, the
full lines are the simulations of the ENDOR angular variations using the tensors
in Table 1. The lack of connectivity between the planes at some points is due
to a combination of slight tilting of the planes and different magnetic fields at
which the ENDOR was recorded.

For radical T1, the largest hyperfine coupling, Hg(T1),
exhibits the typical characteristics of an interaction with a
carbon-bound 3-proton [35] (Table 1). The Hg>(T1) tensor has
anisotropic elements similar to those of Hg1(T1). However, the
isotropic component is substantially smaller and the coupling
may be due to a 3- as well as a y-proton interaction. As dis-
cussed above, there is still some uncertainty left with respect to
the tensor of the Hg3(T1) coupling. The anisotropic part of ten-
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Fig. 5. X-band angular variation of the ENDOR transitions associated with
radicals T2 and T3 in RT X-irradiated sucrose, measured at 110 K. The labelling
scheme of Table 1 is used. The spectra were normalised to a proton frequency of
14.480 MHz for the a*b- and the bc*-planes, and 14.760 MHz for the ac-plane.
The dots represent experimentally determined ENDOR resonance positions, the
full lines are the simulations of the ENDOR angular variations using the tensors
in Table 1. The lack of connectivity between the planes at some points is due
to a combination of slight tilting of the planes and different magnetic fields at
which the ENDOR was recorded.
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Fig. 6. X-band angular variation of the ENDOR transitions associated with some
of the 'H hyperfine couplings in RT X-irradiated sucrose, measured at 110K.
The polar angles of the plane are 6 =79.24° and ¢ =68.95° (reasonably close
the ac-plane). The projections of (a*), (a), —(c) and —(c*) in this rotation plane
are located at 20.4°, 33.8°, 105.7° and 118.2°, respectively. The dots represent
experimentally determined ENDOR resonance positions, the full and dashed
lines are the simulations of the ENDOR angular variations using the tensors in
Table 1. The spectra were normalised to a proton frequency of 14.480 MHz. The
labelling scheme of Table 1 is used.

sor AHB3 (T1), favoured by the data points in the fourth plane,
roughly exhibits the axial symmetry characteristic of an inter-
action with a B-proton. In order to obtain the typical (—b, —b,
+2b) anisotropy, with 5> 0, the isotropic component has to be
chosen negative, which is atypical for B-proton interactions. The
other possible but slightly disfavoured tensor shape, BHB3 (T1),
is essentially different and exhibits the symmetry of an a-proton
interaction. As sufficient data for further discriminating between

r . d g T T T i T g i y T T T T 1
336 338 340 342 344
Magnetic field (mT)

Fig. 7. Top: (1) first derivative X-band EPR spectrum of RT irradiated sucrose,
measured at 110 K. The thick line was obtained by multiplying the intensity with
a factor of 20. (2) Absorption EPR spectrum obtained by integrating spectrum
1. Under: absorption X-band EIE spectra of the three main radicals (Table 1), all
in non-derivative absorption mode. All spectra are normalised to a microwave
frequency of 9.550 GHz. The magnetic field is oriented perpendicular to (b), at
118° from (@) and 15° from (c). The weak features at either side of the EPR
spectrum show that at least one other radical species, fundamentally different
from T1, T2 and T3 is present in RT irradiated sucrose.
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these two alternatives are presently not available, this matter will
not be addressed further here. Both alternatives are included in
Table 1.

The hyperfine coupling tensors due to radical species T2 and
T3 are very similar, strongly suggesting that T2 and T3 are two
slightly different geometrical configurations of the same radical
entity. Similar observations have been made in other saccharides
such as fructose [19] and sorbose [28]. A possible explanation
for the observations made in sucrose would be that one or more
minor structural differences in the immediate molecular environ-
ment of the radical are causing these relatively small differences.
As will be discussed below, it is very likely that other slightly
different conformations of this radical entity are present, albeit
in considerably lower concentrations.

