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Abstract

Solid-state sucrose is a well-known dosimetric system, which is capable of reliable

dose estimates only considerable time after exposure. Immediately after irradiation at

room temperature, its electron paramagnetic resonance (EPR) spectrum is dominated

by contributions from unstable radicals, which are studied here using continuous wave

EPR and electron-nuclear double resonance (ENDOR) spectroscopy. Four hyperfine

tensors of proton couplings were determined, associated to two radical species, and

subsequently compared to density functional theory calculation results, which led to

the identification of the species with lower abundance (U2) as a radical formed by

a H abstraction from C4. The more abundant center (U1) has not been definitively

identified yet, but we present compelling evidence that it should be a C6 centered

radical. Comparison of the simulated EPR spectra with all available data to the

experimental ones suggests that the EPR spectrum of X-irradiated sucrose immediately

after irradiation can now be almost entirely understood.
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Introduction

It is well known that the exposure of biomolecules to high-energy radiation can lead to

drastic alterations in their structure. Direct products — excitations and ionizations — are

highly unstable, so the molecules undergo a series of transformations before attaining a

relatively stable conformation. Resulting free radicals react with surrounding molecules,

damaging them and altering their functionality.1,2 Understanding the chemistry of these

radicals, i.e. identifying them and tracing their reaction pathways, can contribute to further

developments in radiation biology and radiotherapy. Sugars are particularly interesting from
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this standpoint because of their important role in the metabolic cycle and their presence

as structural elements in complex biological systems, such as DNA.3 Due to the complex

nature of macro biomolecules, studying sugar radicals in them directly is far from trivial, so

good model systems are desirable. Sucrose (Fig. 1), the main component of table sugar, is

not only considered to be such model system, but also presents interest as a retrospective

radiation dosimeter4,5 and enables characterization of irradiated foodstuffs.6,7 For a thorough

discussion on the topic of radiation-induced radicals in carbohydrates and sugars in particular

the reader is referred to Ref. 8, while a concise review on the dosimetric studies of sucrose

has recently been made by Karakirova and Yordanov.9

The radiation-induced electron paramagnetic resonance (EPR) spectrum of sucrose has

been known for over fifty years,10,11 but progress has been made only recently in identify-

ing the location and molecular structure of the radical species. An overview of our efforts

concentrating on the carbon centered radicals is summarized in Table 1 and briefly dis-

cussed hereunder. For a thorough discussion the reader is referred to Ref. 8. In a study

of close-to-primary radicals after an in situ irradiation at 10 K,12 six radical species were

observed (R1–R6), four of which were identified. R1 and R2 were identified as H abstractions

from C1 and C5 (atom labeling, see Fig 1), respectively; R3 — as a C6 centered radical;

and R6, which was already thoroughly characterized by Box and Budzinski,13 – as an alkoxy

radical, where the abstracted hydroxy proton has migrated to a neighboring OH group. A

study after in situ irradiation at 80 K revealed that five radical species contribute to the

intermediate EPR spectrum,8 none of which are stable at room temperature (RT). The two

most prominent species appeared to be R1 and R2 produced at 10 K.,12 species N1 has

been identified as an H abstraction from C5’, while minority species N2 and N3 were not

identified. The stable EPR spectrum forms in the course of the first few days after RT ir-

radiation:14 parts of the spectrum produced immediately after exposure fade on a timescale

of a couple of hours. In a statistical analysis of the time evolution of the radiation response,

Vrielinck et al.15 have shown that initially the spectrum is dominated by two components and
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Figure 1: Chemical structure of a pristine sucrose molecule and plausible radical models.
Throughout this work, carbon atoms are numbered as shown above, carbon-bound hydrogen
and oxygen atoms are labeled according to the carbon to which they are bound and hydroxyl
hydrogen atoms — according to the oxygen to which they are bound. M1 is formed by
removing a hydrogen from C6, M2 — by removing a hydrogen from C6’, and M3 — by
removing a hydrogen from C4.

have concluded that these radicals transform into diamagnetic species. Finally, three radical

species (T1, T2, T3) that dominate the stable spectrum have been identified in a series of

combined experimental and density functional theory (DFT) electron magnetic resonance

