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The primary oxidation product in X-irradiated single crystals of 5-methylcytosine hemihydrate and
5-methylcytosine hydrochloride has been studied at 10 K, using electron paramagnetic resonance (EPR),
electron-nuclear double resonance (ENDOR), and ENDOR-induced EPR (EIE) spectroscopies. The radical
is characterized by large couplings to the methyl protons and appears to be deprotonated at N1 in both crystal
systems. In the hydrochloride crystal the methyl group is completely frozen at 10 K, whereas in the hemihydrate
crystal it undergoes tunneling rotation. For the hemihydrate crystal, four ENDOR lines associated with
transitions within the A and E rotational states were followed in three planes of rotation. Large ENDOR
shifts as measured by saturation of the high- and low-field parts of the EPR spectrum indicate that the rotation
is rather slow. Sidebands due to mixing of A and E rotational states are expected for slow rotation and were
observed in both the EPR and the EIE spectra. The ENDOR shifts and the sideband frequencies indicate a
tunneling splitting between 40 and 60 MHz. Estimates of the barrier to rotation in both crystalline systems
were calculated using cluster and single-molecule density functional theory methods, and the results are
consistent with those obtained by analysis of the experimental results.

1. Introduction

Recently, methylated CpG sequences have been established
as mutational hotspots in DNA, one reason of which being
oxidation of 5-methylcytosine.1 Four to five percent of the
cytosines in DNA are 5-methylcytosine (m5C, Chart 1 below).2

m5C has a lower ionization potential than cytosine3 and may
therefore better compete with guanine as a hole trap. Holes
formed by ionizing radiation in the base regions of DNA may
thus become trapped at m5C. Once oxidized, the m5C radical
may irreversibly deprotonate at the methyl group and form a
highly stable radical known as the 3RH radical4 (Chart 2 below)
with a lifetime sufficiently long to impair normal enzymatic
activity which in many situations depends on demethylation of
m5C. To better understand the electronic properties of m5C as
a hole trap, and the mechanisms that form the stable end product,
the structure of the initial electron-loss product of m5C, which
is stable only at low temperatures, needs to be determined.

Based on studies of the primary oxidation products in other
cytosine derivatives5,6 the one-electron oxidation product is
expected to have a structure where a large part of the electron
spin is coupled with the methyl protons in �-position. At low
temperatures the methyl group is normally not able to rotate
classically. However, the methyl protons may tunnel through
the restricting potential barrier at a rate sufficiently high to give
significant physical and spectroscopic effects. Understanding
the electronic structure and the spectroscopic properties of the
m5C cation thus requires an understanding of the methyl group
dynamics in the system.

When the methyl group undergoes tunneling rotation in a
threefold symmetric hindering barrier, the ground torsional-
oscillator methyl group state is split into a singlet and a
degenerate doublet with symmetries A and E, respectively,
separated in energy by the tunneling splitting hνt.7 Further
splitting arises when these states are combined with spin
functions of appropriate symmetry. The electron-nuclear double
resonance (ENDOR) spectra originating from this rotationally
restricted spin system depend largely on the tunneling A-E
splitting and provide a means to directly measure this splitting,8-10

which is a sensitive function of the rotation barrier.11 When the
tunneling splitting is of similar magnitude as the hyperfine
interaction, sidebands are expected to appear on each side of
the electron paramagnetic resonance (EPR) spectrum.12,13 These
sidebands arise when the electron spin transition is accompanied
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by a change of the methyl group rotational state and provide
an additional way to measure the tunneling frequency.

In the present work, single crystals of 5-methylcytosine
hemihydrate and 5-methylcytosine hydrochloride have been
X-irradiated at 8-10 K and studied at this and higher temper-
atures using EPR, ENDOR, and ENDOR-induced EPR (EIE)
spectroscopy in addition to single-molecule and cluster density
functional theory (DFT) calculations at the B3LYP level. The
electrostatic environment differs considerably in the two crystal
lattices, and the experimental results indicate that for the primary
oxidation product at low temperatures the methyl group
undergoes hindered rotation by tunneling in the hemihydrate
crystal while being completely frozen in the hydrochloride
crystal.

The tunneling splitting obtained from both the ENDOR and
the sideband spectra gives a barrier to methyl rotation in good
agreement with that estimated from the DFT calculations.

2. Experimental Section

Single crystals of 5-methylcytosine hemihydrate and 5-me-
thylcytosine hydrochloride (obtained from NBS Biologicals and
Sigma-Aldrich, respectively) were grown by slow evaporation
at 40-50 °C. Crystals of 5-methylcytosine hemihydrate are
monoclinic with space group C2/c and eight asymmetric units
in the unit cell (eight bases and four waters of crystallization).14

The molecules are extensively connected by hydrogen bonds
between neighboring molecules and through the water mol-
ecules; the amino protons are hydrogen bonded to N3 and O2
of neighboring bases, N1 is hydrogen bonded to water, and N3
is hydrogen bonded to N4 of a neighboring molecule.