Both T2 and T3 are characterised by three 'H hyperfine
interactions. The largest coupling is clearly due to an a-proton
interaction. The spin density on an a-proton can be estimated
using either the isotropic (McConnell relation [36], Eq. (1)) or
the anisotropic values (Gordy—Bernhard relation [37], Eq. (2))
of the hyperfine tensor:

Ao,iso = Q%opw (1)
b dip = Qu gipP ()

where aq iso is the isotropic component, b, gjp is the most posi-
tive dipolar component, p is the unpaired spin density localised
on the carbon in the molecular m-orbital and Q5 and QE’ dip are
empirical “constants”’, dependent to some extent on the nature
of the radical fragment. For O a value of —72 MHz will be
assumed [38] and for QI; dip® the value of 38.7 MHz, as proposed
by Bernhard [39]. Egs. (1) and (2) both yield unpaired electron
densities of 0.50-0.55 for both radicals, indicating (i) that about
50% of the unpaired spin density is delocalised on a neighbour-
ing oxygen or carbon and (ii) that the spin centres are essentially
planar [39]. Sagstuen et al. [11] made similar observations and as
a possible explanation the presence of a neighbouring carbonyl
group was suggested. As the Hg; and Hp tensors of radicals
T2 and T3 have relatively small isotropic components, the pos-
sibility for these tensors to be due to couplings to 3- as well as
v-protons should be considered.

A careful analysis of the ENDOR spectra revealed that the
T2 and T3 signals in all rotation planes are closely accompa-
nied by a number of considerably less intense resonance lines,
some of which can be seen in Fig. 3. This was also reported
by Vanhaelewyn et al. [13]. This indicates that other radicals,
differing only slightly in geometry from the T2/T3 radicals, are
present in RT irradiated sucrose. Yet other weak ENDOR lines
clearly indicate the existence of at least one other radical species
fundamentally different from the three characterised in Table 1.
The presence of such a radical can also be deduced from com-
parison of the EIE spectra of radicals T1, T2 and T3 with the
experimental EPR spectrum (Fig. 7).

4.2. EPR and ENDOR temperature scans

As indicated in Section 1, there are important qualitative and
quantitative differences, between the 60K results reported by

Vanhaelewyn et al. [13] and the RT results reported by Sagstuen
et al. [11]. Moreover, the data presented in the current work
were acquired at 110K, a somewhat intermediate temperature.
The study performed by Georgieva et al. [14] also covers a wide
range of temperatures. In order to elucidate the effects of the
measuring temperature on the ENDOR spectra and hence on the
proton hyperfine coupling tensors extracted, a series of EPR and
ENDOR temperature scans was performed on RT X-irradiated
sucrose single crystals at different orientations in the magnetic
field.

The high frequency EPR study by Georgieva et al. [14] pro-
vides convincing proof that three different radicals are present
after X-irradiation at RT, and not two as suggested by Sagstuen
et al. [11]. Since the samples in all studies were irradiated at
RT, variations of the signal upon lowering the temperature fol-
lowed by rewarming to RT, should be reversible. Therefore, one
expects the same three radicals to be present at 60 K and at RT,
possibly with some reversible geometrical alterations.

Figs. 8-11 show EPR (Fig. 8) and ENDOR (Figs. 9—-11) tem-
perature scans for both the weakly and the strongly coupled
proton frequency ranges and at two different orientations of the
crystal in the magnetic field. From Fig. 8 it is apparent that
the Q-band EPR spectrum is only slightly temperature depen-
dent in the region 60-300 K. In particular from 190 K onwards,
a gradual shift of the resonance lines towards higher fields is
apparent, without the overall pattern of the EPR signal being
altered. Similar scans at other orientations all strongly suggest
that there are in fact no fundamental differences between the
radicals present at 60 K and at RT. As will be apparent from the
discussion below, the magnetic field shifts cannot be explained
solely by virtue of the variation of the hyperfine couplings with
temperature. Therefore, a slight temperature dependence of the
g-tensors accompanying the radical geometry changes seems to
be the most plausible explanation. This matter was not further
investigated.

Figs. 9 and 10 lead to the following conclusions with respect
to the temperature dependence of the hyperfine interactions in

S
—
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1208 1209 1210 1211 1212 1213 1214 1215 1216
Magnetic field (mT)
Fig. 8. Q-band EPR temperature scan for RT irradiated sucrose. The magnetic

field was perpendicular to (b), 25° from (a*) and 52° from (c*). All spectra
were normalised to a microwave frequency of 34.000 GHz.
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Fig. 9. Q-band ENDOR temperature scan for the strongly coupled frequency
region. The magnetic field was perpendicular to the (b), 25° from (a*) and 52°
from (c*). All spectra were ‘normalised’ to a magnetic field of 1214.29 mT using
the proton frequencies as a reference. The labelling scheme of Table 1 is used.

the strongly coupled proton frequency range. These conclusions
are supported by temperature scans at several other orientations
not shown here:

(i) At most orientations the signal of the Hg{(T1) resonance
line gradually loses intensity with increasing temperature
from 150 K and has almost completely disappeared at RT.
This signal also shifts to somewhat higher frequencies with
increasing temperature, with a difference between the sig-
nal positions at 60 K and at 280K of typically 1-2 MHz.
This effect is particularly well observable in Fig. 10.

