Enhancement of nuclear spin transitions as a resonance effect of isotope substitution
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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
S2Cls, SiFy, PHs, and SFg. We perform variational calculations of nuclear quadrupole interactions
in the rotational spectra of S2Cly and CH2Clz, 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 S;Cly, where nuclear quadrupole interac-
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tions break the nuclear spin symmetry [16], and mid-
infrared transitions in SiF4 [17], PHs [18], and SF¢ [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
S5 Cly and CH,Cly, 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 SyCly [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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system oriented according to the I” convention, where the a, b,
and ¢ axes are assigned to the z, z, and y, respectively. Also
shown are the symmetry products used to construct the total
spin-rotational wavefunctions, where rotational representations
I'rot are combined with chlorine nuclear spin representations
Ins(I) for I = 0,1,2,3, and only products yielding total
representations ['yo; that satisfy the Pauli exclusion principle
are retained.

the chlorine nuclear spins have different energies and are
connected by electric and magnetic dipole transitions.

This enhancement is attributed to a resonance effect
arising from the combined influence of the mass difference
and the change in nuclear quadrupole constants between
the two chlorine isotopes. While this result may appear
intuitive, to our best knowledge, this effect has not been
explicitly discussed in the literature. It illustrates how
even subtle changes, such as small differences in atomic
mass, can significantly impact nuclear hyperfine interac-
tions in molecules.

II. ISOTOPIC EFFECTS ON NUCLEAR-SPIN
QUADRUPOLE COUPLING

The nuclear quadrupole interaction couples the rota-
tional angular momentum J of a molecule with the nuclear
spins of quadrupolar nuclei. For molecules containing two
chlorine atoms, each with nuclear spin I = 3/2, the total
nuclear spin angular momentum is I = I; + I, leading to
the possible spin quantum numbers I = 0,1,2,3. Both
S2Cly; and CHoCls possess point group symmetry oper-
ations that exchanges the two chlorine atoms, such as
(5 rotation in S9Cly and a mirror plane in CHyCly (see
FIG. 1). Nuclear spin states with I = 0 or 2 are anti-
symmetric (para) under chlorine exchange, while those
with I =1 or 3 are symmetric (ortho). The total angular
momentum of the molecule, including nuclear spins, is
denoted by F =J + 1.

The matrix elements of the nuclear quadrupole inter-
action Hamiltonian H, in a product basis of rotational
symmetric-top |.J, k) functions and nuclear spin |I) func-

TABLE I. Calculated EFG tensors Vg, (a.u.”2) at the two
chlorine nuclei (n = 1,2) for the symmetric and asymmetric
isotopologues of S2Cly and CH2Clz at the equilibrium geom-
etry. The orientations of the principal z, y and z axes are
shown in FIG. 1.

tions can be written as [12, 31]
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the rotational matrix elements of the electric field gradi-
ent (EFG) tensor at nucleus n, and <I’||Q512)||I> are the
reduced matrix elements of the quadrupole operator for
that nucleus. The rotational matrix elements of the EFG
tensor are given by
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components of the EFG traceless spherical tensor in the
molecular frame, which is expressed in terms of Cartesian
components as
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For a system containing two nuclei possessing identi-
cal quadrupole coupling constants, the reduced matrix
elements of the quadrupole operator exhibit certain sym-
metry relations. In particular, when I’ — I = 0 or 2, the



reduced matrix elements for the two nuclei are equal,
(7, £21|Q5”17) = (1, £211Q5”I1D).

However, when I’ — I = +1 or £3, the reduced matrix
elements change sign between the two nuclei,

(T+£1,+3)1Q7 D = (T £1,+3)QP D). (4)

Consider matrix elements of the quadrupole Hamilto-
nian in (1) between product states corresponding to the
same rotational state but different nuclear spins, i.e.,
(J,k,I|Hy|J, k,I") where I' — I = £1 or £3. If rotational
matrix elements of the EFG tensor are equal for both
nuclei, Vl(‘]k"]k) = Vz(‘]k"]k), then the contributions from
the two nuclei to the matrix elements of H, cancel due
to the opposite sign of the corresponding reduced matrix
elements in (4). The total matrix element of H, between
such states vanishes.