Crystals of 5-methylcytosine hydrochloride are monoclinic
with space group P21/c and with four asymmetric units in the
unit cell.15 The molecules are protonated at N3, thus making
the bases positively charged. In contrast to the hemihydrate
crystal, the hydrochloride crystal structure shows little character
of hydrogen bonding. The crystal structure is stabilized by
electrostatic interactions between Cl- ions and atoms of the
bases and only one proper hydrogen bond between N3 and Cl-.

The experimental procedures including K-band EPR, EN-
DOR, and EIE spectroscopies and computational techniques
were as previously described.16 The hydrochloride and hemi-
hydrate crystals were X-irradiated to doses up to 60 and 100
kGy, respectively, at approximately 8-10 K (hereafter referred
to as 10 K) and studied at this and higher temperatures. An
orthogonal a*bc reference system was used for both crystals.
The data for the hemihydrate crystals were collected by rotation
around b, c, and a skewed axis located 90° from c and 30.5°
from a*. The hydrochloride data were collected by rotation
around a, b, c, and a skewed axis located 67° from c and -3°
from a*.

DFT computations were performed using the quantum
chemistry package Gaussian 03 (G03), Revision D.02.17 All
calculations used the hybrid functional B3LYP and the split-
valence triple-� basis set 6-311G(d,p), including one set of
polarization functions to the hydrogens and to the heavy atoms.
The default G03 optimization routines and convergence criteria
were used for the optimizations. All single-point calculations
were done with the scf convergence criteria scf ) tight.

The methyl rotational barriers were calculated both for single
molecules and for cluster systems by rotating the methyl group
120° around the C5-CH3 axis in steps of 10°, with optimization
carried out at each step. This was made by constraining the
dihedral angle C6-C5-C7-H of one of the methyl protons
during geometry optimization. This angle was subsequently

altered as described. The difference between the maximum and
minimum energy configurations of the 12-step iteration yields
an estimate of the barrier to methyl rotation. For the single-
molecule calculations, all other atomic coordinates were opti-
mized at each step. The two different cluster systems used each
consisted of a central molecule surrounded by several other
molecules at positions provided by crystallographic data. The
clusters included those molecules/Cl- ions that were closest to
the methyl group and to the amino group of the central molecule.
The hemihydrate and the HCl cluster consisted of eight
5-methylcytosine molecules each, including one water and seven
Cl- ions, respectively. All atomic coordinates in the cluster were
frozen during optimization except those of the methyl protons,
the amino protons, and the C6-H proton, all belonging to the
central molecule. All cluster calculations were performed on
nonradical systems since for the clusters the unpaired spin did
not become located solely on the radical molecule but delocal-
ized over several of the molecules constituting the cluster. This
is a technical problem sometimes observed in this type of
calculations.18

3. Analyses and Results

3.1. 5-Methylcytosine Hemihydrate. Due to the presence
of several radicals, the EPR spectra were not easily interpretable.
However, the spectra seemed to be dominated by a seven- or
eight-line pattern as shown in Figure 1, which is characteristic
for radicals with a �-coupling to a methyl group (C•-CH3) that
undergoes tunneling rotation in a threefold barrier.7 There are
three radicals that are expected to have a large spin density on
C5: the one-electron oxidation product (hereafter somewhat
imprecisely called the cation), its N1 deprotonated successor,
and the 5-yl H-addition radical.19 The latter also has two large
�-couplings to the methylene protons at C6 that give a
characteristic broad EPR spectrum. At 10 K the EPR spectra
showed little or no sign of lines associated with this 5-yl
H-addition radical. Nor did the ENDOR or EIE spectra show
lines attributable to the associated methylene protons. Instead
the spectra are consistent with those for a cation or a nitrogen-
deprotonated successor where only the methyl protons give large
couplings.

