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A theoretical study is performed on the radiation-induced radicals in crystaitinehamnose, using density
functional theory (DFT) calculations. Irrespective of earlier structural assignments, a host of possible radical
models is examined in search for a structure that accurately reproduces experimental electron paramagnetic
resonance (EPR) properties. A cluster approach is followed, incorporating all hydrogen bond interactions
between radical and crystalline environment. Hyperfine coupling tensors as vegléasors are determined

and a comparison is made with available experimental data. Three carbon-centered hydroxyalkyl radicals are
validated, in accordance with experimental suggestions for their structure. The occurrence of a carbon-centered
oxygen anion radical for one of the radical species is rejected on theoretical grounds, and instead an altered
hydroxyalkyl structure is suggested. Our cluster calculations are able to detegraivek hyperfine tensors

for the oxygen-centered alkoxy radical in rhamnose, in accordance with one of the two measurements for this
species. For all radical models, quantitative agreement with experimental hyperfine tensors is obtained by
performing full cluster DFT calculations. The inclusion of the molecular environment for the determination

of this EPR property proved to be essential.

1. Introduction characteristics of these primary reduction products have been

A 1013 A .
Radiation-induced radicals in solid-state sugars have been theStUOIIecj in detait 2 Another radiation-induced species that was

subject of many studies, from both an experimental and observed is a primary oxidation product: an oxygen centered

ineoretal point of vew. As carbonycrates are exvemely SO, 103l These, radiaton products o sl very
abundant in plants and animals, these compounds are potenti y

probes in detecting irradiation of various foodstuffs. The search ;Vkvo;ervggila;r;%isr?;;?ﬁ;ﬁgnaarldﬁasﬁg:\égg gurg;nmsr:(?sa?] d
for a practical radiation dosimeter that allows identification as y '

15 i
well as reliable dose estimates has attracted much infeiest, Box™ made measurements at 4.2 K, allowing a thorough

particular due to the increasing use of industrial treatments with F:haractenzahon of complegand hyperfine tensors. Interest-

ionizing radiation to improve the hygienic quality and shelf life ingly, althoughg and hyperfine tensors were significantly

of foodstuffs. Due to the relative longevity of radiation-induced differing in both studies, the_m_easured signals were attributed
0 the same structurea radiation productck, obtained by

radicals in sugars, they can present a suitable probe to determm%ydroxyl proton abstraction from oxygen O4. This structure is

the radiation doséwhich is most easily determined with the presented in Figure 1, along with an overview of all other radical
aid of electron paramagnetic resonance (EPR) spectroscopy. models that were proposed. A summary of the measgeett

On a more fundamental level, EPR (or a derived technique) hyperfine tensors is presented in Table 1. The results of Samsko
can be used to examine the radiation chemistry that governs ﬁz L Ind e lab II F()jb rl1d th 'f B dzinuki nd Box 9
the eventual radical formation in sugars. In this way, several 2M¢ Fund are fabete ¥ob s 0se of budzinski and B0

by lexp,ge All principal directions ofg and hyperfine tensors

studies have identified the radiation-induced radicals in single are specified by direction cosines with respect to the orthodonal
crystals of various carbohydrates, such as gluédsagtose’ p y P 9
[@*bclreference system.

sorbose@ or sucros€.A clear insight in the radiation chemistr
g y It was first established by Samskog ef&l3that upon light

for these relatively simple compounds is valuable if more h | h del i Th
complex systems are to be understood. For instance, it has beefy*POSUre orthermal treatment, the trapped electrons in rhamnose

shown that deoxyribose sugar radicals are involved in the easily_decay to form hydroxyalkyl radicals.AgIefinite structure
radiation damage process leading up to strand breaks in DNA. fOr this relatively stable secondary reduction product was
From the latter perspective, the-rhamnose sugar has .detefm'“ed by Sagstuen et’lin an extensive .study Of.
constituted a model system for the investigation of primary irradiated rhamnose at d|ffe_rent temperatures. Using a variety
radiation-induced events. It was one of the first crystalline of EPR and ENDOR techmques_, a C3-centered hydroxyalkyl
carbohydrates in which trapped electdnsere observed rad.|cal llexp Was founql after |rrad|at|on at 65 K and exposure
following low-temperature irradiation. These electrons are t© llght. C;n gradglally Increasing tlhe t%mperature;t;ove 110K,
localized at intermolecular sites within the crystal matrix, one exchangeable proton coupling disappeared for he Il
stabilized by hydrogen bonds with hydroxyl groups from radical species. This was tentatively attributed to the loss of a

surrounding rhamnose molecules. The stability and geometrical hydroxyl proton, yi.elding a structure !;Llp Additional_ly, S_ag-
stuen et al. identified other radicals in rhamnose irradiated at