This cancellation occurs because the EFG tensors V5.,
at the symmetry-equivalent chlorine nuclei in S3Cls and
CH»Cls have identical diagonal and off-diagonal compo-
nents, with some off-diagonal elements differing in sign
between the two nuclei. This symmetry is evident from
Table I, which lists the calculated EFG tensor components
at the two chlorine nuclei in symmetric and asymmetric
isotopologues of S3Cly and CH5Cly. For the symmetric
isotopologues, the diagonal rotational matrix elements

éJk’Jk) are equal for n = 1 and 2, leading to exact can-
cellation of the corresponding terms in the quadrupole
Hamiltonian matrix elements. The quadrupole interac-
tion can still couple nuclear spin states with I’ — I = +1
or £3 (since e.g., Voy1 = —Viyo and Voo1 = —Vas ),
when these states belong to different rotational levels for
which the symmetry conditions necessary for cancellation
are no longer satisfied.

Now consider the effect of breaking molecular symmetry
by substituting one of the chlorine atoms with a different
isotope, replacing 2°Cl with 37Cl. This introduces a small,
vet significant, spatial asymmetry due to the change in
the mass distribution. The principal axes of inertia are
slightly shifted and the symmetry equivalence between
the EFG tensors at the two chlorine sites is broken (see
Table I). The two chlorine isotopes also have different
nuclear quadrupole constants, which further contributes
to the asymmetry. The matrix elements of the EFG
tensors between same rotational states, Vn(‘]k"]k), are no
longer equal for n = 1 and 2, so the cancellation described
earlier does not occur. The off-diagonal matrix elements of
the quadrupole Hamiltonian (J, k, I|Hg|J, k, I') with I' —
I = +£1 or £3 therefore become nonzero. Since they are
comparable in magnitude to the corresponding diagonal
elements (J, k,I|H,|J, k, I}, near-resonant coupling can
produce strong mixing of nuclear spin states with I’ — I =
+1 and +£3.

The breaking of the molecular symmetry by isotope
substitution can induce nuclear spin polarization with
opposite spin orientations on the two chlorine nuclei.
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FIG. 2. (a) Energetically equivalent nuclear spin configurations
for the symmetric isotopologue of CH3°Cls rotating about its
principal z-axis, resulting in well-defined ortho |[I = 1,m; = 0)
and para |0,0) nuclear spin eigenstates. (b) Energetically non-
equivalent spin configurations for the asymmetric isotopologue
CHS?C1%"Cl rotating about its principal z-axis, corresponding
to broken spin symmetry and mixing of ortho and para states.
The difference in rotational orbits of **C1 and 2"Cl in panel b
is exaggerated for visual clarity.

This behavior is qualitatively different from the nuclear
spin symmetry breaking in symmetric isotopologues by
quadrupole interactions alone, which leads to spin po-
larization with the same spin orientation on both nuclei.
Consider a CH5Cls molecule in a rotational state with
a relatively high J quantum number and k& = J, corre-
sponding to classical rotation about the principal z-axis.
Assume the total nuclear spin projection mj; = 0, such
that the two chlorine nuclei have opposite spin orienta-
tions, forming total spin states with 7 = 0 (para) and
I =1 (ortho). In the symmetric isotopologue CH3°Cla,
the two chlorine nuclei are equivalent, and the spin con-
figurations | 1)) and | /1) have identical energies, since
both nuclei follow the same classical rotational orbits (see
FIG. 2.a). The eigenstates of the total spin operator
are then the symmetric and antisymmetric linear combi-
nations, %ﬂ 1)) £ | 1)), corresponding to pure ortho

and para states. Consequently, in the symmetric isotopo-
logue, the nuclear spin polarization remains identical on
both chlorine nuclei, even when ortho-para mixing occurs
between different rotational states.

