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ENDOR evidence for the quantum exchange of the methylene protons
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Abstract

ENDOR spectroscopy was used for studying methylene proton couplings in the 6-yl (or H-addition) radical in a single crystal of 1-
methyluracil at 4.2 K. The two methylene protons were magnetically equivalent in all crystal (radical) orientations in the magnetic field,
indicating proton quantum exchange. The two protons compose magnetically single entity with spin I = 1. The observed small ENDOR
line splittings of about 0.60 MHz agree well with the theoretical expectations for such a system.
� 2007 Elsevier Inc. All rights reserved.
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1. Introduction

In the study of organic radicals by EPR and ENDOR
spectroscopies, the proton hyperfine interactions give
important information on the structure and dynamics of
the radicals studied. It has been known for long time that
the magnetically equivalent protons give rise to the level
splitting and consequently to the splitting of the EPR or
ENDOR lines. The proton equivalence is brought about
by molecular motion, like originally observed with EPR
for the ethyl radical in solution [1] and with ENDOR for
the rotating methyl group in a solid [2]. Since the line split-
ting is very small, it could be observed only for the systems
giving rise to very narrow resonance lines and rather large
proton couplings.

Accidental equivalence of the two methylene protons in
a radical in solid was first treated by Gloux [3]. The equiv-
alence was observed only for some orientations of the rad-
ical in the magnetic field, for the orientations in which the
corresponding energy levels were expected to cross. Subse-
quent EPR and ENDOR studies of the so-called 5-yl or H-
addition radicals in thymidine [4,5] and thymine [6,7]
undoubtedly demonstrated individual character of the
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two methylene protons; they exhibited two distinct cou-
pling tensors. The only report which might illustrate com-
plete equivalence of the two methylene protons is that on
the 6-yl or H-addition radical in 1-methyluracil [8],
although not completely recognized at the time of the re-
port. In the present report we present the evidence for
quantum exchange of the methylene protons in that sys-
tem, independent of the crystal and radical orientation in
the external magnetic field.
2. Results and discussion

In order to rule out the molecular motion as a source of
averaging out the magnetic properties of the two methylene
protons, the ENDOR measurements were done at 4.2 K, by
immersing the ENDOR resonance cavity with the sample
into liquid helium. The high-frequency resonance lines cor-
responding to the methylene proton couplings were re-
corded in various directions of the crystal (and the radical)
in the external magnetic field. Fig. 1 shows the doublet of
the closely spaced resonance lines recorded for a selected
direction of the magnetic field in the crystallographic ac

plane. The experimental data for the complete ac plane are
presented in Fig. 2. The ac plane is selected for presentation,
because in the earlier study at room temperature [8], for
most directions of the magnetic field in that plane, the lines
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Fig. 1. ENDOR resonance lines attributed to the methylene protons in the
H-addition radical of 1-methyluracil. The spectrum was recorded for the
magnetic field in the ac crystal plain, 70� from Æaæ, for me = 9.14 · 109 Hz
and mp = 14.28 MHz.

Fig. 2. Angular variation of the methylene proton resonance lines in the
H-addition radical of 1-methyluracil, in the a,c plane of the crystal lattice.
The measurements were done at 4.2 K, for me = 9.1 · 109 Hz and
mp = 14.28 MHz.
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corresponding to the methylene proton couplings could not
be observed. The spacing between the lines in the doublet is
0.55–0.68 MHz, being larger for larger proton couplings.
That observation obviously demonstrates correlated behav-
ior of the two methylene protons. They might be considered
to compose a single entity with nuclear spin I = 1.

The energy levels for the system composed of an un-
paired electron (S = 1/2) and a nuclear entity of spin
I = 1 in the magnetic field (B) could be derived by solving
the corresponding secular equation [9]. Instead to referring
to the exact solution, for the present purpose it is conve-
nient to present the three high-frequency energy levels
(MS = �1/2, A > 0) in frequency units in a power series
expansion to the second order:
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Here me and mP refer to the EPR and the proton NMR res-
onance frequencies, respectively, and A is the orientation-
dependent proton coupling. The corresponding transition
frequencies are:
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The two transitions differ in the second order term,
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Since in our experiments me = 9.1 · 109 Hz and mP =
14.28 MHz, for the direction of the magnetic field in the
c crystallographic axis the observed resonances at
m1 = 63.00 MHz and m2 = 63.57 MHz give A(c) =
97.44 MHz and the line splitting of 0.57 MHz. For the
magnetic field in the ac plane, 70� from Æaæ, the resonances
appear at 63.36 and 63.95 MHz, respectively (Fig. 1). Like-
wise, for Bia, the values are m1 = 66.60 MHz and
m2 = 67.25 MHz, giving A(a) = 104.64 MHz and the line
splitting of 0.65 MHz. According to Eq. (3) the corre-
sponding theoretical line splittings are D(c) = 0.52 MHz
and D(c) = 0.60 MHz, what is in good agreement with
the experiments. The experimentally observed splittings
(recorded with the error of ±0.02 MHz) are systematically
slightly higher than the theoretical values. A part of the
explanation might lie in the use of the approximation in
deriving Eqs. (1)–(3).
3. Conclusions

It is concluded that the two proton spins in the H-addi-
tion radical in the crystal of 1-methyluracil form the triplet
state in all orientations of the crystal (and the radical) in
the external magnetic field. For certain orientations the cou-
pling of the two protons, if they were independent, would
differ by as much as 10 MHz. This means that the exchange
interaction between the spins is larger than 10 MHz and
forces the spins to be strongly correlated. To our opinion,
the proton spin correlation lies in the symmetry of the sys-
tem. In the highly symmetric crystal lattice [10] the hydrogen
atom that adds to 1-methyluracil upon radical formation
makes the two hydrogens of the newly formed methylene
group symmetrically placed with respect to the pyrimidine
ring and equivalent in the immediate surroundings. They
might be considered to compose the pseudo-orbital com-
posed of the two hydrogen s orbitals, u = (1/2)�2 Æ
[u(A) � u(B)]. Pseudo-orbital u has the same symmetry as
the atomic pz orbitals and participates on equal terms in
composing the molecular p orbital and in the spreading of
the unpaired electron. The two methylene protons occupy
the same ‘‘orbital’’ and consequently are not discriminated.
In other related systems studied [3–7], the two methylene
protons are not equivalent in their crystal environment.
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