Hindered methyl group rotation has been studied extensively
by Clough and co-workers,8-10,12,13,20 and some of their results
relevant for the present study will briefly be repeated here. The
methyl group is assumed to be in its ground torsional-oscillator
state at very low temperatures.8,21 As a result of tunneling
rotation, this ground state is split into states with spatial

Figure 1. Second-derivative K-band EPR spectrum of a single crystal
of 5-methylcytosine hemihydrate X-irradiated and measured at 10 K.
The magnetic field was aligned 50° from c in the a*c plane. The stick
diagram indicates the association with the methyl group rotational states.
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symmetries A and E that are separated in energy by the tunneling
splitting hνt. The exclusion principle requires that the A and E
rotational states are combined with A and E nuclear spin states,
respectively, leading to an EPR spectrum with eight lines where
the two lines in the middle usually overlap. Transitions within
these lowest rotational states may be described by the spin
Hamiltonian

The terms are, respectively, the electron Zeeman, the nuclear
Zeeman, the hyperfine interactions, and the nuclear exchange
interaction that gives rise to a splitting equivalent to the
tunneling splitting 3J ) νt. In this expression the nuclear
dipole-dipole interaction between adjacent methyl protons has
been omitted due to its small effect. Symmetrized eigenfunctions
of the dominant terms in eq 1 then serve as a basis for
perturbation expansion. For fast rotation (νt . Tj,iso) the EPR
transitions occur to first order at frequencies ν ) νS + (m/3)(Tzz

A

+ λTzz
E), where m is the z-component (defined by the magnetic

field direction) of the total nuclear spin (from +3/2 to -3/2),
Tzz

A and Tzz
E are the z-components of the A and E state coupling

tensors TA and TE, respectively, and λ is 0 and (1 for the A
and E states, respectively. Tensors TA and TE are nearly isotropic
with similar magnitudes and are related to the methyl proton
coupling tensors Tj as

where � is the methyl group twist angle that locates one of the
methyl protons on the circle through the three proton positions,
being defined as (90° when the proton lies in the nodal plane
of the electron π-orbital. The two other protons are positioned
at � ( 120°. The outermost EPR lines are thus separated by
Tzz

A and the second outermost lines by (Tzz
A + Tzz

E)/3 and so on.
Figure 2 shows an energy level diagram9 illustrating the four
ENDOR transitions of interest in the present report. To first
order the high-frequency ENDOR transitions occur at νn + (1/
6)(Tzz

A + λTzz
E). Second-order corrections alter the central pair

of each quartet in the diagram which lead to a shift in ENDOR
frequencies. With the magnetic field along a principal direction
for TA, and disregarding terms with νS in the denominator, the
new expressions for the high-frequency transitions in the A state
(mS ) -1/2) become9

where the tensors TE′ and TE′′ are related to TE as

For very high barriers giving slow rotation (νt , Tj,iso), the
tunneling splitting is treated as a perturbation in eq 1.20 The
EPR spectrum is then basically the same as that for a static
methyl group, but the ENDOR lines become shifted. To first
order the ENDOR line shift resulting from locking the magnetic
field to the high-field part and to the low-field part of the EPR
spectrum is νh - νl -(νn

h - νn
l ) ) -(4/3)νt. One important

consequence is that this shift is negative in this latter case while
it is positive in the fast tunneling situation. By measuring the
value of this shift the tunneling frequency νt can be determined.

When the tunneling splitting is of similar magnitude as the
hyperfine splitting, sidebands are expected to appear in the EPR
spectrum.12 These are forbidden EPR transitions between A and
E mI ) ( 1/2 states that become allowed due to mixing of
these states through the hyperfine interaction. Their intensities
relative to unity for the main EPR lines depend on the twist
angle � and tunneling splitting νt approximately as

and the frequencies at which these lines occur are to first order,
respectively

H/h ) νSSz - νn ∑
j)1

3

Ijz + ∑
j)1

3

S ·Tj · Ij - 2J ∑
j>k)1

3

Ij · Ik

(1)

TA ) T1 + T2 + T3 (2)

TE ) 2T1 cos(2�) + 2T2 cos(2� - 2π/3) +
2T3 cos(2� + 2π/3) (3)

ν1 ≈ νn1 + Tzz
A/6 + 1

36
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E′|2(νt +
1

12
Tzz

E)-1
+

1
36
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Figure 2. Schematic energy level diagram, illustrating the high-
frequency ENDOR lines and second-order shifts that occur as a result
of tunneling rotation. Also shown are two EPR sideband transitions
that are observed.

((Tzz
E)2/18νt

2) cos2 3� for λ ) -1

and ((Tzz
E)2/18νt

2) sin2 3� for λ ) 1 (8a)
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Figure 3 shows ENDOR spectra obtained by saturation of
the corresponding EPR lines shown at the bottom part in Figure
4 marked with numbers. (The center EPR line did not give
ENDOR signals.) The spectra were recorded at 10 K with the
magnetic field parallel to a*. At this orientation the magnetic
field is close to being in the molecular plane where nitrogen
couplings are small, thus increasing the spectral resolution.
ENDOR lines ν1-ν3 are assigned to transitions within the
methyl group A state (see Figure 2) and line ν4 to a transition
in the E state. Also shown in Figure 4 are EIE spectra from
ENDOR lines ν1-ν5. The main features of the EPR spectrum
may be explained by the stick diagram shown below in Figure
4. At this orientation all the lines are split by about 0.5 mT,
which corresponds to an ENDOR line at about 43 MHz and is
indicated as ν5 in Figure 3. This ENDOR line is assigned to an
N-H R-coupling (see below).