(EMR) studies.16–18 After determining the g tensors,19 powder spectra and corresponding

simulations at multiple microwave frequencies revealed the presence of at least one more

species with a non-negligible contribution.19,20

In this work we present our effort to characterize and identify the meta-stable species
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produced immediately after a RT irradiation,15 by employing single crystal electron-nuclear

double resonance (ENDOR) and ENDOR-induced EPR (EIE) analysis for experimental

characterization and high-level periodic DFT calculations for model validation. Even though

these radicals do not contribute to stable radical formation, it is interesting to know their

chemical structure. This may provide further insight into the radiation chemistry of sucrose,

where a lot of radicals are known, but the reaction chains from 10 K to RT are not yet

understood.

Experimental and computational methods

Analytic grade (>98%) sucrose was purchased from Sigma-Aldrich and used without fur-

ther purification. The crystal structure is monoclinic with space group P21, implying two

molecules in a unit cell related by a twofold screw-rotation around the <b> axis. The

lattice parameters are determined from a neutron diffraction analysis:21 a = 1.0868 nm,

b = 0.8710 nm, c = 0.7761 nm and β = 102.97◦, where β denotes the angle between <a>

and <c> axes. The <a*bc> orthogonal reference frame was chosen in accordance with

previous work, where <a*> is perpendicular to <b> and <c>. For convenience, normal

vectors of the rotation planes are expressed in spherical coordinates by θ and φ angles. In

this notation the main directions of the reference frame are (0◦, 0◦) for <c>, (90◦, 0◦) for

<a*> and (90◦, 90◦) for <b>. The atoms in the sucrose molecule were labeled as shown in

Fig. 1.

Crystals were approximately oriented by visual inspection to allow rotation of the mag-

netic field around the <a*>, <b>, <c> directions and polished to fill quartz sample tubes of

1.4 mm in diameter. The rotation planes were determined more accurately by fitting angular

variations of ENDOR lines attributed to the largest couplings of the known stable radicals

using the hyperfine (HF) data from Refs. 16 and 17. Samples were irradiated using a Philips

tungsten anode X-ray tube operated at 60 kV and 40 mA at the temperature of melting ice
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Table 1: Overview of the recent progress in understanding of the X-ray induced EPR spectrum of solid-state
sucrose.

Radicals

Ref. Tirr Experimental Computational Label Structure

12 10 K In situ EPR, ENDOR, EIE

Periodic geometries

(BLYP/GPW + TZV2P GTH)

and HF tensors (BLYP/GAPW

+ TZV2P GTH)

R1

 

R2

 
R3 C6 centered radical

8 80 K In situ EPR, ENDOR, EIE
Geometries – periodic; HF

tensors – single molecule

R1, R2 Ref. 12

N1

 
N2, N3 Unidentified

15 295 K EPR and ENDOR at <a*>,

<b> and <c> at 80 K

No computations performed U1, U2 Unidentified

16–18 295 K
Single crystal EPR, ENDOR

and HYSCORE at 110 K

Periodic geometries

(BP86/PW+PP) and HF

tensors (B3LYP/6 311G(d,p))

on single molecules

T1

 

T2/T3

 
19,20 295 K g tensors of T1, T2, T3 (sin-

gle crystal EIE), powder EPR at

110 K and RT

Geometries, HF and g tensors as

in Ref. 12

Unknown

radical(s)

Unidentified
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(ca. 273 K), to slow down the decay of the transient species.15 The EPR, ENDOR and EIE

spectra were recorded at 50 K in Q-band (34 GHz) on a Bruker ElexSys E500 continuous

wave spectrometer equipped with a Pendulum CNT-90XL frequency counter and an Oxford

CF935 He-flow cryostat (2–300 K). Magnetic fields were measured with a Bruker ER 035

NMR gaussmeter and calibrated against the g⊥ = 2.0031 component of a CO3-
3 radical in

irradiated calcite (CaCO3).
22 All EPR spectra were normalized to 34 GHz and have been

recorded at 1 μW power, 100 kHz modulation frequency and 0.2 mT modulation amplitude.