(ii)) At most orientations the H,(T2) resonance line is signifi-
cantly reduced in intensity as compared to the Hy (T3) line
when the temperature increases from 250 to 280 K. These
two resonance line positions are only very slightly temper-
ature dependent. It should be noted that the merging of the
Hq(T2) and Hy (T3) signals at the orientation of Fig. 10 is

300 K

280K
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220K
190K
160 K
130K
100K
80K
60 K
40K
20K

34 35 36 37 38 39 40 41 42
ENDOR frequency (MHz)
Fig. 10. X-band ENDOR temperature scan for the strongly coupled frequency
region. The magnetic field was parallel to (a*). All spectra were normalised to

a magnetic field of 339.33 mT using the proton frequencies as a reference. The
labelling scheme of Table 1 is used.

solely a coincidence. The practical fact remains that at RT,
only one resonance line due to the Hy (T2) coupling is seen
with reasonable intensity in this frequency range.

(iii) InFig. 10, the two weak resonance lines still accompanying
the Hy (T2) and H,, (T3) signals at 160 K have disappeared,
or possibly merged with their more intense neighbouring
signals, at 190 K. These are examples of signals very likely
arising from radical structures with geometrical configu-
rations slightly different from those for the T2/T3 radicals
(cf. Section 4.1).

As the frequency range for the weakly coupled protons is
extremely crowded, attempts to derive detailed information for
the ENDOR transitions in this frequency range were virtually
unsuccessful. Fig. 11 shows one of the most illustrative scans
obtained. Most resonance lines are subject to small frequency
shifts as the temperature increases from 20 to 160 K. From
160 K upwards, some more clear changes are observed and most
signals become reduced in intensity. At 280K, only one reso-
nance line with appreciable intensity is left. This line seems
to be a superposition of the shifted and merged Hg(T2) and
Hpg1(T3) resonance lines. The Hgz(T2), Hg>(T3) and Hga(T1)
lines are also present at 280 K, but with almost negligible inten-
sity. However, it should be noted that the relative intensities of
the resonance lines at RT are angular dependent and that, in gen-
eral, the T2 and T3 radical resonance lines do not merge. Finally,
from the available data it was not possible to draw any conclu-
sions concerning the temperature dependence of the Hg3(T1)
signal.

In summary, the differences between the EPR and ENDOR
spectra at 60 K and at 110 K are practically negligible. Further-
more, a number of ENDOR lines show small frequency shifts
and eventually disappear as the temperature is raised to RT. As
the EPR spectrum is only slightly temperature dependent, the
apparent disappearance of some of the ENDOR lines is proba-

T * T . T T T T ki T 4 1

18 19 20 l 2|1 . 22 23 24 25
ENDOR frequency (MHz)

Fig. 11. X-band ENDOR temperature scan for the weakly coupled frequency
region. The magnetic field was parallel to (a*). All spectra were normalised
to a magnetic field of 339.33 mT using the proton frequencies as a reference.
Using the labelling scheme of Table 1, numbers 1-6 correspond to following
interactions: 1=Hg>(T3), 2=Hpa(T2), 3=Hga3(T1), 4=Hg>(T1), 5=Hg1(T2)
and 6= HBI (T3).
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bly due to temperature dependence of nuclear relaxation rates
influencing the saturation behaviour of the ENDOR transitions.
It is concluded that the same radicals are present and detected
at RT and at 60/110 K with only some minor reversible changes
in the radical geometry and/or spin density distributions. Thus,
a fair agreement between the proton hyperfine coupling tensors
acquired at different temperatures is to be expected.