* To whom all correspondence should be addressed. Fax: 32 9 264 66 '00M temperature. One is a C2-centered hydroxyalkyl radical
97. E-mail: ewald.pauwels@UGent.be. (structure 1\&yp in Figure 1) and the other is obtained by
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" TABLE 1: Summary of EPR and ENDOR Measurements
| on rhamnose
Cs——o0
Hcl) /H (';: \cl)H signal Aisd/Uiso AanisdJaniso  direction cosines v&*bcl
N LT Lo (77 K
H  C3mm—C H ls-1 1121
I ls-2  39.2
Isi-g 2.0184 2.0032 0.020 0.982 —0.189
2.0064 —0.698 0.149 0.700
a-L-rhamnose 2.0456  0.716  0.118  0.688
lexp,88 (4.2 K)P
H H lgg-1  —3.0 —-7.7 0.127 0.003 0.991
HO 0 oH HO 0 on -7.3 0.990  0.056 —0.127
CH, CH, 15.1 -0.056 0998  0.003
H H lgg-2 5.2 —-12.7 —0.129 0.167 0.927
H M H ¢ W -0.2 0.787  0.616 —0.001
| | 12.9 -0.620 0.760 —0.212
OH  OH OH H lga-3 0.1 -5.9 —-0.023 0221 0974
II v —-4.9 0.364 0.909 -0.197
exp exp 10.8 0.930 —-0.351 0.102
lgs-4 5.2 -7.8 0.259 —0.079 0.962
H -0.1 0.744 0.651 —0.146
o 7.9 —0.050 0.754 0.228
HO " OH lge-5 67.2 —-4.0 0.743 —0.481 —0.464
*n -0.2 0.409 -0.220 0.865
A u 8.3 0.528 0.848 —0.033
[ Ige-6 53.9 —-7.7 0.219 0.687 0.691
(on OH —-2.0 0.377 —0.594 0.710
9.7 0.899 -—-0.417 0.129
lexp Vexp ls7 3.9 -1.9 0.696 —0.607  0.381
Figure 1. Atom numbering iro-L-rhamnose and overview of proposed —07 0.584 0.789 0.189
radical structures as suggested from EPR experiments. Oxygens and g 20096 22'600 18 _83:158 (?'509911 (?(?3?74
. . BB~ . . —VU. —VU. .
Bzﬂrnodgens are numbered according to the carbon to which they are 5 0068 —0.554 0.694 0.458
' 2.0202 -0.759 -0.198 -0.619
hydrogen abstraction at C5 £y). The latter was found to c
) - Il exp (65 K)
rapidly decay. Indications were found that other room-temper- -1 92.5-100.9
ature stable radicals are present, in much lower relative 11-2  16.8-19.6
abundance. 11-3 16.8-19.6
However, some of the proposed radical models in rhamnose Il exp (+120 KY
are only tentative and several ambiguities remain. The objective -1~ 96.1 =52 —0.276 0380  0.883
of this work is to assess the validity of these models by using _é-g _%-i‘f? %-%%% :8-323
computational methods based on density functional theory -2 16.8-19.6 : : : :
(DFT).X” More specifically, a host of possible structures is g 20039 20027 0083  0.971 —0.223
examined and their EPR spectroscopic properties (hyperfine and 2.0038 —0.771 0.204 0.604
g tensors) are calculated in the search for a radical that 2.0051 -0.632 -0.122 -—0.766
reproduces the experimental signals. The usefulness and feasi- IV exp (RT)°
bility of such an approach based on DFT has been extensively V-1 ~ 23.7 —6. —-0.378 0.603 0.702
demonstrated for several other sugdrsdowever, in most —43 0422  0.788 —0.449
studies asingle molecul@pproach was followed, in which only 10.7 0.824 —0.127 0.553
the radical itself is taken up in the computational model. Such V-2 4.4 63 0.814 —0.569 0.118
, P putat : -38 0581  0.798 —0.161
a method effectively models the rad!cal ina vacuum and 10.1 —0.002 0.200 0.980
therefore presents a very crude approximation for a radical that 1v-3 4.7 -10.2 0.798 0.586 0.143
is otherwise embedded within a crystal lattice. An improved -9.1 0.329 -0.621 0.711
description of the solid state is offered by ttlasterapproach. . _12-3 :8-222 8-%2 8-822
In this model space, a part of the crystal lattice is explicitly i : 15 0910 —0210 0.358
modeled by placing discrete molecules around the target radical, 55 0232 0972 —0.020
in accordance with the crystal structure. The model space then |v-g 2.0030 2.0020 0.621 0.781 0.060
consists of a central radical surrounded by several neighboring 2.0034 0.613 —0.533 0.583
molecules from the lattice and hence can explicitly account for 2.0036 -0.488 0325 0810
intermolecular interactions between the radical and these Vexp (RT)°
additional molecules. Despite the substantially larger compu- x% gg-g

tational cost that is associated with cluster models, it has been
established that they offer a superior description of radical
geometries within organic crystal32° In addition, it was

aReference 14° Reference 15¢ Reference 16.

verified in a recent study by the auth&rshat EPR properties 2. Computational Details

calculated with full inclusion of the cluster model are in A cluster model of rhamnose molecules was constructed in
significantly better agreement with experiment. For these accordance with the structure of the -rhamnose monohydrate
reasons, a cluster approach was adopted for all calculations incrystal as determined from neutron diffract®nThe crystal
the present work. structure is monoclinic, with space group symmetry B&d
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3. Initial Assessment of Possible Radical Structures

Starting from the undamaged rhamnose, fourteen trial models
were initially proposed, independent of any radical structure
that was suggested on the basis of the EPR experiments. Such
a procedure ensures an unbiased evaluation of the different
radical models on their ability to reproduce the experimental
EPR measurements. However, all models were created in the
assumption that the pyranose ring is not broken in any of the
radiation-induced products of rhamnose. Even though open-ring
radicals have been reported in other sugars (see, e.g., ref 27),
they will not be considered in this work.

In a first set of calculations, all possible radicals due to
homolytic cleavage of a €H bond were examined. These
models, labeled R to Rgg in Figure 3, are generated by
abstracting a hydrogen atom from carbons-CB, respectively.