In contrast, for the asymmetric isotopologue
CH3°C137Cl, isotopic substitution has changed the mass
distribution and slightly shifted the orientation of the
principal axes. The two chlorine nuclei now follow
slightly different rotational trajectories, and the spin
configurations | 1)) and | |1) acquire slightly different
energies (see FIG. 2.b). These configurations no longer
correspond to pure ortho or para states but form mixtures
of both. Therefore, the nuclear spin polarization can
differ in sign and magnitude between the two chlorine
nuclei in rotational states where ortho-para mixing
occurs,

In symmetric isotopologues, in addition to the can-
cellation of certain quadrupole matrix elements due to
symmetry, further constraints are imposed by the Pauli
exclusion principle. For S3Cly with Cs symmetry, the to-



tal spin-rotational wavefunction in the ground vibrational
and electronic state must transform according to the B
irreducible representation. The para nuclear spin states
(I =0,2) of B symmelry can form a symmetry-allowed
product with the rotational states of A symmetry, while
the ortho spin states (I = 1,3) of A symmetry can form
a product with the rotational states of B symmetry (see
FIG. l.a). For CH,Cl, with Cs, symmetry, the total
spin-rotational wavefunction must transform according
to the Ay or As irreducible representations, due to the
fermionic nature of both chlorine and hydrogen nuclei (see
FIG. 1.b). Neglecting nuclear spin interactions involv-
ing the hydrogen nuclei, all combinations of rotational
and nuclear spin symmetries are allowed. The statistical
weights for the hydrogen nuclear spin states are 3 for total
symmetries Ay and As, and 1 for By and Bs. In asym-
metric isotopologues, molecular symmetry is reduced: for
S35CI37Cl the symmetry lowers to C; and for CH3°CI*7Cl,
it reduces to C,.

III. NUMERICAL RESULTS AND DISCUSSION

The geometries of both molecules were optimized at the
CCSD(T) level (coupled-cluster singles and doubles with
perturbative triples) in the frozen-core approximation,
using the aug-cc-pVTZ correlation-consistent basis set [32,
33]. Dipole moments and EFG tensors were computed
using coupled-cluster first-order analytical derivatives [34].
All electronic structure calculations were performed with
the CFOUR quantum chemistry package [35].

Hyperfine structure calculations were carried out with
the Richmol package [36] in two steps. First, rotational
energies and wavefunctions were obtained by solving
the Schrédinger equation with an effective Watson-type
Hamiltonian, using rotational and centrifugal distortion
constants determined in high-resolution spectroscopic
studies [37-39]. The rotational wavefunctions were ex-
pressed as linear combinations of symmetric-top functions
|J, k,7), where 7 is the parity quantum number. In the
second step, hyperfine states |F, 1) (I is the hyperfine state
index) were constructed as linear combinations of coupled
angular momenta products of symmetry-allowed rota-
tional wavefunctions and the joint nuclear spin functions
of the chlorine nuclei |T). The expansion coefficients were
obtained by solving the eigenvalue problem for the sum
of the rotational Hamiltonian and the nuclear quadrupole
interaction, as defined in (1). For the quadrupole interac-
tion, we used ab initio calculated EFG tensors together
with nuclear quadrupole constants eQ(3*Cl) = —81.65 mb,
and eQ(37Cl) = —64.35 mb [40].

The calculated nuclear quadrupole hyperfine energies
and spectra for S5Cly were validated against theoretical
and experimental results reported in the literature [13, 16].
All energy differences are below 1 MHz and the discrep-
ancy is attributed to the use of ab initio calculated EFG
tensors in the present work, as compared to the effective
quadrupole coupling constants employed in previous stud-
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FIG. 3. Total weight of the nuclear spin para (I = 0,2)
contributions to rotational states as a function of the state
energy for symmetric and asymmetric isotopologues of S;Cl,
(panels a, b) and CH2Clz (panels ¢, d). The para weights wpara
are calculated as the sum of squares of the wavefunction linear
expansion coeflicients corresponding to basis states |J, k, )| I =
0) or |J,k,7)|I = 2). The weight of the ortho contributions
(I =1,3)is given by Wortho = 1 —Wpara- States are color-coded
by the quantum number difference |F' — J|.

ies [13]. The corresponding comparisons are provided in
the supplementary information [41].