The outermost lines on each side of the EPR spectrum are
believed to be sidebands. It is seen that ENDOR lines ν1 and
ν3 are observed when the high-field and low-field parts of the
EPR spectrum are saturated, corresponding to AmI)-3/2 and
AmI)+3/2 transitions, respectively. Line ν2 is observed from
saturation of both of the EPR AmI)(1/2 transitions and from the
low-field sideband. ν4 is observed from saturation of the high-
and low-field E lines as well as from the high-field sideband.

These relationships are confirmed by the EIE spectra showing
the EPR lines that are connected to each of the ENDOR
transitions. ENDOR line ν5 was observable from most EPR
lines, and the EIE spectrum from this line, although only
partially resolved, appears to reproduce the entire EPR spectrum.
From these observations it is concluded that lines ν1-ν4 are
indeed the ENDOR transitions indicated in Figure 2 and that
the large (positive) ENDOR shift originates from hindered
rotation. The association of the low-field and high-field side-
bands to ν2 and ν4, respectively, is as expected from the diagram
in Figure 2.

The line ν5 was only observed in two planes of rotation, but
based on its anisotropy and previous ENDOR studies of the
cytosine cation,5 it is believed to belong to an N4-Ha

R-coupling. This is supported by the presence of another line
(ν6) in one plane of rotation with anisotropy and coupling
strength corresponding to the other amino proton (N4-Hb).
Estimates of the principal values for the R-couplings to the two
amino protons are given in Table 1, indicating ∼0.10 π-spin
density at N4 with a QN-value of -80 MHz in the McConnell
relation.22 The weaker coupling to Hb compared with that to Ha

is attributed to the proximity of Hb to a large spin density at
C5.4,5 Single-molecule DFT calculations indicate a spin density
at N1 of about 0.22 for the pristine cation and about 0.30 for
the N1 deprotonated species. Since no ENDOR line associated
with an N1-H coupling was observed, it is suggested that the
radical species in question is the N1-deprotonated one-electron
oxidation product as shown in Chart 3, designated R1(hemi).

Figure 5 shows the angular variations in three planes of
rotation for ENDOR lines ν1-ν4. The anisotropy of the lines
was determined by doing a standard calculation for hyperfine
proton coupling tensors with the results given in Table 1. All
tensors Tν1-Tν4 have axial symmetry as expected for �-cou-
plings.

As is illustrated in Figure 6a, compared with the crystal-
lographic data14 the eigenvectors for the maximum principal

values of Tν1, Tν3, and Tν4 (with the set of signs in Table 1)
appear to be roughly parallel to the directions from C5 to the
three methyl protons while the corresponding eigenvector for
Tν2 is approximately parallel to the C5-CH3 direction. The latter
is expected since ν2 deviates least from A symmetry. A better
correlation is obtained (Figure 6b) by rotating the methyl group
around the C5-CH3 axis by 12° and rotating this axis around
an axis normal to the molecular plane, also by 12°. Provided
that these eigenvectors reflect the methyl proton positions, the
deviation from the crystallographic directions is probably a result
of the tunneling rotation or it may suggest that the radical as a
whole becomes twisted or tilted upon formation, possibly as
an effect of deprotonation.

The ENDOR lines thus exhibit an anisotropy as expected from
both a static and a rotating methyl group. One reason for this

νS ( νt ( (Tzz
A/6 - Tzz

E/12) and νS ( νt ( (Tzz
A/6 +

Tzz
E/12) (8b)

Figure 3. ENDOR spectra of 5-methylcytosine hemihydrate with the
magnetic field aligned along a*, X-irradiated and observed at 10 K.
The numbers indicate the corresponding EPR lines in Figure 4.