ENDOR and EIE spectra have been recorded at 100 mW microwave power, ca. 2.5 W radio

frequency power and 180 MHz modulation depth. Fittings of angular variations and simu-

lations of spectra were performed with EasySpin routines23 in MATLAB c© using numerical

matrix diagonalization.

In this work, we employed the DFT calculation methodology developed and validated in

other studies.19,24,25 Calculations were performed with the CP2K software package26 and the

BLYP exchange-correlation functional27,28 in a periodic approach using a supercell doubled

in the <c> derection (<ab2c>), which for a pristine lattice is 180 atoms large. Geometries

were optimized using the Gaussian and plane waves (GPW) dual basis set method29 with a

plane wave cutoff energy of 300 Ry, TZV2P GTH Gaussian basis sets30 and GTH pseudopo-

tentials.31,32 Afterwards, geometries were further refined using the all-electron Gaussian and

augmented plane waves (GAPW) method33 with an energy cutoff of 350 Ry and 6-311G**

Gaussian basis sets.30,34 The HF tensors were calculated as described by Declerck et al.35 on

the same level of theory as for the geometry refinement — all-electron approach with 350 Ry

cutoff and 6-311G** basis sets. Finally, the g tensors were calculated by employing a scal-

ing approximation proposed by Van Yperen-De Deyne et al.36 to account for the spin-orbit

and spin-other-orbit contributions, known to be erroneously described by effective potential

methods.37 For a recent review of this field, the reader is referred to Ref. 38.
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Results

Immediately after irradiation, the EPR spectrum of crystalline sucrose (Fig. 2) is dominated

by two components. Following the labeling scheme introduced by Vrielinck et al.,15 the

species with higher abundance is referred to as U1 and the species with lower abundance —

as U2. The spectrum of U1 at <a*> is a quadruplet of doublets with approximately equal

intensities, which can be ascribed to an unpaired electron (S = 1
2
) coupled to three nonequiv-

alent protons (I = 1
2
), i.e. HF1(U1) > HF2(U1) > HF3(U1). At other crystallographic direc-

tions the spectrum takes the shape of a triplet of lines with approximate 1:2:1 intensity ratio,

typical for two HF couplings of similar strength or HF1(U1) ≈ HF2(U1) and HF3(U1)≈0.

The spectrum of U2 is 1.3–3.0 times wider than U1’s and has a 1:2:1-triplet structure at

all main orientations, with a third considerably smaller splitting visible only at <c>. This

implies HF1(U2) ≈ HF2(U2) � HF3(U2).

Table 2: Experimentally determined g-values at the <a*>, <b>, <c> direc-
tions and HF tensors (expressed in MHz) of transient radicals U1 and U2 in
X-irradiated sucrose. Experimental errors are ∆g = 0.0002 for the g-values and
∆A = 0.09 MHz for the HF tensors.

