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Mixing of different components of the total nuclear spin in the rovibrational states of isolated
molecules is extremely weak. It has only been observed in hyperfine spectra for few systems, including
S2Cl2, SiF4, PH3, and SF6. We perform variational calculations of nuclear quadrupole interactions
in the rotational spectra of S2Cl2 and CH2Cl2, and analyse the effects of breaking the molecular
symmetry by isotopic substitution of one of the chlorine atoms. This symmetry breaking significantly
enhances the mixing of nuclear spin states and produces a distinct spin polarization pattern with
opposite spin orientations on the different isotopes. The enhancement arises as a resonance effect
driven jointly by differences in isotopic masses and nuclear quadrupole coupling constants and gives
rise to electric and magnetic dipole transitions between states with different relative orientations of
the nuclear spin.

I. INTRODUCTION

Nuclear spin interactions in isolated molecules are ex-
tremely weak; hence, each rovibrational state generally
has a well-defined nuclear spin component. In molecules
like hydrogen or water, the nuclear spins of the two hy-
drogen nuclei combine to form either I = 0 (para) or
I = 1 (ortho) states. These spin states impose distinct
symmetry constraints on the spatial (rovibrational) part
of the molecular wavefunction, resulting in different phys-
ical and chemical properties of the ortho and para forms.
Such spin-induced symmetry differences enable the sepa-
ration of ortho and para states in cold molecular beams
using techniques like Stark deflection [1]. Similarly, in
molecular collision experiments, observed differences be-
tween ortho and para states originate not from the nuclear
spins themselves, but from the symmetry properties of
the spatial component of the wavefunction [2]. In such
contexts, nuclear spin affects molecular properties primar-
ily by constraining the overall symmetry of the molecular
quantum state.

Although mixing between nuclear spin states of different
symmetry is weak, it is not strictly forbidden and can be
enhanced by external perturbations, such as electric fields
and radiation [3–5], molecular collisions [6–8], intermolecu-
lar interactions [9], and interactions with macromolecular
environments such as surfaces or fullerenes [10, 11]. These
external effects are mediated by internal nuclear hyperfine
interactions between closely resonant states, commonly de-
scribed by the nuclear quadrupole coupling [12, 13], mag-
netic spin-spin, and spin-rotation interactions [6, 14, 15].
Experimentally, purely internal mechanisms of nuclear
spin-symmetry mixing have been observed through forbid-
den spectroscopic transitions. These include microwave
transitions in S2Cl2, where nuclear quadrupole interac-
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tions break the nuclear spin symmetry [16], and mid-
infrared transitions in SiF4 [17], PH3 [18], and SF6 [19],
where symmetry breaking arises from a combination of
rotational energy level clustering effect and spin-rotation
coupling [20].

It is an intriguing question whether internally induced
mixing of nuclear spin states and the breaking of nuclear
spin symmetry can produce observable effects on molec-
ular properties. Notably, the rates of certain chemical
reactions, and even enantioselectivity in electrochemical
processes, have been shown to depend on the nuclear spin
and magnetic moment of the reactants [21–24]. This phe-
nomenon, known as the magnetic isotope effect, occurs
when one or more atoms in a molecule are replaced by
magnetic isotopes, whose nuclear spins influence chemical
reactivity through hyperfine interactions with electron
spins [25]. The long-lived nature of nuclear spin states
is also exploited in nuclear hyperpolarization methods,
which aim to enhance the sensitivity of magnetic resonance
experiments [26–30]. However, to date, no connection has
been established between nuclear spin symmetry breaking
and either magnetic isotope effect or hyperpolarization
phenomena.

In this work, we report a related effect in rotational
spectra, arising from the isotopic substitution of one of
two symmetry-equivalent atoms, which breaks the molec-
ular symmetry. We investigate the symmetric molecules
S2Cl2 and CH2Cl2, each containing two quadrupolar chlo-
rine nuclei in symmetry-equivalent positions, as shown
in FIG. 1. In these molecules, two off-diagonal compo-
nents of the electric field gradient tensor at the chlorine
nuclei change sign between the two sites. As a result,
the nuclear quadrupole interaction can mix nuclear spin
states of different symmetry, as previously observed and
predicted in the rotational spectrum of S2Cl2 [13, 16]. We
also predict that breaking the symmetry between the two
chlorine nuclei by isotopic substitution strongly enhances
this mixing, leading to nuclear spin polarization, with the
two chlorine isotopes acquiring opposite spin orientations.
Rotational states with opposite relative orientations of
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is predicted for asymmetric isotopologues in pure ortho

or para states, where both chlorine nuclei also exhibit
identical nuclear spin magnitudes and orientation. This
is illustrated in FIG. 4.a and FIG. 4.b for the k = J = 10
states of CH35

2
Cl37Cl. In contrast, for mixed ortho-para

states of asymmetric isotopologues (0 < wpara < 1), the
spin operators and densities reveal opposite spin orien-
tations on the two chlorine nuclei, as shown in FIG. 4.c
and FIG. 4.d. For states with unequal ortho-para mixing
(wpara 6= 0.5), the magnitudes of the nuclear spin polar-
ization on the two nuclei also differ. A similar pattern is
predicted for the S35

2
Cl37Cl isotopologue.

The existence of states with broken spin symmetry,
where different relative orientations of the nuclear spins
are associated with different field-free energies, enables
spin-flipping transitions via electric or magnetic dipole
interactions with external fields. Moreover, additional
electric-dipole transition pathways become allowed in
asymmetric isotopologues as a result of symmetry break-
ing. Such spin-switching transitions may be of interest for
applications such as quantum information processing [42].