4.3. Comparison with single crystal data obtained at other
temperatures

In Tables 2 and 3 the tensors reported by Sagstuen et al. [11]
(RT) and by Vanhaelewyn et al. [13] (60 K) are listed. Some sign
changes have been applied in both tables, for principal values
as well as for some eigenvector matrix elements. A number of
these changes are actual corrections to the published tensors,
and were made after consulting the authors concerned. Other
changes are allowed symmetry operations applied with the aim
of facilitating comparison with the tensors presented in the cur-
rent work (Table 1). For the reader’s convenience, the original
radical and tensor labels are used.

Firstly the tensors obtained at 60 K ([13], Table 3) will be
compared with those obtained at 110 K (current work, Table 1).
It is instantly clear that radicals S1, S2 and S3 correspond to
radicals T1, T2 and T3, respectively. Not only is the match
for the isotropic components excellent for all interactions, the
anisotropic couplings are also in the same range. However, the
symmetry of the anisotropic parts shows some clear differences,
especially for the six hyperfine couplings with smaller isotropic
components. Moreover, although the eigenvector matrices do
not seem to be entirely dissimilar, careful comparison reveals
that the directional agreement is poor.

These quantitative discrepancies are far too large to be the
result of a difference in measuring temperature, as is clear from
the temperature scans discussed above. One possible explana-

Table 2

tion could be the fact that Vanhaelewyn et al. [13] only used two
planes of data points to extract the proton hyperfine coupling
tensors from, whereas in the current study four planes were
used. When the symmetry is lower than axial, three indepen-
dent planes of data are in principle required for an accurate and
unambiguous fitting. In practice, even a fourth, skewed plane is
often a necessity, as was the case in the study presented in the
current work. Based on the above arguments and supported by
the discussion below, it is concluded that the tensors obtained
in the present study at 110K (Table 1) are the most accurate
set of EPR parameters for the three main radical species in RT
irradiated sucrose. With this new and more accurate data avail-
able, a re-evaluation of the g-tensor analysis reported in [14]
may appear necessary.

When comparing the 110K data set (current work, Table 1)
and the RT one ([11], Table 2), a number of qualitative differ-
ences is immediately obvious. First of all, the Hg1 (T1) coupling,
very prominent in the ENDOR spectrarecorded at 110 K (Fig. 3),
is not reported in [11]. This is readily explained by means of
the ENDOR temperature scans (Figs. 9 and 10), where the cor-
responding ENDOR line was clearly shown to have lost its
intensity almost completely at RT. Secondly, only two radi-
cals are reported in [11], whereas three radicals are observed at
110 K. The temperature scans again provide an explanation as
Figs. 9 and 10 clearly show that the H, (T2) resonance line is sub-
stantially reduced in intensity at RT, as compared to the H,(T3)
signal. Moreover, at a number of orientations this already (very)
weak signal accidentally merges with the Hy, (T3) resonance line,
leaving it undetectable. Although no final conclusions could
be arrived at with regard to the temperature dependency of the
smaller couplings (Fig. 11), it is certainly possible that also the
Hpg1(T2) and Hp>(T2) signals lose intensity and/or accidentally
merge with the Hg(T3) and Hg(T3) signals. Sagstuen et al.
[11] did report on the presence of yet another ENDOR line,
which they believed to be an a-proton hyperfine interaction.

Proton hyperfine coupling tensors (in MHz) reported by Sagstuen et al. [11] of radicals R1 and R2 in RT X-irradiated sucrose single crystals, measured at RT

Radical Proton type Isotropic values Anisotropic values Eigenvectors Comparison with tensors of Table 1
a* b c Tensor v (°) Tensor v (°)
R1 Hq —37.67 —20.09 0.548 —0.175 —0.818 Hu(T2) 8.2 Hq(T3) 2.6
—1.49 0.793 0.421 0.441 10.4 3.8
21.57 0.267 —0.890 0.369 8.3 4.1
Hg, 15.14 —2.15 0.856 —0.517 —0.023 Hg1(T2) 20.7 Hg1(T3) 1.1
-1.72 0.183 0.261 —0.950 233 2.5
3.88 0.484 0.816 0.317 5.0 43
Hp> 12.43 —3.39 0.625 —0.746 0.231 Hpa(T2) 7.6 Hpa(T3) 7.0
—2.15 0.726 0.447 —0.523 7.1 7.0
5.54 0.287 0.495 0.820 6.9 6.2
R2 Hps 15.57 —2.89 0.227 0.802 0.552 Hgy(T1) 72
—2.30 0.971 —0.233 —0.061 7.0
5.18 0.080 0.550 —0.832 1.5
Hpq 18.57 —2.60 —0.127 —0.931 —0.343
—1.48 0.975 —0.054 —0.214
4.07 0.181 —0.362 0.915