Figure 4. Second-derivative K-band EPR (bottom) and EIE spectra
of a single crystal of 5-methylcytosine hemihydrate X-irradiated at 10
K, with the magnetic field aligned with a*. The EPR spectrum and the
EIE spectrum for ν5 were measured at 10 K, while the other spectra
were obtained at 30 K for better signal-to-noise ratio. The stick diagram
indicates the association with the methyl group A and E states. The
splitting of the lines is caused by an N4-Ha R-coupling. The outermost
lines (marked SB) are assumedly sidebands.
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seeming contradiction might be that the tunneling rotation is
rather slow (see below) and in a region where the ENDOR
transitions show characteristics from both of these two states.
The possibility of having two sets of methyl groups, one static
and one rotating fast,20,23 is rejected for two reasons. First, the
isotropic values of Tν1, Tν3, and Tν4 are not all together
consistent with the expression for isotropic �-couplings, a

iso
� )

Fπ(B0 + B2 cos2 θ),24 where Fπ is the spin density at C5, B0 and
B2 are constants depending on spin polarization and hypercon-
jugation, respectively, and θ ) �, � ( 120°. Second, the
isotropic value of Tν3 is far too large for a dihedral angle θ
close to 90° (Figure 6).

ENDOR frequencies ν1-ν4 closely resemble those found for
hindered methyl group rotation of the thymine H-addition radical
reported by Box et al.,25 although in that work the data were
insufficient to yield the anisotropic properties.

Tensors TA and TE in Table 1 were obtained using the first-
order expressions ν2 ) νn2 + (1/6)Tzz

A and ν4 ) νn4 + (1/6)(Tzz
A

+ Tzz
E). According to eq 5, this leads to an overestimation of

TA, and consequently to an underestimation of TE. An indication
of the magnitude of this overestimation can be found from the
width of the EPR spectra, which represents the total coupling
from the methyl protons and thus TA. In Figure 4 the magnetic
field is parallel to a*, which, according to Table 1, is ap-
proximately the principal axis for the maximum principal value
of TA. The EPR lines mI ) (3/2 are separated by ca. 174 MHz,

while ENDOR line ν2 indicates a width of almost 185 MHz.
There is scarce information in the literature on the tensor TE,9,21

and because of the issue discussed above it is difficult to interpret
the anisotropy of TE in Table 1.

According to the crystallographic data, the methyl group twist
angle � is approximately 30° and the information from the
eigenvectors does not indicate a large deviation from this value.
Equation 5 then becomes ν2 ) νn2 + Tzz

A/6 + [(Tzz
E)2/144][(νt -

Tzz
E/12)-1 - (νt + Tzz

E/12)-1]. The value of Tzz
E is found from the

EPR spectrum in Figure 4 to be ca. 143 MHz, and with Tzz
A )

174 MHz the tunneling frequency becomes about 45 MHz.
Turning to the ENDOR shift, we find from eqs 4-7 with �

) 30° that ν1 - ν3 - (νn1 - νn3) ) νt(Tzz
E)2/{36 [νt

2 - (Tzz
E)2/

144]}, which becomes ca. 15.7 MHz at the orientation in Figure
4. Tzz

E ≈ 143 MHz then gives a tunneling frequency νt ≈ 40
MHz.

According to eq 8a, with � ) 30° only the outer pair of each
sideband quartet, centered around νS, should be present. Why
only the outermost member of these pairs was observed in the
EIE spectra is not clear. With the above values for Tzz

A and Tzz
E

and using eq 8b (for the outermost sideband lines), the tunneling
frequency is found to be ca. 60 MHz. Exact expressions for the
sideband frequencies based on a simplified Hamiltonian with
only isotropic couplings to the methyl protons have previously
been given by Mottley et al.13 Solving the secular equation with
matrix elements given in that paper, using � ) 30°, one finds
the sidebands frequencies to be ν ) νS + (3/4)Am ( {[((1/2)νt

- (1/8)Am)2 + (1/8)A2m2]1/2 + [((1/2)νt + (1/8)Am)2 +
(1/8)A2m2]1/2}, where m ) (1/2 is the nuclear spin and A/2 is
the average isotropic methyl proton coupling. This expression
gives for the sidebands in Figure 4, with A ) (2/3)Tzz

A ) 116
MHz, a tunneling frequency νt ≈ 40 MHz, in agreement with
the value from the ENDOR data.

TABLE 1: Hyperfine Coupling Tensorsa for the Oxidation Product (Radical R1(hemi)) Resonances Observed in Single Crystals
of 5-Methylcytosine Hemihydrate at 10 K

eigenvectors

tensor isotropic value (MHz) principal value (MHz) a* b c

74.5 (1) 0.914 (1) 0.405 (20) 0.008 (30)
bTν1 70.5 (1) 68.6 (1) 0.345 (2) -0.770 (43) -0.537 (69)