As an example, consider the state |J, k, τ, I, F 〉 =
|2, 2, 1, 1, 2〉 of CH35

2
Cl37Cl with energy 133716.7 MHz

that has nuclear spin expectation values of 〈Î1,Z〉 = −0.62

for 35Cl and 〈Î2,Z〉 = 1.40 for 37Cl. This state is con-
nected via a magnetic dipole transition to |2, 2, 1, 0, 2〉 at
133718.3 MHz, which has flipped nuclear spin orientations,
with 〈Î1,Z〉 = 1.31 and 〈Î2,Z〉 = −0.76. The magnetic

dipole moment is defined as d̂Z = µN (g1ÎZ,1 + g2ÎZ,2),
where gn are the nuclear g-factors [43] and µN is the
nuclear magneton. For the transition between the states
above, the calculated magnetic dipole matrix element is
0.11µN . In addition, a weak electric dipole transition
connects the same initial state to its opposite-parity coun-
terpart |2, 2, 0, 0, 2〉, which also exhibits flipped nuclear
spin orientations. The corresponding transition matrix
element is 〈µZ〉 ≈ i10−4 a.u., a coupling that is absent in
the symmetric isotopologue.

An extensive list of electric- and magnetic-dipole spin-
switching transitions originating from states with opposite
nuclear spin orientations at different chlorine nuclei in
CH35

2
Cl37Cl and S35

2
Cl37Cl is provided in the supplemen-

tary information [41]. Some of these transitions exhibit
relatively large electric dipole moments, on the order of
10−1 a.u, and may be exploited in electrical schemes for
controlling nuclear spin dynamics [44, 45].

Finally, we simulated the absorption spectra at T =
10 K for symmetric and asymmetric isotopologues of S2Cl2
and CH2Cl2, as shown in FIG. 5. The transitions are
grouped by ∆I = |I ′−I| with ∆I = 0, 2 (ortho-ortho and
para-para) and ∆I = 1, 3 (ortho-para) and shown with
different colors. However, this classification becomes some-
what ambiguous for the asymmetric isotopologues when
ortho and para states are strongly mixed. Therefore, we
highlight in red the transitions for which one or both states
exhibit strong ortho-para mixing, with 0.4 < wpara < 0.6.
Notably, all strong transitions assigned as ortho-para (in-
dicated by red circles) occur between such strongly mixed

states. In the asymmetric isotopologues, the presence of
additional allowed energy levels increases the partition
function compared to the symmetric isotopologues. This
reduces the population of the individual initial states,
making the strongest transitions appear weaker than the
corresponding transitions of the symmetric isotopologues.

The experimentally observed forbidden ortho-para tran-
sitions in S35

2
Cl2 [16] occur near 12 000 MHz, with intensi-

ties between 10−3 and 10−4 times weaker than the allowed
transitions in this region. As shown in FIG. 5.a, however,
S35

2
Cl2 also exhibits forbidden ortho-para transitions at

higher frequencies that are of the same order of magni-
tude as the allowed ones. For CH35

2
Cl2, the forbidden

transitions are much weaker than in S35

2
Cl2 and there-

fore are not visible in the linear-scale spectrum shown in
FIG. 5.c. Nonetheless, the strongest transitions in the
10 000–20 000 MHz range reach intensities about 10−3

relative to the allowed ones (see supplementary informa-
tion [41]).

As expected, the forbidden transitions (∆I = 1, 3)
shown in Figure FIG. 5 for the symmetric isotopologues
are generally significantly weaker than the allowed tran-
sitions (∆I = 0, 2). In the depicted region, the ratio
between the strongest ∆I = 1, 3 and ∆I = 0, 2 transi-
tions is only ∼10−3 for CH35

2
Cl2. In constast, for the

asymmetric isotopologue, CH35

2
Cl37Cl, this ratio is about

0.5. For S2Cl2, the strongest ∆I = 1, 3 and ∆I = 0, 2
transitions are of similar magnitude (ratio of ∼ 0.5) for
both the symmetric and asymmetric isotopologue. How-
ever, several strong ∆I = 1, 3 transitions are predicted
for S35

2
Cl37Cl, and the ∆I = 1, 3 transitions contribute

more than 4% of the total intensity in the shown spectral
region.

We believe this phenomenon can be experimentally
observed through high-resolution spectra, for example
by fitting effective Hamiltonians that include hyperfine
interactions [16, 37, 46]. In particular, comparison of the
experimental and simulated spectra of S35

2
Cl37Cl (Fig. 3.b

in [46]) with our calculations suggest the presence of
weak ortho-para transitions within the Jka,kc

= 220 −
111 rotational transition band (see the supplementary
materials).

It should be emphasized that, since the effect origi-
nates from resonances, the hyperfine line positions and
especially the intensities of the ortho-para transitions are
highly sensitive to both the effective rotational constants
and the accuracy of the quadrupole coupling constants.
In first-principles approaches, it is therefore essential to
include centrifugal and Coriolis interactions. As a re-
sult, the overall accuracy depends on both the quality
of the potential energy surface near equilibrium and the
accuracy of the calculated electric field gradient tensors.

IV. CONCLUSIONS

We demonstrated that isotope substitution in CH2Cl2
and S2Cl2 molecules with strong nuclear quadrupole cou-
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