Some sign corrections and symmetry operations have been applied. At the right hand side, the angular deviations () with the corresponding eigenvectors of the
tensors of Table 1 obtained at 110 K, are given.
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Table 3
Proton hyperfine coupling tensors (in MHz) reported by Vanhaelewyn et al. [13] of radicals S1, S2 and S3 in RT X-irradiated sucrose single crystals, measured at
60K
Radical Proton type Isotropic values Anisotropic values Eigenvectors
a* b c
S1 Hq 46.4 —4.2 0.748 —0.348 0.565
-2.5 0.427 0.904 —0.007
6.7 —0.509 0.247 0.825
Hg, 16.0 -2.5 —0.853 —0.255 0.455
—-0.2 0.253 —0.965 —0.066
2.8 0.456 0.059 0.888
Hg> 114 -9.0 —0.327 0.145 0.934
2.5 0.165 —0.964 0.207
6.4 0.930 0.222 0.292
S2 Hq —38.9 —18.7 0.742 —0.034 0.669
—0.6 —0.661 —0.200 0.723
19.4 0.109 —0.979 —0.172
Hg: 16.5 2.7 —0.895 0.378 —0.238
—-0.9 —0.142 0.265 0.954
3.6 0.424 0.887 —0.183
Hg 13.8 -3.7 —0.880 —0.465 0.028
1.0 0.454 —0.874 —0.175
2.8 0.106 —0.142 0.984
S3 Hq —36.4 —17.5 0.869 0.005 0.494
2.1 —0.467 —0.321 0.824
154 0.163 —0.947 —0.276
Hg; 16.5 -3.1 —0.846 0.459 —0.272
0.0 —0.148 0.289 0.946
3.0 0.513 0.840 —0.176
Hg> 12.4 —4.1 —0.883 —0.467 0.045
—0.4 0.454 —0.874 —0.174
45 0.121 —0.133 0.984

Some sign corrections and symmetry operations have been applied.

The signal intensity was too weak, however, to allow for a full
analysis.

Based on these observations one would thus expect radical R1
to correspond to radical T3 and radical R2 to radical T1. When
comparing radicals R1 and T2/T3, a close correspondence in
isotropy and anisotropy is observed for all three tensors, in par-
ticular when considering the different measuring temperatures.
Based on these criteria, it is however not possible to distin-
guish with certainty between T2 and T3. In Table 2 an explicit
comparison of the eigenvector directions is presented. In both
cases the match is obvious, but a substantially better agreement
emerges between the R1 and T3 radicals, especially in case of
the Hg1(T2)/Hg1(T3) tensors. The temperature clearly does not
have much influence on the tensors. These observations already
confirm a part of the prediction made above.

The comparison of radicals R2 and T1 is less straightfor-
ward. The agreement between the Hg3(R2) and Hg>(T1) tensors
is excellent on all accounts (Table 2), strongly suggesting that
radical R2 does indeed correspond to radical T1. However,
the Hg4(R2) and the Hg3(T1) tensors are completely different
(for both possible tensor shapes of the Hg3(T1) coupling). For
this interaction, no clear-cut information was obtained from the
temperature scans. One possible explanation is that with increas-
ing temperature, a substantial shift in unpaired electron density
occurs, prompted by geometric alterations of the radical, in turn

giving rise to either a (3-coupling with significantly different
characteristics, or even a coupling with another proton. Extended
investigations would be necessary to resolve this matter.

4.4. DFT study on radical models proposed in literature

As described in Section 2, numerous studies have been per-
formed in the past on RT radiation-induced defects in sucrose.
However, only Sagstuen et al. [11] made some effortin searching
for suitable radical models by taking into account the specific
characteristics of all tensors. The radical structures they pro-
posed as candidate models for the R1/T2/T3 radical are shown
in Fig. 12 (structures IIT and IV in Sagstuen et al. [11]). In both
cases a carbonyl group is positioned in a (3-position to the carbon
at which the main spin density is localised. The presence of this
functional group was proposed to cause substantial delocalisa-
tion of the unpaired electron spin density onto the oxygen atom,
which would result in isotropic and anisotropic components of
the a-coupling to become considerably reduced, as is experi-
mentally observed (Table 1). This would also account for the
g-factor anisotropy being larger than for a typical carbon cen-
tred radical [11]. The assignment of these radical models was
only tentative, however.