68.4 (1) 0.211 (2) -0.494 (75) 0.844 (48)
61.6 (1) 0.993 (1) 0.083 (3) 0.084 (2)

bTν2 58.1 (1) 57.0 (1) 0.026 (2) 0.537 (14) -0.843 (9)
55.8 (1) 0.115 (3) -0.839 (9) -0.531 (14)
44.2 (1) 0.764 (3) 0.087 (7) 0.639 (16)

bTν3 40.6 (1) 39.3 (1) 0.617 (6) -0.388 (26) -0.685 (11)
38.2 (1) 0.188 (4) 0.918 (9) -0.350 (21)

111.1 (1) 0.869 (1) 0.478 (2) -0.130 (4)
bTν4 105.9 (1) 104.0 (1) 0.494 (2) -0.853 (2) 0.167 (8)

102.5 (1) 0.031 (1) 0.210 (9) 0.977 (2)

Tν5 (N4-Ha)
-15

-8.3 -9 estimated from two data sets
-1

Tν6 (N4-Hb)
-11

-6.7 -7 estimated from one data set
-2
184.8 (3) 0.993 (1) 0.083 (3) 0.084 (2)

cTA 174.4 (3) 171.0 (3) 0.026 (2) 0.537 (14) -0.843 (9)
167.4 (3) 0.115 (3) -0.839 (9) -0.531 (14)
155.8 (3) 0.617 (2) 0.761 (7) -0.202 (3)

cTE 145.2 (3) 142.3 (3) 0.495 (2) -0.574 (4) -0.652 (8)
137.4 (3) 0.613 (4) -0.302 (7) 0.730 (6)

C5-CH3 direction 0.935 -0.126 0.333

a Numbers in parentheses represent standard deviation in the last digit(s). b Obtained from standard calculation for hyperfine couplings.
c Obtained from first-order expressions for ENDOR lines ν2 and ν4.

CHART 3: Radical R1(hemi)
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With � ) 30° and νt ) 40-60 MHz in eq 8a, the sidebands
should have an intensity ratio of 0.3-0.7 relative to the main
lines. The ratio of these lines in Figure 4 appears to be in that
region. The sidebands were unresolved at several magnetic field
orientations, as in Figure 1, most probably due to significant
spectral broadening from nitrogen interactions, but they appeared
consistently in the EIE spectra from ENDOR lines ν2 and ν4.

It is concluded that the tunneling frequency is between 40
and 60 MHz. Based on a relationship between the tunneling

frequency and the barrier to rotation11 presented graphically by
Freed,7 νt ) 40-60 MHz corresponds to a barrier of about
1.6-1.7 kcal/mol. The barrier for single molecules was esti-
mated by DFT calculations by rotating the methyl group 120°
in steps of 10° with otherwise full geometry optimization carried
out at each step. The barrier obtained was 2.5 kcal/mol for a
nonradical and 1.6 kcal/mol for radical R1(hemi), indicating
that oxidation significantly lowers the barrier. The direct
influence on the barrier from the surroundings was investigated
by comparing the barrier obtained for a molecule (nonradical)
in a cluster, as described in section 2, to the barrier obtained
for a single molecule using the cluster geometries. These
calculations gave barriers of 2.6 kcal/mol for the cluster and
2.9 kcal/mol for the single molecule with cluster geometry. This
suggests that the intermolecular interactions in this crystal lattice
do not increase the rotational barrier.

The relatively high rotational barrier suggests that the torsional
oscillation is low, which should make the isotropic values of
TE and TA nearly equal. The ratio of these values can be
expressed as Tiso

E /Tiso
A ) (1 - δ)/(1 + 2B0/B2),10 where δ ) 2〈(�j

- 〈�j〉)2〉 is a measure of zero-point torsional oscillation and B0

and B2 are the constants in the Heller-McConnell relation for
�-couplings.24 The values in Table 1 give a ratio of 0.83. By
comparing with what has been found in other systems, a ratio
>0.94 should be expected.10 The smaller ratio is most probably
primarily due to that TA in Table 1 is overestimated and TE is
underestimated. An additional possibility is that B0 in this system
is larger (approximately a few MHz) than B0 in the former
systems, although DFT calculations indicate a B0 value close
to zero.

Upon warming to 40 K, the EPR spectrum changed in two
respects as shown in Figure 7. First, at 30 K the sideband EPR
lines (marked with *) grew weaker and almost disappeared at
40 K. Second, the lines in the central part broadened and
decreased compared to the outer lines. (The other prominent
lines in the center-right part of the spectrum at 40 K mostly
belong to another radical species, the 3RH radical4 in Chart 2.)
These changes might indicate a methyl motional averaging
process that involves the mI ) (1/2 lines and for which the
outer mI ) (3/2 lines remain unaffected. This temperature
behavior also suggests that classical rotation, which mainly
affects the E lines and at high temperatures gives the 1:3:3:1

Figure 5. Angular variation of K-band ENDOR lines ν1-ν4 in three
planes of rotation. The bottom plane is a skew plane. The solid lines
are theoretical values calculated from the coupling tensors in Table 1.