Eigenvectors

Radical Orientation g-value Proton Aiso Aaniso a* b c

U1 <a*> 2.0027 Hα (HF1) -55.51 -29.83 -0.929 -0.370 0.015

<b> 2.0026 -7.66 0.254 -0.665 -0.702

<c> 2.0027 37.49 0.270 -0.649 0.712

Hβ (HF2) 45.40 -5.78 0.661 -0.630 0.407

-3.26 0.126 0.629 0.767

9.04 -0.739 -0.456 0.495

U2 <a*> 2.0022 Hβ1 (HF1) 86.70 -4.73 0.582 0.523 -0.622

<b> 2.0029 -2.29 0.751 -0.640 0.165

<c> 2.0029 7.02 -0.312 -0.563 -0.765

Hβ2 (HF2) 88.90 -5.43 0.141 -0.990 -0.017

-1.47 -0.549 -0.064 -0.833

6.90 0.824 0.127 -0.553

Roadmaps of ENDOR lines (Fig. 3) were obtained from spectra recorded in the bc-,
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Figure 2: (A) EPR, (B) EIE and (C) ENDOR spectra of single crystal sucrose at orientations
close to the <a*>, <b>, <c> directions immediately after X-ray irradiation. Experimental
EPR and EIE spectra (black lines) agree rather well with the simulations (red lines). Discrep-
ancies between measured and simulated EPR spectra can be explained by the contributions
from stable radicals. Simulated spectra of T1, T2 and T3, using simulation parameters from
Ref. 19, are depicted with blue lines. Simulations for the transient radicals were performed
with experimental spin Hamiltonian parameters (Table 2) and line broadenings of 8 MHz at
<a*>, 11 MHz at <b> and 14 MHz at <c> for U1 and 23 MHz at <a*>, 11 MHz at <b>
and 10 MHz at <c> for U2. Additional splittings of 16 MHz at <a*> for U1, 10 MHz at
<c> for U2 and 7:3 intensity ratio were determined by visually comparing experimental and
simulated curves. In ENDOR spectra, an artifact line of our setup at 88.6 MHz is indicated
by an asterisk (*).

ac- and a*b- rotation planes. Two strongest HF tensors of both radicals (Table 2) were

determined by simultaneously fitting roadmaps of ENDOR transitions to the experimental

resonance frequencies. Final simulations of resonance roadmaps match the experimental data
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quite well, with a root-mean-square error per point of 0.35 MHz and R2 = 0.9988. From its

anisotropy HF1(U1) was identified as an interaction with an α-proton, whereas HF2(U1),

HF1(U2) and HF2(U2) are typical for β-protons. Tensors of weaker couplings could not be

determined because their ENDOR lines were lying in a crowded region around the proton

Larmor frequency.
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Figure 3: Angular variation of ENDOR lines (black dots) ascribed to transient radicals in
X-ray irradiated sucrose in three rotation planes, determined at 50 K. Frequency axes of
all ENDOR spectra were shifted to adjust the Larmor frequencies to 51.6354 MHz, corre-
sponding to a static field for ENDOR measurement of 1212.74 mT. Simulations of resonance
roadmaps of U1 (solid lines) and U2 (dotted lines) were performed using tensors in Ta-
ble 2. Unit vectors defining actual rotation planes expressed in spherical coordinates are
(−92◦,−2◦), (87◦,−89◦) and (−3◦,−26◦) for rot<a*>, rot<b> and rot<c>, respectively.

It is important to note that tensors determined in the described way are not necessarily

unique because of the Schonland ambiguity. The ambiguity arises from a freedom in choosing

the rotation sense or, equivalently, the symmetry site assignation in all rotation planes, as

explained in Refs. 39, 40 and 8. An illustration of this point is available in Figure S1 in

the Supporting Information. In general, measurements in a skewed rotation plane or at a
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different microwave frequency have to be performed to obtain a unique solution, but in the

present case HF tensors bearing no physical relevance could be singled out without additional

experiments. Schonland conjugates of tensors ascribed to U1 (provided in the Table S1 of the

Supporting Information) did not have the characteristic anisotropic patterns, e.g. (−a, 0, a)

for an α- or (−b,−b, 2b) for a β-coupling, while for U2 irrelevant tensors were eliminated

by comparison to DFT calculation results (Table 3). The discussion of the computational

results and comparison to experimental data are presented in the next section, where radical

species are examined separately.

Table 3: Calculated g and HF tensors (expressed in MHz) of plausible model
structures (Fig 1). Deviation angles δ, between eigenvectors of the calculated
tensors and appropriate vectors of experimental tensors (Table 2), are expressed
in degrees. M1 and M2 were compared to U1, while M3 — to U2. Tensors
of M2 were transformed using the symmetry operation of the crystal (a∗, b, c)→
(−a∗, b,−c) to produce the smallest possible values of δ.