To analyze the mixing of nuclear spin states, we calcu-
lated the total weight wpar, of contributions from nuclear
spins 7 = 0 and 2 (para) to each rotational state. The
complementary contribution from nuclear spins with I = 1
and 3 (ortho) is given by Wortho = 1 — Wpara. The results
for symmetric and asymmetric isotopologues of S5Cly and
CH5Cls are shown in FIG. 3 for all rotational states with
F <17 (J < 20). As both molecules are close to pro-
late tops (Ray’s asymmetry parameter x < —0.9), groups
of rotational states with increasing energy correspond
to increasing values of the rotational quantum number
k. In the symmetric isotopologue of S2Cly (FIG. 3.a),
significant ortho-pare mixing is observed only for states
with £ = 6..12 (J = 9..18). In contrast, the symmetric
isotopologue of CH2Cly (FIG. 3.c) exhibits no noticeable
ortho-para mixing.

For the asymmetric isotopologues, strong ortho-para
mixing occurs across all k-values. The effect is more
pronounced in S5Cls than in CH5Cls, which can be at-
tributed to its lower molecular symmetry, for example,
the presence of all nonzero off-diagonal components in the
EFG tensor (Table I). In CH»Cly, symmetry constraints



J kE 1 F mpg E (MHZ) Wpara Wortho <IAZ,1> <IAZ,2>

83°Cl,

12 7 039 9 411775.0324 0.00 1.00 -1.350 -1.350
12 7 0112 12 411775.0468 0.24 0.76 0.056 0.056
12 7 1212 12 411775.0469 0.76 0.24 0.059 0.059
12 7 0315 15 411775.0599 0.00 1.00 1.500 1.500
12 7 0310 10 411775.1206 0.00 1.00 -0.773 -0.773
12 7 1211 11 411775.1407 0.51 0.49 -0.363 -0.363
12 7 1211 11 411775.1437 0.49 0.51 -0.361 -0.361
s 137l

101013 7 7 560199.1545 0.00 1.00 -1.312 -1.312
101013 8 8 560201.3164 0.01 0.99 -0.647 -0.799
1010 02 8 8 560202.1378 0.99 0.01 -0.964 -0.812
101003 9 9 560202.0034 021 0.79 0.484 -1.120
101002 9 9 560202.1712 0.79 0.21 -1.142 0.460
1010 1 1 10 10 560199.5391 0.49 0.51 1.496 -1.358
1010 0 1 10 10 560199.5581 0.51 0.49 -1.358 1.495
CHS® 1Pl

1010 0 3 7 7 3214525.1465 0.00 1.00 -1.312 -1.312
1010 0 3 8 8 3214537.3502 0.09 0.91 -1.032 -0.442
1010 0 2 8 8 3214543.1327 0.91  0.09 -0.579 -1.169
101002 9 9 32145404378 0.43  0.57 -1.297 0.641
101002 9 9 32145442488 0.57 0.43 0.635 -1.297
10 10 0 1 10 10 3214527.2361 0.50 0.50 -1.357 1.496
1010 1 1 10 10 3214527.7134 0.50 0.50 1.494 -1.359

TABLE II. Expectation values of the nuclear spin operators
Iy, (n=1,2) for the two chlorine atoms in selected hyperfine
states of symmetric $3°Cly and asymmetric S5°CI37Cl isotopo-
logues of S2Cla, as well as the asymmetric CH§5C137C1 iso-
topologue. Results for the symmetric isotopologue of CH3"Cly
are omitted, as it exhibits no significant ortho-para mixing
(see FIG. 3.c).

allow only the V.., nonzero off-diagonal component. Ad-
ditionally, isotopic substitution of one chlorine atom in
S2Cls induces a larger asymmetry in the diagonal compo-
nents of the EFG tensor between the two chlorine atoms
compared to CH2Cls, due to a larger shift of the principal
axes. For S3°CI7Cl, the differences Vo (**Cl) — Voo (?7Cl)
are 0.07, 0.03, and -0.10 a.u. 3 for a = x,y, z, respectively
(see Table I). The corresponding values for CH;Cly are
smaller: 0.04, 0.0, and -0.04 a.u.” 3.

We did not find a clear correlation between the strong
mixing of nuclear spin states in rotational levels and spe-
cific combinations of quantum numbers or characteristic
features of the rotational probability density distributions.
However, some states with quantum number differences
|FF—J| =0 and 1 appear to exhibit the strongest mixing.