Figure 6. (a) Position for the methyl group (pink spheres) as indicated
by the maximum principal value eigenvectors for Tν1-Tν4 compared
with the methyl group position from crystallographic data (white/gray
spheres) viewed along the CH3-C5 direction. The molecular plane
coincides with the horizontal plane in these figures. (b) Similar to (a),
except for rigid coordinate rotations of the methyl group as described
in the text.

Figure 7. Second-derivative K-band EPR spectra of 5-methylcytosine
hemihydrate with the magnetic field along a*, X-irradiated at 10 K
and warmed to the temperatures indicated. The asterisk indicates the
outer sideband EPR lines. The spectra are normalized with respect to
lines from other radicals that are believed to remain stable.
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quartet,8 is not significant at 40 K. Instead the motional
averaging could be due to transitions between mI ) (1/2 A
and E states at different torsional vibrational levels, which
broaden the mI ) (1/2 A lines as well.26 When recooling the
crystal from 40 to 10 K, the 10 K main spectral features returned,
including the sideband lines, consistent with such a dynamic
process. ENDOR lines ν1-ν4 were present at 30 K and
disappeared completely at 50 K, whereas no ENDOR line
attributable to classical rotation of the methyl group appeared.
Above 50 K, especially at 80 K, the resonance lines due to
radical R1(hemi) started decaying, as evidenced by the outer
main EPR lines disappearing and not reappearing by recooling
to 10 K. Apparently, the radical decays before onset of rapid
classical rotation.

3.2. 5-Methylcytosine Hydrochloride. EPR spectra from
crystals of 5-methylcytosine hydrochloride X-irradiated at 10
K were dominated by lines from radicals other than the one-
electron oxidation product, the most prominent being due to
the 3RH radical. Only two ENDOR lines could be assigned to
the (deprotonated) one-electron oxidation product, and the
corresponding hyperfine coupling tensors are given in Table 2.
Figure 8 shows these ENDOR lines (νa and νb, the line at 72
MHz is due to the 3RH radical) measured at 10 K with the
magnetic field parallel to b, where the magnetic field positions
are indicated in Figure 9. At this orientation the magnetic field
is about 9° from the base plane, thus reducing nitrogen
couplings.

Both tensors have similar principal values and exhibit axial
symmetry, as expected for �-proton couplings. The crystal-
lographic data15 indicate that the methyl group twist angle � is
slightly less than 30°. The eigenvectors of the maximum
principal values for tensors νa and νb deviate 3.5° and 4.0°,
respectively, from the crystallographic directions from C5 to
the two out-of-plane methyl protons. The coupling from the third
proton is thus expected to be very small, and possibly too close

to the free-proton line to be generally detectable. ENDOR lines
corresponding to a coupling of 4-6 MHz which gave the same
EIE spectra as those in Figure 9 were however observed at some
orientations.

As for the hemihydrate crystal, DFT calculations on N3-
protonated m5C indicate that the spin density at N1 is about
0.22 and 0.30 for the pristine cation and the N1-deprotonated
species, respectively. An N1-H R-coupling is expected to have
its maximum value at the orientation in Figure 9 and should
give rise to a clearly observable splitting in the EIE spectra.
Since the spectra do not show sign of such a splitting, it is
concluded that the radical in question also in this crystalline
system is the N1-deprotonated one-electron oxidation product,
radical R2(HCl), as depicted in Chart 4.

The EIE spectra recorded from lines νa and νb were
considerably broadened and unresolved at orientations where
the magnetic field was closer to the ring normal, indicating
considerable spin density at nitrogen atoms. The simulated EIE
spectrum in Figure 9 is obtained by using the tensors in Table
2 and hyperfine coupling tensors for the amino protons and
nitrogen coupling tensors corresponding to ca. 20-30% spin
at N1 and about 10-15% at N4. At this orientation these latter
couplings contribute only to the line width, however.