Model Tensor Principal value Eigenvector δ

g Aiso Aaniso a* b c HF1 HF2

M1 g 2.0022 0.202 0.680 0.705

2.0029 -0.960 -0.003 0.279

2.0037 0.192 -0.733 0.652

α-HF(H6) -45.96 -32.63 -0.969 0.058 0.242 28

-3.35 -0.228 -0.593 -0.772 29

35.98 0.098 -0.803 0.588 15

β-HF(H5) 13.53 -6.73 0.299 -0.582 0.756 29

-4.10 0.156 0.812 0.563 16

10.83 -0.941 -0.051 0.334 28

hydroxy-HF 33.22 -12.43 -0.394 0.317 0.862

(HO6) -10.08 -0.821 -0.543 -0.176

22.51 0.413 -0.777 0.475

M2 g 2.0021 -0.770 0.421 -0.479

2.0032 -0.556 -0.811 0.182

2.0039 -0.311 0.407 0.859

α-HF(H6’) -51.93 -33.01 0.594 0.734 -0.330 73

-2.20 0.789 -0.450 0.419 67

35.22 0.159 -0.509 -0.846 27

β-HF(H5’) 1.32 -6.10 0.053 -0.549 -0.834 49

Continued on next page
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Table 3 – Continued from previous page

Model Tensor Principal value Eigenvector δ

g Aiso Aaniso a* b c HF1 HF2

-4.30 0.760 -0.519 0.390 44

10.40 0.647 0.655 -0.390 68

hydroxy-HF 16.60 -10.54 0.944 -0.215 0.251

(HO6’) -9.32 0.330 0.669 -0.666

19.86 -0.024 0.711 0.702

M3 g 2.0021 -0.967 -0.033 -0.253

2.0029 -0.173 -0.642 0.747

2.0037 -0.187 0.766 0.615

β1-HF(H3) 82.64 -4.73 0.523 0.549 -0.652 4

-2.17 0.770 -0.632 0.085 5

6.91 -0.366 -0.546 -0.754 3

β2-HF(H5) 85.17 -5.19 0.059 -0.994 -0.091 6

-1.72 -0.527 0.046 -0.849 7

6.92 0.848 0.098 -0.521 3

hydroxy-HF -10.24 -12.56 -0.471 -0.582 0.663

(HO4) -7.88 -0.819 0.010 -0.573

20.44 0.328 -0.813 -0.482

Anisotropic linewidths (caption of Fig. 2) and g-values (Table 2) of individual components

at the <a*>, <b>, <c> directions were determined by fitting simulated (integrated) EPR

spectra to measured EIE spectra. The complete g tensors could not be determined, as EIE

spectra were only recorded at those orientations. To reproduce the structure of experimental

spectra completely, couplings of 16 MHz at <a*> and 10 MHz at <c> had to be included

in the simulations of U1 and U2, respectively. For measured EPR spectra, simulations were

performed keeping the parameters, determined from the EIE analysis, fixed and varying the

peak amplitudes to match the relative intensities of U1 and U2, which allowed us to estimate

the relative contributions of radicals to the total intensity. Final simulations with 70% of

U1 and 30% of U2 are presented alongside measured spectra in Fig. 2. Differences between

experimental and simulated EPR spectra can be explained by the contributions of stable

radicals, known to be produced alongside the transient ones.15 Simulated spectra of known
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stable radicals T1, T2 and T316–18 reveal that most of the discrepancies can be accounted

for (Fig. 2), while minor unexplained features are probably to be ascribed to a presently

unidentified fourth stable species.19,20

Discussion

From the g values at the <a*>, <b> and <c> orientations and angular variations of the

EPR spectrum (not presented here), it may be concluded that U1 and U2 only exhibit weak

g anisotropy. This suggests that both U1 and U2 are carbon centered π radicals without

strong delocalization to carbonyl or ring oxygen. To keep the amount of possible models

manageable, only radicals created by a single H abstraction were considered here, although

more complicated deviations from the pristine lattice may be expected after irradiation at

RT. In view of the fact that radical ions in carbohydrates are rare, centers were assumed to be

neutral.8 Fourteen radicals fall under these constraints, many of which can be eliminated by

using a more careful inspection of the potential radical sites, the point dipole approximation

and semi-empirical rules,41,42 before a final confrontation with high-level DFT calculations.

The smallest deviation angles between crystallographic directions in the pristine molecule

and the directions of the most positive anisotropic components of experimental tensors are

presented in Table 4 and discussed further for U1 and U2 separately.