The calculated isotropic and anisotropic hyperfine grensor
values, resulting from B3LYP-PM3-8 geometry optimization
and consequent single molecule EPR calculations, are also listed
Figure 2. Central species in the employed cluster model is surrounded N Figure 3. Negligible hyperfine couplings from other atoms

by sevena-L-thamnose and eight water molecues. Some of the in the radical model were left out and corresponding eigenvec-
hydrogen atoms are not displayed to make the figure more transparenttors are supplied in the Supporting Information (SI-1). It is

obvious that R; to Rcg can only be viable models for the
the unit cell contains two rhamnose and two water molecules. carbon-centereddfp, 1l exp, 1V exp OF Vexp paramagnetic species.
Starting from the complete lattice, a cluster was obtained by Such radicals are characterized by rather isotrgptensors
considering all molecules that are engaged in hydrogen bonds(ganiso1~ Janiso2” Janisod, Which can be easily verified in both
with a central rhamnose molecule. The resulting model spacethe measurements of Table 1 and the calculated data in Figure
contains eight rhamnose and eight water molecules in total, as3. As a result, this spectroscopic property does not present a
illustrated in Figure 2. Although this cluster already contains suitable tool to discriminate between radical models for carbon-
208 atoms, it is in fact the smallest model that has any physical centered species, because @gltensors are too similar. The
significance. Subsequently, initial geometries for the different hyperfine tensors, on the other hand, are much more sensitive
radicals were created by removing hydrogen atoms from the to local, geometrical differences and we will mainly rely on
central molecule. The radical structure was then optimized these EPR parameters to evaluate the different carbon-centered
within the cluster in search for conformations with minimal models.

energy. During all geometry optimizations, all “lattice” mol- (i) Species \p was characterized by Sagstuen etbalo
ecules surrounding the central defect were held fixed at their display one large hyperfine splitting of about 95 MHz and a
crystal positions. quartet splitting around 56 MHz (Table 1). The latter feature

The initial assessment of possible radical structures was reveals that threg-protons have a nearly equivalent hyperfine
performed employing a two-layered ONIGRapproach of the interaction. In accordance with the structure suggested by
cluster system. In this scheme, the central radical is treated atSagstuen et al., radical modetHs the only viable candidate.
the DFT-B3LYP level of theor# with a 6-311G** basis st At temperatures above 0 K, the three methyl protons (H6a, H6b,
whereas the surrounding rhamnose (7) and water molecules (8H6c) are subject to a thermal rotational movement, averaging
are described with the aid of the semiempirical PM3 Hamilto- out their hyperfine interactions. Because temperature was not
nian?® Subsequently, EPR parameters were calculated for thetaken into account for the simulations in this work, the methyl
optimized central radical geometry only. This is effectively a group is “frozen” at the orientation with minimal energy in
single molecule EPR calculation, but it allows a fast and which H6a to H6c give rise to individual coupling tensors (taken
qualitative analysis of the spectroscopic properties. We will refer up in Figure 3). A rough estimate for the effect of the rotational
to this methodology with the B3LYP-PM3-8/B3LYP-1 short- motion on the isotropic hyperfine value is obtained by averaging
hand. over the distinct contributions. The resulting H6avg of 51.2 MHz

Based on the results of these calculations, a further selectionis very close to the 56 MHz in speciesyy Proton H4, which
was made of suitable radicals. These structures were then redis also in ap-position with respect to the main locus of the
optimized, in which both the radical and the cluster environment unpaired electron, has an isotropic value of 89 MHz, in
were treated at the B3LYP level with a 6-311G** basis. These accordance with the 95 MHz of feature V-1 in Table 1.
optimizations, encompassing eight rhamnose species and eight (ii) Only one minor feature stands out in radical species
H,O molecules, are high-level calculations and impose a IVey a relatively small hyperfine coupling of some 20 MHz.
considerable burden on computational resources, as the entiréOther hyperfine tensors were determined in the experiments by
system is treated ab initio. The ensuing determination of the Sagstuen et alé but the corresponding isotropic values are very
hyperfine coupling tensors was performed at the same level of small (all below 10 MHz in absolute value). Because the initial
theory, again for the entire cluster. Hence, we will maintain assessment of radical structures relies on calculations at a
the B3LYP-8/B3LYP-8 shorthand for this method. Unfortu- moderate level of theory (B3LYP-PM3-8/B3LYP-1), some
nately, this methodology proved too expensive from a compu- caution is recommended when making an assignment based
tational point of view for the calculation @ftensors and these  mainly on isotropic hyperfine couplings. This parameter in
properties were obtained from single molecule EPR calculations particular can, to some degree, alter in high-level geometry
of the optimized radical structure only (referred to as the optimizations and/or EPR calculations, as it is very sensitive to
B3LYP-8/B3LYP-1 scheme). local, structural or electronic effects (see, e.qg., ref 20). Hence,
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C-Centered radical models (neutral)
Atom I Aiso! Giso I Aaniso ! aniso | Atom I Aiso/ iso I Aaniso / Ganiso
59 52
H2 4.3 45 H3 92.1 22
Rc1 10.4 7.4
H 129 52
HO1 66.5 8.4 H5 90.2 24
OH 21.3 7.7
HO CH 0\| 1.2 1.7
3 ¢ HO3 6.3 0.7 HO4 58.7 7.8
H H 2.0 19.6
H 2.0020 2.0021
g 2.0029 2.0029 g 2.0028 2.0030
OH OH 2.0036 2.0035
5.8 52
H1 26 -3.9 H4 89.0 2.2
9.7 75
6.2 5.1
H3 31.6 46 Héa 29.1 4.4
10.8 9.5
2.0 54
H4 34 1.3 Héb 16.5 43
5.3 9.8
129 4.0
HO2 1.1 -10.1 Héc 107.9 3.0
22.9 7.1
2.0021 H6avg 51.2
g 2.0032 2.0031 2.0021
2.0043 g 2.0032 2.0035
2.0039
6.1 53
H2 176 -36 H5 90.0 3.7
97 9.0
49 392
H4 87.4 27 Héa -60.1 0.9
7.6 40.1
2.0022 39.1
g 2.0032 2.0031 Héb -63.1 0.9
2.0042 40.0
2.0022
g 2.0027 2.0029
2.0030