To investigate the nuclear spin polarization effect, we
calculated the expectation values of the chlorine nuclear
spin operators, (F,mpg, l|IAZ7n|F, mp,l) (n=1,2), listed
in Table II, together with the corresponding laboratory-
frame spin-density distributions, pglF’mF ’l), shown in
FIG. 4, for selected J,k rotational branch and with
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FIG. 4. Nuclear spin density distributions for the laboratory-
frame Z-component of the *°C1 and *"Cl nuclear spins in the
asymmetric isotopologue CH3® C127Cl, represented in Cartesian
coordinates on a unit sphere. Results are shown for selected
rotational states with quantum numbers J = 10 and k& = 10
(mp = F), indicated by the dashed rectangle in FIG. 3.d. Four
specific cases are shown: (a) a pure ortho state (wpara = 0)
with F' — J < 0; (b) a pure ortho state with F'—.J > 0; (¢) a
mostly ortho state (wpara 2, 0) with F' —.J = 0; (d) a state
with equal ortho and para contributions (wpara = 0.5) with
F—J=0.

mp = F. Data for other states are available in the sup-
plementary information [41]. The spin-density is defined
as

ng,mF,l)(rg) - <Fa mp, l|5(rn o rg)jzﬂl|Fa mr, l>a

where [ indexes the hyperfine states with the total angular
momentum quantum number F, r,, denotes the normal-
ized Cartesian coordinate of the nth chlorine nucleus, and
r, is the laboratory-frame position mapped onto a unit
sphere. Evaluating this function on a grid of r, values
vields the probability density of the nuclear spin being
oriented ‘up’ or ‘down’ along the laboratory Z-axis as a
function of the angular position of nucleus n. To generate
the distributions, we sample molecular orientations rg
using a rejection-sampling approach, with the absolute
value of p,, taken as the sampling weight.

The density plots in FIG. 4 correspond to states with
mp = F, which classically represents a molecule rotating
about an axis that precesses around the laboratory Z-axis,
with the axis becoming increasingly aligned with Z for
larger F'. For each chlorine nucleus, the plots demonstrate
alignment close to the Z-axis, with equal probability of
finding one nucleus in the upper hemisphere and the other
in the lower, or vice versa. The color scale indicates the
projection of each nuclear spin onto the Z-axis.

As expected, in symmetric isotopologues the spin oper-
ators and densities show the same nuclear spin orientation
and magnitude for both chlorine nuclei, even in states
with strong ortho-para mixing. The direction of spin po-
larization, positive or negative, is determined by the sign
of the difference between the total and rotational angular
momentum quantum numbers, F'— J. A similar behavior



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 CH3?CI?"Cl. 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 # 0.5), the magnitudes of the nuclear spin polar-
ization on the two nuclei also differ. A similar pattern is
predicted for the S3°C137Cl 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,7,I,F) =
12,2,1,1,2) of CH3*CI?"Cl with energy 133716.7 MHz
that has nuclear spin expectation values of (I} z) = —0.62

for 3°Cl and (I z) = 1.40 for 3"Cl. 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 (I; z) = 1.31 and (I3,z) = —0.76. The magnetic
dipole moment is defined as dy = uN(gleJ + ggfzg),
where g, are the nuclear g-factors [43] and uy is the
nuclear magneton. For the transition between the states
above, the calculated magnetic dipole matrix element is
0.11uyn. 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 (pz) ~i10~* 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
CH3°CI*"Cl and S3°CI%7Cl is provided in the supplemen-
tary information [41]. Some of these transitions exhibit
relatively large electric dipole moments, on the order of
107! 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 SoCly
and CH,Cls, as shown in FIG. 5. The transitions are
grouped by AI = |I' —I| with Al = 0,2 (ortho-ortho and
para-para) and AI = 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 S3°Cly [16] occur near 12000 MHz, with intensi-
ties between 1072 and 10~* times weaker than the allowed
transitions in this region. As shown in FIG. 5.a, however,
S3°Cly also exhibits forbidden ortho-para transitions at
higher frequencies that are of the same order of magni-
tude as the allowed ones. For CH3°Cl,, the forbidden
transitions are much weaker than in S3°Cly and there-
fore are not visible in the linear-scale spectrum shown in
FIG. 5.c. Nonetheless, the strongest transitions in the
10000-20000 MHz range reach intensities about 1073
relative to the allowed ones (see supplementary informa-
tion [41]).