ENDOR from the low-field and the high-field EPR lines did
not give rise to a detectable ENDOR shift beyond experimental
uncertainty. The difference νa

h - νa
l -(νna

h - νna
l ) was close to

zero (∼(0.01 MHz). This indicates that the methyl group is
basically completely frozen and that there is a large barrier to
rotation in this system. The barrier was estimated from DFT
calculations in the same manner as described above for the
hemihydrate crystal. The results for optimized single molecules
were 2.1 kcal/mol for the nonradical and 1.2 kcal/mol for the
N1-deprotonated cation (radical R2(HCl)). The influence from

TABLE 2: Hyperfine Coupling Tensorsa for the Oxidation
Product (Radical R2(HCl)) Resonances Observed in Single
Crystals of 5-Methylcytosine Hydrochloride at 10 K

eigenvectors

tensor

isotropic
value

(MHz)

principal
value

(MHz) a* b c

83.9 (1) 0.732 (1) 0.678 (1) -0.066 (3)
Tνa 78.4 (1) 76.2 (1) 0.672 (1) -0.734 (1) -0.092 (3)

75.0 (1) 0.111 (1) -0.022 (5) 0.994 (1)
81.1 (1) 0.406 (2) 0.580 (17) 0.706 (4)

Tνb 75.9 (1) 73.8 (1) 0.219 (1) -0.812 (2) 0.541 (16)
72.9 (1) 0.887 (1) -0.066 (9) -0.457 (10)

C5-CH3 direction 0.492 0.802 0.338

a Numbers in parentheses represent standard deviation in the last
digit(s).

Figure 8. K-band ENDOR spectra from a single crystal of 5-meth-
ylcytosine hydrochloride, X-irradiated and observed at 10 K with the
magnetic field along b. The numbers designate the field positions in
Figure 9 at which the ENDOR spectra were acquired.

Figure 9. K-band EPR and EIE spectra from a single crystal of
5-methylcytosine hydrochloride, X-irradiated and observed at 10 K with
the magnetic field along b. (a) Second-derivative EPR spectrum. (b)
and (c) EIE spectra from ENDOR lines νa and νb, respectively. (d)
Simulated absorption EPR spectrum based primarily on tensors Tνa

and Tνb in Table 2 (see text for details).

CHART 4: Radical R2(HCl)
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the surrounding Cl- ions was investigated by using the cluster
(and the procedure) described in section 2. This gave a barrier
of 3.7 kcal/mol for the central molecule (nonradical) in the
cluster. Using the same geometries for a single molecule gave
a barrier of 2.5 kcal/mol. The calculations thus indicate a
substantial increase of the barrier due to the surrounding Cl-

ions.
Upon warming from 10 K to room temperature, ENDOR lines

νa and νb disappeared at 110 K and the EPR lines at the positions
of the EIE spectrum in Figure 9 decreased in intensity from
100 K. During this heat treatment the crystal was recooled from
200 to 10 K, which resulted in both the ENDOR lines and the
main spectral features of the EPR spectrum reappearing. When
recooling from room temperature to 10 K, neither the ENDOR
lines nor the EPR spectral features reappeared. This demon-
strates that radical R2(HCl) decays completely between 200 and
295 K and suggests that thermally activated rotation takes place
somewhere at or above 110 K. No new ENDOR line which
could be ascribed to tunneling or classical rotation for the
R2(HCl) radical was observed, however.

4. Concluding Remarks

In both crystals the cation seems to have deprotonated at N1,
indicating a predisposition for the m5C cation to deprotonate at
this site. However, DFT equilibrium energy calculations suggest
that proton transfer to the hydrogen-bonded neighbors (H2O and
Cl-) is not energetically favorable in either of the two crystals.
Thus the proton may become trapped at other sites, possibly
by additional proton transfer steps.

The R2(HCl) radical was far more stable than the corre-
sponding radical R1(hemi), and apparently no transformation
into other radical species upon warming occurred in either
crystal. One of the reasons for the difference in thermal stability
might be the lack of hydrogen bonding in the HCl crystal. This
could reduce the electronic coupling strength between electron
transfer donor and acceptor and thus reduce the recombination
rate.27 The extensive hydrogen-bonding network in the hemi-
hydrate crystal may also facilitate recombination through a
proton-coupled electron transfer mechanism,28 similar to what
has been observed in crystals of cytosine monohydrate.29

According to the DFT calculations, the barrier to methyl
rotation in the hemihydrate crystal is mainly intramolecular. The
amino proton Hb is probably the main contributor to the barrier
due to its proximity to the methyl group. In the HCl crystals,
however, the electrostatic interaction from the Cl- ions appears
to have as much effect on the barrier as do the intramolecular
interactions. Thus, to identify the N1-deprotonated m5C cation
in more complex systems, information about the ionic surround-
ings should be useful when interpreting EPR and ENDOR
spectra.

After X-irradiation of 5-methylcytosine hemihydrate crystals
at room temperature, the 3RH radical is the dominant radical
observed.30 From the present work, the low-temperature (depro-
tonated) cation is apparently not the precursor for the room-
temperature 3RH radical. Other low-temperature radical species,

as well as the mechanistic pathways for understanding the room
temperature results, are the subject of forthcoming publications.
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