OH OH

Figure 3. Overview of calculatedy and hyperfine tensor values for various carbon-centered radical models, obtained at the B3LYP-PM3-8/
B3LYP-1 level of theory. Hyperfine values are reported in megahertz.

radical models B; and R, can be considered as possible As will be shown further on, this residual splitting can only be
candidates for the Iy, species. Both are characterized by a found by performing calculations at a higher level of theory.
single hyperfine coupling of moderate intensity and several other Therefore, we retain £ as a suitable model structure for both
very weak hyperfine couplings. AlthoughcRis in better the llexp and llleyp radical species.
quantitative agreement with the experimental EPR data, R To some degree, this is in accordance with the assignments
cannot be excluded based solely on the isotropic hyperfine value.by Sagstuen et al. who suggested the same structure on the basis
Closer examination of the anisotropic couplings, however, of the lle, EPR measurements. However, the disappearing
reveals that the HO1 tensor ofcRis incompatible with the exchangeable proton in i}, was tentatively attributed to the
experimental IV-1 tensor. Modeld? on the other hand, closely  loss of a hydroxyl proton, resulting in the formation of a carbon-
reproduces the anisotropic eigenvalues of abe@f —4 and centered oxygen anion radical (structurg,Jin Figure 1). To
+10 MHz. Additionally, the principal axes (given in the examine this possibility, we investigated four additional models
Supporting Information SI-1) give further support for the (presented in Figure 4), obtained by removing a hydroxyl proton
assignment of the & structure to the IV, radical species. from radical models B to Rcs. Geometry optimization and
(i) The hyperfine data for specieselp and lllexp as EPR calculation on these radical anionsRo Rcos employing
determined in ref 16, are virtually identical. In fact, the former the B3LYP-PM3-8/B3LYP-1 procedure, result in the spectro-
species was found to be transformed into the latter upon gradualscopic properties listed in Figure 4.
warming of the sample, resulting in the disappearance of a The calculatedy tensors for these structures are in better
minor, exchangeable proton coupling in the EPR spectrum. Both accordance with experiment. They are somewhat more aniso-
species have one large (around 95 MHz) and a much smallertropic than theg tensors in Figure 3 and the principal
18 MHz coupling in common, whereasg)l}is characterized by ~ components now closely match the measured values. However,
an additional 18 MHz splitting. Examining the remaining radical the hyperfine coupling pattern for any of the proposed radical
models, it is found that the & structure is in close agreement anions completely disagrees with the experimental observations
with the EPR data of both df, and Illexp. Rca with two large for Il exp. Whereas both &3 and Reos only give rise to two
90 MHz couplings is not a viable candidate and so aredRd similar, intermediate coupling constants, the hyperfine splittings
Rce. Radical model B; could be considered, as it has one large in models Ro; and R.o2 never exceed 20 MHz. In addition,
and two smaller isotropic splittings. However, the anisotropy the principal directions for any of the calculated hyperfine
of the HOL1 tensor differs from the characteristic 111-1 principal tensors (provided as Supporting Information SI-2) do not
components in the experiment. For mode)sRooth isotropic correspond with the experimental Ill-1 tensor axes. Yet, this
and anisotropic hyperfine values are already in close quantitativespectroscopic parameter can be regarded as a sensitive probe
agreement with the i, EPR data, but the model lacks one for the validity of the proposed radical model because it does
hyperfine coupling to entirely reproduce thggjlmeasurements.  not depend as much on the level of theory. Hence, on the basis
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C-Centered oxygen anion radical models
Atom | Ao/ giso | Aaniso / Ganiso | | Atom | Ao/ Giso | Aaniso / Ganiso
5.9 5.2
H2 1.7 -4.7 H1 2.0 -3.2
10.6 8.4
-1.6 -5.0
H4 4.0 -1.2 H3 19.7 -3.1
2.8 8.1
1.1 -1.7
HO3 1.2 -0.9 HO4 7.6 -1.4
2.0 3.1
2.0020 2.0019
[o] 2.0037 2.0040 g 2.0043 2.0054
2.0051 2.0057
5.1 46
H2 37.3 -2.2 H3 66.5 -3.2
Rc°3 7.3 7.8
-5.1 4.4
H H4 48.4 -3.4 H5 56.3 -3.5
8.5 8.0
H 2.0024 2.0021
g 2.0041 2.0046 g 2.0039 | 2.0045
2.0052 2.0051
H

o OH

Figure 4. Overview of calculatedy and hyperfine tensor values for carbon-centered oxygen anion radical models, obtained at the B3LYP-PM3-
8/B3LYP-1 level. Hyperfine values in megahertz.

of these calculations it is highly unlikely that speciegpWwould by a+200 MHz coupling, which is too large and the principal

convert into a radical anion. directions of the Bz g tensor deviate substantially. Under the
(iv) Finally, we have introduced four more radical models in assumption that our computational protocol is valid, one could
search for the structure of thg alkoxy species. Models &3 then argue that theekss Species could correspond to a