Radical species U1

The most distinctive feature of U1 is an α-proton interaction with an isotropic HF value of

-55.5 MHz. There are just three carbon sites in the sucrose molecule where after proton

abstraction the R-CH•-CH-R structure could be realized — C6 (M1), C6’ (M2) and C1’. In

principle, the C1’ centered model can be verified by experiments on irradiated deuterated

sucrose crystals. However, next to an α coupling, a H abstraction radical at this position

would only exhibit a hydroxy-proton interaction, that is known to be more anisotropic than a
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Table 4: Comparison of directions in the pristine sucrose molecule in a crystal
lattice21 with eigenvectors of the most positive anisotropic coupling values of
experimental HF tensors (Table 2). Deviation angles between vectors δ are
expressed in degrees.

Distance Direction cosines δ
(Å) a* b c Hα(U1) Hβ(U1) Hβ1(U2) Hβ2(U2)

C4—H3 2.73 -0.148 -0.652 -0.744 11
C4—H5 2.17 0.938 0.023 -0.346 15
C6—H5 2.16 -0.950 -0.038 0.308 29
C6—H6b 1.09 -0.197 -0.624 -0.756 5
C6’—H5’ 2.13 -0.708 -0.579 0.405 9
C6’—H6’b 1.09 -0.236 -0.337 -0.912 21

typical β-proton. Additionally, the strongly anisotropic smaller coupling observed at <a*>

would have to come from a proton in the glucose unit or a neighboring molecule, which

is not evident. M2 appears to be possible, judging by the comparison of direction vectors

in Table 4. The Az component of HF2(U1) is in excellent agreement with the C6’—H5’

direction, deviating by only 9◦. Furthermore, Az of HF1(U1) deviates from the C6’—H6’b

direction by 21◦, which is reasonable, assuming that some rearrangements may take place in

a damaged molecule. By similar reasoning, M1 also seems plausible: Az of HF1(U1) agrees

very well with the crystallographic direction of the α-proton (H6b), while Az of HF2(U1) is

29◦ off the β-proton (H5) direction. The chemical structures of M1 and M2 are depicted in

Figure 1 and results of DFT calculations on these structures are presented in Table 3.

The overall agreement of the calculated HF results and the experimental data is rather

poor, i.e. angles between eigenvectors are in most cases more than 20◦ off and principal

values deviate by more than 10%, showing that neither model is a complete representation

of U1. However, it is noteworthy that deviation angles of M1, which all lie in the range from

15◦ to 29◦, are systematically smaller than the ones of M2. This suggests that the actual

radical could still be centered on C6, but would have to be more complex. Remarkably, a

radical at this location has previously been proposed by De Cooman et al.12 in a study of
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X-ray induced radicals in sucrose produced at 10 K (see Table 1). A comparable mismatch

between experimental results and calculated HF tensors was obtained and attributed to the

more complex structure of the radical than a simple H abstraction. This radical, which is

unstable above 50 K,8 is clearly different from U1.

Another argument to favor C6 over C6’ as location for U1 comes from the relative mag-

nitude of calculated g-values in the <a*bc> frame. Experimentally determined values of

U1 are very isotropic, implying a considerable mismatch between the eigenframe of the ten-

sor and the reference frame. For the considered models, principal values of the calculated

g tensors are very similar and typical for hydroxyalkyl radicals, i.e. they are largely ax-

ial with gx ≈ ge < gy ≈ gz. The g-values at the main directions of the reference frame,

on the other hand, differ substantially and are equal to (2.0029, 2.0030, 2.0028) for M1 and

(2.0026, 2.0031, 2.0035) for M2, with the former matching the experimental data fairly well.

An analogous comparison of the magnitudes of the HF couplings of the hydroxy-protons at

the <a*>, <b> and <c> — (47.01, 22.56, 30.08) MHz for M1 and (8.03, 20.09, 21.68) MHz

for M2 — reveals that the strongest interaction is found at the <a*> direction for M1. This

indicates that the 16 MHz interaction observed at <a*> in the experimental spectrum could

be attributed to HO6, but in this simple model the isotropic value of its HF tensor is too

large.