A first attempt at checking the validity of these models by
means of DFT was made by Georgieva et al. [14]. That study
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Fig. 12. Chemical structures of radical structures III (top) and IV (bottom) pro-
posed by Sagstuen et al. [11] as possible models for the R1/T2/T3 radical in RT
irradiated sucrose.

points out some general tendencies for coupling sizes and, in
this context, gives some indications as to which kind of radical
models should be pursued for the T2/T3 radical. It did however
not present any final conclusions on this issue.

For this reason, a more advanced DFT study was undertaken
in the present work. As the crystalline environment can evi-
dently be crucial for the geometry of the radical, especially
in the case of broken ring structures, geometry optimisations
should be performed in a theoretical methodology that appro-
priately accounts for this environment. In the literature, both
cluster [19,29] and periodic [40] approaches have been success-
fully adopted to simulate free radical structures in the solid state.
In a cluster approach, only part of the molecular environment
is explicitly taken up in the calculations, whereas a periodic
scheme exploits the translational symmetry of the crystal and
hence, automatically and fully incorporates the lattice environ-
ment. The latter approach is in principle best suited as it offers the
most complete description of a crystalline system and does not
require the constraints that are usually imposed on the boundary
molecules/atoms of a cluster. Therefore, a periodic approach was
adopted in this work for all geometry optimisations. To ensure
that the radical was well separated from its periodic images, an
(ab2c) supercell was used, obtained by doubling the original
crystal unit cell in the (c) direction. All calculations were per-
formed with the CPMD software package [41], using a BP86
gradient-corrected density functional [42,43], together with a
plane wave basis set (with a maximum kinetic energy of 25 Ry
for the plane waves) and ultra-soft pseudopotentials of the Van-
derbilt type [44]. No geometric restrictions were imposed on the
atoms of the supercell.

The EPR properties of the free radical were subsequently cal-
culated adopting a cluster scheme. A cluster was cut out of each
periodically optimised structure such that it contained the radi-

Fig. 13. 3D figures of radical structures III (top) and IV (bottom) (Fig. 12) after
DFT geometry optimisation on a {(ab2c) supercell in a periodical scheme.

cal and all (intact) molecules hydrogen bound to it (10 sucrose
molecules in total). Hyperfine coupling tensors were calculated
with the aid of the Gaussian 03 software suite [45], employing
the B3LYP functional [46] and a 6-311G(d,p) basis set [47,48]
for all atoms within the cluster. It has been shown [49] that incor-
porating the molecular environment in an EPR calculation can
sometimes considerably improve its accuracy. In this respect,
the proposed hybrid periodic/cluster scheme meets this demand
at a sufficient level of theory [50].

The optimised radical structures are depicted in Fig. 13. The
results of the EPR calculations on the optimised structures are
presented in Table 4. As the a-tensors are often giving the most
crucial information, these will be discussed first. The isotropic
components of the a-proton couplings are indeed considerably
reduced (as compared to ‘normal’ a-couplings [35]) but nei-
ther of the values obtained match the experimentally determined
values for the T2 and T3 radicals (Table 1). Also, the calcu-
lated anisotropic coupling constants exceed the experimental
values by about 50% in both cases. Although DFT calculations
are known not to reproduce experimental values for isotropic
couplings very accurately in some cases, the differences in
anisotropy seem too big to be attributed to the inherent inac-
curacy of DFT methods.

Using Eq. (2) (which is most reliable as the value of QS’ dip is
only slightly dependent on the radical geometry [39]), unpaired
spin densities on the a-carbon of p; ~0.88 and p; 2 0.92 are
obtained for radical structures III and IV, respectively, which is
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Proton hyperfine coupling tensors for radical structures IIT and IV, obtained by means of cluster DFT calculations on radical structures acquired from periodic

optimisations (Figs. 12 and 13)