to Ro4 are derived from rhamnose by homolytic cleavage of an hypothetical open-ring alkoxy structure, because such a model
O—H bond. The calculategand hyperfine tensors are presented (whatever the structure) was a priori discarded in this work.
in Figure 5, along with the corresponding structures. Most Even so, it seems highly unlikely that such a species could occur,
striking feature in these radicals is the relatively large anisotropy especially when taking into account that sample irradiation in
of the g tensor: principal values of up to 2.06 are obtained, the measurements of Budzinski and Box occurred at 4.2 K!
which is typical for alkoxy radical® These tensors are Hence, it would be irrational to assume that elaborate ring
sufficiently dissimilar, which makes it possible to distinguish opening reactions would take place at that temperature, whereas
between the models. For this reason, the eigenvectors have als@ist the Ry, structure was observed at 77 K by Samskog and
been reported in Figure 5 as well as the angle deviations betweerLund. Therefore, one can only conclude that the structure for
experiment and theory¥'gg with respect to experimental data  the kxp ss Species cannot be assigned in the scope of the current
from Budzinski and Bo¥ and Ws, based on the data of computational model.
Samskog and Lun#. These deviations allow an easy assessment  Based on preliminary, exploratory calculations on they R
of the quality of the calculated principal directions. Mode)sR model, in which the dissociated HO4 proton was reintroduced
is manifestly the best candidate for the alkoxy radical. Both in the cluster, it seems possible that the, ks species is a
Wep and W, angles are less than 2@nd the eigenvector  precursor for the ey st alkoxy radical. The existence of a
corresponding to the maximum principal component even primary reduction product was already hypothesized by
deviates by a mere°8r 5°. Samskog and Lund. Also, such-eCHO- -H* species could
However, as already stated by Sagstuen éfahere exists explain the IBB-1 coupling assigned to the dissociated hydroxyl
a discrepancy between tigetensor of Budzinski and Box and ~ Proton in ref 15. However, this assumption remains highly
that of Samskog and Lund. Whereas the maximum anisotropic SPeculative and awaits confirmation, either from experiment or
g component is about 2.04 igy sy, it is only 2.02 in kyp gl IN from more advanced computational methods.
addition, the hyperfine coupling tensors for both species show
substantial differences. Samskog and Lund report only two
isotropic splittings-one large £120 MHz) and one intermediate Based on the computationally less demanding B3LYP-PM3-
(=40 MHz)—but Budzinski and Box describe two intermediate  8/B3LYP-1 protocol, it was possible to assign models to nearly
couplings (54 and 67 MHz) among a series of smaller contribu- all radical species that were identified in the EPR experiments.
tions (below 5 MHz). The calculated EPR data for radical model This assignment was mostly based on a qualitative comparison
Roa are only in complete accordance with the results of Samskog between calculated and experimental EPR parameters. In this
and Lund. The maximum anisotropjovalue is 2.04 and a 111 section, we will enhance this agreement for each radical model
MHz coupling is found along with a 34 MHz hyperfine coupling by performing calculations at a more advanced level of theory.
constant. The residual H3 coupling is small enough to assumeThe radical structures obtained in the previous section were re-
that it remained undetected in the experiment. Hence, our optimized using the B3LYP-8 methodology. EPR calculations
calculations confirm that the,, s_alkoxy radical has a structure  on these geometries were done adopting the B3LYP-8 level for
according to Ra. the hyperfine tensors and B3LYP-1 for théensors, as outlined
Unfortunately, no other oxygen-centered radical model inthe computational details. The resulting spectroscopic proper-
reproduces theup geresults. R and Rz are both characterized  ties are listed in Figure 6 along with an overview of the proposed

4. Quantitative Analysis and Discussion



Rhamnose Radicals in the Solid State

J. Phys. Chem. A, Vol. 110, No. 20, 2008509

O-Centered radical models
Atom I Aiso/ Giso | Aaniso / Ganiso l Direction Cosines vs <a*bc> | ¥eB I YgL
82 -0.513  -0.018 0.858
Ro 1 H1 203.5 -3.6 -0.064 -0.996 -0.059
11.8 0.856 -0.085 0.510
72 0.673 0.080 0.736
H2 7.7 -2.3 -0.293 0.942 0.166
9.5 0.679 0.327 -0.657
-5.6 0.675 0.632 -0.382
H3 6.1 2.3 0.735 -0.623 0.269
7.9 0.068 0.462 0.884
-1.1 0.153 0.882 -0.446
HO3 4.5 -0.7 0.987 -0.159 0.025
1.8 0.049 0.444 0.895
2.0021 0.053 -0.295 0.954 37 62
g 2.0142 2.0097 -0.795 0.566 0.219 21 38
2.0308 -0.604 -0.770 -0.205 42 48
-9.0 -0.151 -0.373 -0.916
H2 237.4 -2.8 0.988 -0.018 -0.155
11.8 -0.042 0.928 -0.371
-5.8 -0.198 0.046 0.979
H4 5.8 37 -0.523  -0.850  -0.066
9.5 0.829 -0.525 0.193
2.0023 0.651 -0.594 -0.473 96 61
g 2.0233 2.0092 0.209 -0.458 0.864 92 67
2.0583 -0.730  -0.661 -0.174 | 38 44
2.8 0.944 0.292 -0.151
H2 13.7 2.3 0.017 0.417 0.909
5.1 0.328 -0.861 0.389
6.5 0.416 0599  -0.685
H3 96.7 -3.8 0.442 -0.525 0.728
10.4 0.795 0.605 -0.047
9.2 0.542 0.639 0.546
H4 -5.8 -0.8 0.834 -0.328 -0.444
10.0 0.105 -0.696 0.710
A 0.810 -0.302 0.503
H6a 75 -0.4 0.374 0.927 -0.044
1.6 -0.453 0.224 0.863
2.0022 -0.189 -0.787 0.587 1" 27
g 2.0176 2.0088 -0.862 -0.153 -0.483 81 76
2.0418 0.470 -0.597 -0.650 81 80
-2.6 0.686 -0.544 -0.482
R°4 H2 34.0 -0.3 0.391 -0.283 0.876
29 0.613 0.790 -0.019
9.5 -0.227 0.150 0.962
H3 74 1.4 0.967 0.155 0.204
10.9 -0.118 0.977 -0.180
-6.9 0.419 0.875 -0.241
H4 110.8 4.3 -0.190 0.344 0.920
11.2 0.888 -0.340 0.310
2.0022 -0.217 -0.885 0.413 18 18
g 2.0182 2.0090 -0.718 0.431 0.547 19 19
2.0433 -0.662  -0.178  -0.728 8 5