Combining all these arguments, C6 emerges as the most plausible location of the radical

center. A limited conformational and molecular dynamics study did not improve current

DFT results, suggesting that the radical structure is more complicated than a simple H

abstraction. Perturbations to the M1 model to be considered should produce a tilting of the

principal axes of the α-HF(H6) and β-HF(H5) and increase the isotropic couplings of these

tensors while reducing that of hydroxy-HF(HO6).
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Radical species U2

At all main crystallographic directions, the spectrum of U2 is a 1:2:1 triplet, characteristic of

two strong, nearly equivalent, interactions with β-protons. In a sucrose molecule (Fig. 1), for

H abstraction radicals of this sort it is more probable that β-protons are bound to carbons

on the opposite sides of the radical center, i.e. R-CH-C•-CH-R. This chemical structure

is realized if a hydrogen is removed from C2, C3, C4 and C4’ sites, most of which can be

eliminated by again comparing appropriate principal directions of experimental tensors to

directions in the pristine crystal. For all of the aforementioned sites, with the exception of

C4, C—β-H direction vectors in the undamaged molecule deviate from the corresponding HF

tensor axes by more than 40◦. Conversely, as can be seen from Table 4, the C4—H3 and C4—

H5 directions agree very well with Az components of HF1(U2) and HF2(U2), departing by

11◦ and 15◦, respectively. The overwhelming majority of C—β-H distances fall in the range

2.13–2.18 Å at most interesting C-sites, while the C4—H3 distance is equal to 2.73 Å. This

is remarkably close to the distance of 2.82 Å, determined from the dipolar approximation

for HF1(U2). It follows from all these arguments that, under the assumptions made in the

beginning of the discussion, the radical obtained by H abstraction at C4 (M3) is the only

possible radical model of U2. The chemical structure of M3 is shown in Figure 1. Calculated

g and HF tensors are presented and compared to experimental data in Table 3.

The agreement between calculated and experimental HF tensors is very good, that is

deviations of principal directions do not exceed 7◦ and principal values are reproduced within

a 5% margin. By and large, this is sufficient to conclude that the model is correct, but

it is still worthwhile to discuss the remaining evidence in order to further support this

claim and to reinforce arguments for the site assignment of U1. The diagonal elements

of the calculated g tensor in the <a*bc> frame are (2.0022, 2.0034, 2.0037) and match the

experimentally determined ones reasonably well: the absolute values are slightly off, but the

axial pattern is clearly present. This is in accord with our previous work (Ref. 19), where it

was demonstrated that the employed g tensor calculation methodology still has difficulties
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in producing accurate principal values, but is capable of reproducing anisotropic parameters

rather well. Another important observation is that the HF interaction with HO4 is equal

to (−6.72,−11.95,−12.05) MHz at <a*>, <b>, <c>, respectively. This may explain the

10 MHz coupling observed in the experimental spectrum at <c> and is within the error

margin of the linewidth at the <b> direction. This could be viewed as an illustration of

the potential of DFT to predict spin Hamiltonian parameters that (for some reason) are

difficult to estimate experimentally. All these facts together with the excellent agreement of

simulated and experimental HF tensors leave very little doubt that M3 is the right model

for U2.

Conclusions

Immediately after RT X-irradiation, the EPR spectrum of single crystal sucrose is domi-

nated by two radical species. Four HF tensors and g-values at the <a*>, <b> and <c>

orientations were determined from a single crystal ENDOR/EIE analysis and allowed us to

devise radical locations and models. Almost all features in the EPR spectrum of sucrose

immediately after irradiation at RT can be understood, if in addition to these transient

species, also the known stable radicals are considered to be present. From simulations of

the EPR spectrum, the relative contributions of the transient radicals were estimated to be

7:3. Finally, after confronting possible models with DFT calculations it was shown that the

species with higher abundance is most likely a C6 centered radical, while the species with

lower abundance was convincingly identified as an H abstraction radical from C4.
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