Radical model Proton Isotropic values (MHz) Anisotropic values (MHz) Eigenvectors
a* b c
111 Hs —49.45 —31.48 —0.365 0.166 0.916
—2.54 —0.330 0.897 —0.293
34.02 0.871 0.409 0.273
He1 68.33 —4.41 0.599 0.248 0.761
—2.53 —0.431 0.901 0.045
6.94 0.675 0.355 —0.647
He2 4.82 —4.68 0.845 0.428 0.319
—3.51 —0.302 0.877 —0.374
8.19 —0.440 0.220 0.871
v Hj —30.50 —29.69 0.873 —0.294 —0.390
—5.99 0.434 0.102 0.895
35.68 0.223 0.950 —0.217
Hy, 43.74 —4.46 0.172 0.814 —0.555
—3.88 0.198 0.523 0.829
8.33 0.965 —0.253 —0.071
Hy, 98.80 —4.87 —0.388 0.776 —0.497
—1.91 0.582 0.624 0.521
6.78 0.714 —0.088 —0.694
Hg, 10.70 —3.35 0.422 0.902 —0.088
—-1.91 0.769 —0.408 —0.491
5.26 0.479 —0.139 0.867

surprisingly high. The Mulliken atomic spin densities reported
by the Gaussian program on the a-carbon atoms are 0.84
and 0.78 for models III and IV, respectively, confirming these
results on a qualitative level. Eq. (1), on the other hand, yields
ox~0.69 and p, ~20.42 for structures III and IV. Such differ-
ences normally indicate that the radical centres are significantly
bent [37,39], thus prohibiting significant delocalisation of the
unpaired spin onto the carbonyl group. The Mulliken atomic
spin densities on the carbonyl group are 0.26 and 0.21 for models
IIT and IV, respectively corroborating this reasoning. However,
as the calculated radical geometries are known, the planarity
can be readily assessed. For structure III, the dihedral angle
C4—C5—Cg—Hjs (i.e. the angle between the C4—Cs—Cg plane and
the C5—Cg—Hjs plane) is 179.9°, for structure IV, a dihedral angle
C,—C5—Cy¢-Hj of 170.8° is found (Fig. 12). The almost per-
fect planarity for radical structure III (and, correspondingly, the
surprisingly high actual spin density on the a-carbon) possibly
suggests that the differences in calculated spin densities men-
tioned above are due to some other factor than bending of the
radical centre. As this is of no importance for the goal of the
present study, this was not further investigated.

It can be concluded that the general shapes of the a-tensors
obtained by DFT calculations on radical structures III and IV do
not bear much resemblance with the experimentally observed
a-tensor shapes of radicals T2 and T3.

Some more results, suggesting that radical structures III and
IV are not valid models, emerge from the DFT calculations
(Table 4). Firstly, the isotropic components of the Hg; proton
in model III and of both Hg protons in model IV are far too
large as compared to the experimental values. Secondly, careful
examinations show no match whatsoever between the calculated

and experimentally determined eigenvectors for either of the
couplings. Finally, the calculations on radical structure IV indi-
cate that an appreciable coupling with the hydroxylproton Hg;,
(Fig. 12) should be observable. No such coupling was observed
in the ENDOR spectra. Moreover, spectra recorded using par-
tially deuterated samples clearly indicated that none of the major
couplings are due to exchangeable protons.

5. Conclusion

The present study was undertaken to provide an understand-
ing of the various differences in the experimental EMR as
well as computational DFT data previously reported in the lit-
erature on RT radiation-induced radicals in single crystals of
sucrose [11,13]. A new set of nine ' H hyperfine coupling tensors
was obtained from EMR measurements at 110 K. These were
attributed to a total of three radical species as also was indicated
in previous studies [13,14]. Good quantitative agreement was
found with the data published by Sagstuen et al. [11] on most
accounts and a qualitative agreement was found with the data by
Vanhaelewyn et al. [13]. For radicals T2/T3, differences in mea-
suring temperature cause only minor and reversible changes in
the 20-295 K range. The T1 radical seems to be somewhat more
temperature dependent, especially in the 250-295 K range. The
data set presented in this work (Table 1) should be considered
as the most accurate for the main RT radiation-induced radi-
cal species in sucrose in the 20-295 K temperature range with
regard to radicals T2 and T3, and in the 20-250 K range — and
possibly up to RT — with regard to radical T1. Some ambigu-
ity concerning one of the smaller T1 hyperfine interactions still
exists, however.
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The results from DFT calculations performed on the radical
structures proposed by Sagstuen et al. [11] strongly suggest that
these structures are not suitable models for the T2/T3 radicals.
Consequently, the molecular structures of all RT radiation-
induced radicals in crystalline sucrose remain unknown.
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