Figure 5. Full g and hyperfine tensors for alkoxy radical models, calculated at the B3LYP-PM3-8/B3LYP-1 level of theory. Hyperfine values are

in megahertz. Angle deviation¥gz andWs,_ are in degrees.

radical models. Full hyperfine argltensors are given and the
corresponding eigenvectors are compared with their experimen-of theory, only one 18 MHz coupling (H2) was calculated for
tal counterparts (if available) with the aid of th# angle

deviation (in degrees).

Radical Species dyp si. In the previous section, a structure
according to model B was attributed to this radical species.
Upon going to a higher level of theory, the calculated
spectroscopic properties are not improving significantly with
respect to the already good results of Figure 5. Whangle
deviations for theg tensor remain almost unchanged. The
principal g tensor component, however, is now identical to the
experimental value. At the B3LYP-8/B3LYP-8 level, H4 gives
rise to a mere 100 MHz coupling which is somewhat smaller
than the §.-1 splitting. The §.-2 coupling, on the other hand,

is now perfectly reproduced by H2.

Radical Species Ik and Il exp. At the B3LYP-PM3-8 level

model Re3, whereas By is characterized by two such splittings.
The high-level calculations resolve this issue, as the HO3
hydroxyl proton now gives rise to a 12 MHz isotropic constant
(Figure 6). This is mainly a structural effect, as the orientation
of the O3-HO3 bond has changed (some°RWith respect to
the lone electron orbital containing the unpaired electron. The
resulting redistribution of unpaired spin density has an ap-
preciable impact on the hyperfine coupling constant. This effect
is further illustrated in Figure 7, where the HO3 hyperfine
splitting is plotted as a function of the HOG®3—-C3—-C2
dihedral angle (all other structural parameters were constrained).
The data in this plot is the result of several single molecule
EPR calculations (B3LYP-1) starting from the B3LYP-8
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[ Atom | Ao/ Gico | Aaniso/ Ganiso |  Direction Cosines vs <a*bc> | ¥ | Reference |
30 0.705  -0521 _ -0.481
Ro4 | lexp,SL H2 405 03 0488 0136  0.862 L2
3.3 0.515  0.843  -0.159
99 0246 0.154 0957
H3 6.1 0.8 0.959  0.184  0.217
107 0142 0971 -0.193
%5 0470 0870 _ -0.151
H4 100.4 44 0152 0249  0.956 IgL-1
11.0 0.870  -0.426  0.249
2.0022 0251 -0.885 0392 | 19
g 20189 | 2.0090 0690 0448 0569 | 19 IsL-g
2.0456 0679  -0.128  -0.723 3
) 0316 -0.130 __ 0.940
H2 14.6 36 0657 0744  -0.118 -2/ 11-2
9.6 0.684  0.655 _ 0.320
54 0.068 0399 0915 | 12
H4 87.4 22 0966 0204  -0.160 | 15 | 1-1/1lI1
76 0.251 0.894  -0.371 5
2.1 0388 0723 -0572
HO3 12.2 -10.3 0.829  -0.544  -0.126 -3/ -
22.5 0.402 0426 0.811
2.0022 0592 0787 0172 | 41
g 2.0031 2.0032 0587 0275 0762 | 31 ~/lll-g
2.0040 0552 0552  -0.625 | 27
6.0 0.937  -0.339 0088 | 15
H1 43 4.0 0.350 0914 0207 | 15 V-2
10.0 0.010 0224 0974 2
%3 0462 0563 0685 5
H3 26.4 47 0407  0.821  -0400 | 3 IV-1
11.0 0788 -0.094 _ 0.609 4
40 0380  0.148 0913 2
H4 33 14 0.895  -0.193  0.403 3 IV-4
5.4 0.236 0970 _ -0.059 | 2
16 0.785 0567 __ 0.251 6
HO2 7.9 96 0.256  -0.665  0.702 5 V-3
21.2 -0.565 0486 0.667 4
2.0021 0506 0837  -0.208 | 17
g 20032 | 2.0031 0745  -0.302 0595 | 15 IV-g
2.0043 0436 0456 0.776 8
52 0.681 0732 0013
Rcs| Vex Ha 20.6 2.1 0488  -0.468  0.737 V-1
7.3 0546 0.495  0.676
50 0.280 0809 0518
Héa 15.7 43 0.788  -0.501  0.357
9.2 0548 -0.308 _ 0.778
52 0.006 0114 __ 0.993
Héb 31.8 46 0594  0.800  -0.088
9.9 0.805  0.589 _ -0.073
23 0504 0246 0828
Héc 109.4 26 0.805  -0.481  -0.347
6.9 0313 0.841 _ -0.441
H6avg 52.3 V-2
2.0021 0616 0772 -0.156
g 20032 | 2.0035 0.331 0433  0.839
2.0039 0.715 0465  -0.522

Figure 6. Summary of calculated EPR data confirmed radical models. Hyperfine tensors determined with B3LYP-8/B3|Yg{@rsuats with
B3LYP-8/B3LYP-1. Hyperfine couplings in megahert¥. angle deviations in degrees.