As expected, the forbidden transitions (Al = 1,3)
shown in Figure FIG. 5 for the symmetric isotopologues
are generally significantly weaker than the allowed tran-
sitions (Al = 0,2). In the depicted region, the ratio
between the strongest Al = 1,3 and Al = 0,2 transi-
tions is only ~1073 for CH3*Cl,. In constast, for the
asymmetric isotopologue, CH3?CI37Cl, this ratio is about
0.5. For S5Cly, the strongest Al = 1,3 and Al = 0,2
transitions are of similar magnitude (ratio of ~ 0.5) for
both the symmetric and asymmetric isotopologue. How-
ever, several strong Al = 1,3 transitions are predicted
for S3°CI37Cl, and the AI = 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 S3°CI13"Cl (Fig. 3.b
in [46]) with our calculations suggest the presence of
weak ortho-para transitions within the Ji, . = 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 CH5Cly
and S5Cly molecules with strong nuclear quadrupole cou-
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FIG. 5. Hyperfine rotational absorption spectra of symmetric and asymmetric S2Cly isotopologues (panels a, b) and symmetric
and asymmetric CH3"Cly isotopologues (panels b, ¢), calculated for all states with £ < 17 (J < 20) and 7' = 10 K. Transitions
involving states with strong ortho-para mixing (0.4 < wpara < 0.6) are shown in red. Transitions between states differing in
total nuclear spin by 1 or 3 (based on the assignment by leading basis contribution) are emphasized with red circles.

pling breaks nuclear spin symmetry and significantly en-
hances the mixing of nuclear spin states, producing spin
polarization with opposite orientations on different iso-
topic nuclei. In the literature, isotope substitution has
been discussed in terms of mass-dependent effects and
hyperfine interactions with electron spins [23, 25]. Here,
we highlight an additional possible mechanism: isotopes
acquiring opposite nuclear spin orientations. Since nu-
clear spin polarization was observed to remain relatively
stable following processes such as photodissociation or
dissociative ionization [27, 47], opposite-sign polarization
between isotopes could also influence chemical reactiv-
ity, particularly in external magnetic fields where subtle
energy shifts arise depending on spin orientation.

We further show that isotope substitution can enhance
forbidden ortho-para transitions by orders of magnitude,
from ~ 1072 in the symmetric isotopologue, CH,Cls,
to ~ 0.5 in the asymmetric isotopologue CH3?CI37Cl.
With such strong mixing, the distinction between ortho
and para states becomes less meaningful. However, an
interesting observation is that many of the enhanced tran-
sitions connect rotational states with opposite relative
orientations of nuclear spins on the two chlorine nuclei.
These transitions may provide new pathways for control-
ling nuclear spin dynamics. In addition, nuclear spin
polarization offers a sensitive probe for high-resolution
spectroscopy and precision measurements, for example,
in studies of parity violation associated with chirality in-
duced by isotope substitution, such as in CHFCl,, where
nuclear-spin-dependent contributions may play a signifi-
cant role [48-50].

V. SUPPLEMENTARY MATERIAL

The supplementary material includes an archived
snapshot on the repository https://github.com/
robochimps/isotope_nqr, which contains all Python
code required to reproduce and extend the results
of this study. In particular, the Jupyter note-
book files s2¢12_35_35.ipynb, s2¢l12_35_37.ipynb,
ch2c¢12_35_35. ipynb, and ch2¢12_35_37. ipynb provide
the results of calculations for $3°Cly, S3°C137C1, CH3°Cl,,
and CH3°CI?"Cl, respectively.

VI. DATA AVAILABILITY

The complete code and calculation results support-
ing this study are provided in Jupyter notebook for-
mat in the following repository: https://github.com/
robochimps/isotope_nqgr.

VII. CODE AVAILABILITY

The Richmol computer code developed and used in this
work is available at: https://github.com/robochimps/
richmol.
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