optimized geometry. The latter structure has a correspondingin the radical structure. At 110 K then, it is possible that thermal
dihedral angle of 16538t is clear from the figure that the HO3  motion for this degree of freedom levels out the HO3 hyperfine
isotropic coupling varies considerably, depending on its position coupling. Alternatively, the radical might assume a geometry
with respect to the lone electron orbital (LEO). Maxima are that corresponds to a local minimum, in which the orientation
noticed when the HO303 bond is parallel with the direction  of the HO3 proton is altered. Although both assumptions are
of the LEO, indicated by dashed lines in the plot. In all, the plausible, a definite validation can only be attained by perform-
Rcs model structure determined from B3LYP-8 optimization is ing more advanced calculations, in which temperature effects
consistent with the b, radical species and near quantitative are taken into account. Therefore, the,ijlradical species is
agreement between theory and experiment is obtained for alltentatively assigned a structure similar to thg; Riodel, with
proton hyperfine couplings. an altered orientation for the HO3 hydroxy! proton.
Furthermore, the large dependence of the HO3 coupling on  Full g and hyperfine tensors were determined for this radical
its orientation might account for the disappearing hydroxyl species, as summarized in Table 1. In the work by Sagstuen et
proton splitting in the transformation of gl in 1l exp With al. 1%the eigenvector corresponding to the maximum anisotropic
increasing temperature. In the undamaged crystal, the HO3hyperfine coupling (6.6 MHz) was found to be in close
proton is held in position by one hydrogen bond with a nearby agreement with the crystallographic €84 or C4-H3 direc-
rhamnose molecule. However, as obtained from either B3LYP- tions. The direction cosines for these crystallographic vectors
PM3-8 or B3LYP-8 optimizations, this hydrogen bond is broken were also reported in the paper. However, a recalculation based
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Figure 7. Isotropic hyperfine coupling constant for the HO3 hydroxyl proton in radical modeaRa function of the HO303—C3—C2 dihedral
angle.
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on the crystal structure as determined from neutron diffra€tion
revealed a minor mistake in the signs of t@&Clcomponents

of these directions. Hence, the principal directions for the
hyperfine andg tensor were more than likely presented with a
similar error. Consequently, all direction cosines foelin
Table 1 with respect to th&* Daxis were subject to a sign
reversal. If this correction is taken into account, the agreement
between the B3LYP-8/B3LYP-8 hyperfine tensor for H4 issR  quite extraordinary. As a result, this comparison conclusively
and the Ill-1 tensor in Ik, becomes excellent. The isotropic  establishes that the computational protocol adopted in this work
constant is very slightly underestimated, but the direction cosinespresents a valid approximation scheme to predict the EPR
are in perfect agreement with th¥ angle deviation never  properties of radiation-induced carbohydrate radicals.
SurpaSSing 15 In addition, the H2 hyperfine value of 14.6 MHz Radical Species pr_ In the EPR experiment’ On|y isotropic

is close to the experimental 16:89.6 MHz range. Thg tensor, hyperfine couplings were obtained for this radical species. The
on the other hand, is not well reproduced, although it could be agreement between theory (mod@b}%nd experiment remains
speculated that this spectroscopic property would also be satisfactory and is not altered by applying a higher level of

influenced by thermal effects. Not only are the anisotropic theory (B3LYP-8/B3LYP-8). Calculated hyperfine agtensors
components underestimated, but also the agreement betweeRye reported in Figure 6 for the sake of completeness.

theoretical and experimental eigenvectors is poor, with a
minimal angle deviation of 27

Radical Species I\, From the EPR and ENDOR measure-
ments by Sagstuen et &f.,both (an)isotropic values and Up to now, radical structures were effectively assigned on
eigenvectors were determined for a lot of hyperfine tensors andthe basis of their ability to reproduce experimental EPR
the g tensor. This presents an extensive data set to evaluate theproperties. Additionally, it is of interest to mutually compare
accuracies of the B3LYP-8/B3LYP-8 and B3LYP-8/B3LYP-1 the binding energies of the radicals. In Table 2, the electronic
methodologies in reproducing the hyperfine agdensors, energy differences are listed for all radicals in the B3LYP-
respectively. The calculated EPR data for model, Rs listed PM3-8 scheme, relative to the energy of thesRadical. In
in Figure 6, are quite spectacular. Not only are anisotropic addition, the B3LYP-8 relative energies are reported for radicals
hyperfine values perfectly reproduced, but also the theoretical Rc2, Res and Ros with respect to the & binding energy.
isotropic couplings differ by 3 MHz at the most. Furthermore, Concentrating first on the B3LYP-PM3-8 results, it is
even the corresponding direction cosines are very close to theapparent that the energy is largely determined by the type of
measured ones, witlf angle deviations below the 2€hreshold radical at hand. Neutral, carbon-centered radicalg{Rce)
at all times. For the H3, H4 and HO2 hyperfine tensors the differ 43 kJ/mol at most from the energy of the reference state,

accordance is even withirfbTrhe g tensor is also quite accurate,
especially when taking into account that this parameter was
obtained at a much lower level of theory (B3LYP-1) due to
computational restrictions. Although the maximum principal
component is overestimated by some 700 ppm, the eigenvectors
are close to their experimental counterparts.

For this radical species, the accuracy of the calculations is

5. Energy Considerations
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TABLE 2: Energy Differences (kJ/mol) between Radicals, 120
Relative to the Structure with Lowest Energy?
relative energies (kJ/mol)
B3LYP-PM3-9 B3LYP-8 RO3 =—
Rc1 25.69 100
) 12.52 14.68
Rcs 0.00 2.09
Rca 19.94
Rcs 8.70 0.00
Rcs 43.04
Ro1 53.59 80
Ro2 69.69 —
Ros 105.53 S
Rou 50.95 54.63 £ RO2
Rcoz1 1512.85 X
Rco2 1530.31 3 60
Rcos 1495.78 6
Rcoa 1478.89 I.ﬁ RO1 e RO4
a At the B3LYP-PM3-8 level of theory this is &, whereas radical RO4
Rcs has the lowest energy in the B3LYP-8 scheme. Only four structures
were considered at the latter level of theory, due to the computational 40 RCE s
cost.
whereas the relative energies for oxygen-centered species
(Ro1—Ro4) range from 50 to about 100 kJ/mol. Carbon-centered RC m——
anion radicals (Boi—Rcos) are significantly less stable, with 204 RC4
energy differences as large as 1530 kJ/mol. The energetics of
these radicals suggests that their occurrence in irradiated RC2 e = RC2
rhamnose is highly unlikely, as opposed to neutral radical RC5
species. The rejection of the anion radicals is therefore in
complete agreement with the conclusions made on the basis of 0 RC3 - Re3
a comparative study of calculated and measured spectroscopic B3LYP-PM3-8 B3LYP-8

properties (section :_3)' o _ Figure 8. Schematic representation of relative energies for all neutral
Figure 8 schematically compares the binding energies of the rhamnose radicals.

neutral radical species. Radical structurgsRwhich was
attributed to the experimentally observegk radical, has the ~ emerges from the calculations is quite satisfactory from a
lowest relative energy from all alkoxy radicals. This could qualitative point of view: (neutral) carbon-centered radicals are
explain why none of the other alkoxy species was observed in more stable than thed2 alkoxy, which is clearly a transient
EPR experiments, as radicaloRis preferentially formed. species.
However, some caution is required here. Because the radicals )
are the end result of irradiation of sugar molecules in the solid 6- Conclusions
state, it is likely that, at some part along the radiation-induced it the aid of DFT calculations, a multitude of possible
decay route, excited states will play an essential role in the siryctures was examined to reproduce bgtand hyperfine
formation of the radicals. The determination of structures and coypling tensors of radiation-induced radicalsin-rhamnose.
energies for these excited-state species, embedded within the=or this purpose, a cluster approach was applied, in which all
crystal lattice, is far beyond the scope of this work. Therefore, hydrogen bonds between the radical and its surroundings were
without any knowledge of these states, it is difficult to make taken into account. Intermolecular interactions were first treated
an unquestionable interpretation of the observed radical occur-at 3 semiempirical level of theory, which allowed a fast, initial
rence in terms of their stabilities. Still, the50 kJ/mol energy  assessment of the different radical models. From qualitative
difference of the alkoxy radical with the reference is qualitatively comparison of calculated EPR parameters with experimental
consistent with the fact that this species is only observed when data, four radical models were obtained for the five rhamnose
irradiating rhamnose at low temperatures (e.¢-8@ K). Ros species that were observed in measurements. Following this
is clearly a transient radical that becomes “trapped” within the primary selection, the remaining radical models were treated at
rhamnose matrix when not enough thermal degrees of freedomg high level of theory, which produced a near quantitative
are available. agreement with experiment.

Also for the carbon-centered radical structures in Figure 8,  On the basis of our calculations, radical models, R, and
those with lowest energy (i.e.,d® Rcs and Reg) have been  Rcswere found to reproduce the EPR properties of the observed

attributed to measured species Y Vexp and llexyIll exp species Wy, Vexp and Vexp, respectively. Because identical

respectively). Again, the relative instability of the RRc4 and structures were suggested earlier from the EPR experiments,
Rce radicals is in accordance with the fact that they are not DFT methods have independently presented a validation for
observed in EPR experiments. these models. In addition, these radicals had the lowest energy

Examining the B3LYP-8 energies, only minor changes are of all calculated structures, which might account for their
apparent with respect to the B3LYP-PM3-8 sequence. The mostoccurrence in irradiated rhamnose. ThesFRhydroxyalkyl
drastic change occurs forcR which drops about 9 kJ/mol and  structure was also attributed to the carbon-centerggl tédical,
becomes the new reference at the B3LYP-8 level of theory. under the assumption that the orientation of the HQO3
Nevertheless, the calculated energy sequence of the radicals thatydroxyl group is slightly altered due to (most likely) thermal
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effects. Contrary to the initial suggestion in the experiment, our Pontuschka, W. M.; Campos, L. IAppl. Radiat. Isotope&005 62, 331.

calculations effectively rule out the occurrence of a carbon- _ (2) Ikeya, M. New applications of electron spin resonance: dating,
d - dical for thi . Th K dosimetry and microscopyVorld Scientific: Singapore, 1993. Fattibene,
centered oxygen anion radical for this species. The Samskogp app|. Radiat. Isot1996 47, 1375. Esteves, M. P.: Andrade, M. E.; Empis,

and Lund EPR measurements of the rhamnose alkoxy radicalJ. Radiat. Phys. Chenil999 55, 737. Da Costa, Z. M.; Pontuschka, W.
were well reproduced by thedzradical model. As its energy ~ M.; Campos, L. LAppl. Radiat. Isot2005 62, 331.

was higher than that of carbon-centered radicals, our calculations,,, 3) Atherton. N. M. Principles of Electran Spin ResonancElle

corroborate the transient nature of the alkoxy radical, which j. E.Electron Paramagnetic Resonance: Elementary Theory and Practical
can only be detected by irradiation and measurement at low Applications Wiley-Interscience: New York, 1994.
temperatures. However, the current computational approach (4 Madden, K. P.; Bernhard, W. Al. Phys. Cheml1982 86, 4033.

L - . . ‘Madden, K. P.; Bernhard, W. Al. Phys. Chem1979 83, 2643.
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and Box at a much lower temperature, even though theseGeerlings, P.; Callens, FPhys. Chem. Chem. Phy2001, 3, 1729. _
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