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Abstract: Here we reported the deuteration of the metal-
binding equatorial water molecules in a reported HoIII single-
molecule magnet (SMM) with pentagonal-bipyramidal geom-
etry, from [Ho(CyPh2PO)2(H2O)5]

3+ to [Ho(CyPh2PO)2-
(D2O)5]

3+. The hyperfine structures originating from the
nuclear spin of 165HoIII can be clearly observed. Moreover,
the resulting magnetization dynamics revealed the switch of the
relative relaxation rates for the two isotope-isomorphic com-
plexes—respectively faster/slower at low/high temperature. The
noticeable isotope effect arises from not only the paramagnetic
metal center but also the diamagnetic ligands, which can be
explained by the ab initio calculated tunnel splitting and the
involvement of the super-hyperfine interaction related to the
difference in the nuclear spin number of protium (1H, I = 1/2)
and deuterium (2H, I = 1).

Isotope effects reflect the quantum nature of atomic nucleus,
which is widely observed and investigated in differing
chemical kinetics, solubility, NMR shift, spectroscopy, etc.
This topic attracts intense interests from multidiscipline
including physics and chemistry.[1–11] Thanks to the consid-
erable mass difference, for example ca. 100 % mass increase
from protium (1H) to deuterium (2H or D) and the different
nuclear spin as well, the isotope effect is more pronounced in
further affecting the associated inter/intramolecular behavior,
like the strength of hydrogen bond,[12–14] the lattice vibration/
spin-phonon coupling,[15–19] and the much smaller gyromag-
netic ratio of the deuterium spin (2H:1H = 1:6.5). As a weakly
interacted monodisperse system, single-molecule magnets
(SMMs) exhibit slow magnetic relaxation arising from their
large magnetic anisotropy, which shows the ability of mag-
netic memory at the single-molecule level. Thus, SMMs are
regarded as promising candidates for high-density informa-
tion storage and spintronic devices.[20–27] In fact, they are
unlimited to inherently possess magnetization dynamics

arising from electronic spin, but potentially collaborate with
nuclear spin.[28–32] In terms of the above, isotope effect may
regulate the properties of SMMs and bring novel and
interesting quantum phenomena.

As far as we know, isotope effects on magnetic relaxation
in the research of SMMs are rarely reported.[29–39] Most of
them are isotopic enriched or naturally-isotope-pure for the
paramagnetic metal centers, like DyIII, HoIII, ErIII or
YbIII [29–37, 40–44] clearly revealing that the nuclear spin of the
metal center have significant effects on magnetic behavior.
However, magnetization dynamics on the diamagnetic coor-
dination ligands are scarcely studied, only two of which were
tried to deuterate the ligand and reported the isotope
effects.[38, 39] Both cases are transition-metal complexes,
while the isotope effects of coordination ligand in lanthanide
SMMs, especially for the high-performance HoIII SMMs, still
remain phenomenologically ambiguous, let alone the deute-
rium-driven magnetic relaxation mechanism.

In this context, we focus our attention on a reported HoIII

single-ion magnet (SIM),[31] showing quantum effects arising
from its nuclear spin on the paramagnetic metal site. Taking
notice of the five coordinated water molecules in the
equatorial plane, which particularly facilitate the formation
of abundant hydrogen bonding networks around HoIII ions,
we expect it to be a good model complex to study the
magnetic dynamics induced by the protium/deuterium bond
from the diamagnetic peripheral ligand. Herein we synthe-
sized the non-deuterated complex [Ho(CyPh2PO)2-
(H2O)5]I3·2(CyPh2PO)·2 EtOH (1, Cy = cyclohexyl), and the
deuterated analog [Ho(CyPh2PO)2(D2O)5]I3·2-
(CyPh2PO)·2EtOD (2). Isotopic substitution from protium
to deuterium can be simply implemented in deuterated water
and ethanol via active hydrogen exchange. By probing via
infrared spectra for 1 and 2, it clearly reveals that the
deuteration is successfully achieved (Figure S1).[10,45, 46]

The crystallographic structures were investigated by
single-crystal X-ray diffraction (Figure 1, Figure 2a and
Table S1). The isostructural 1 and 2 are both crystallized in
orthorhombic space group C2221 with the crystallographic C2

axis passing through the Ho1-O1W. The complete molecular
structure is almost identical to the reported one,[31] with two
coordinated CyPh2PO ligands in the axial positions and five
coordinated water molecules in the equatorial plane, two
uncoordinated CyPh2PO ligands, three iodide anions and two
ethanol molecules.

As depicted, the coordination environment of the HoIII

can be regarded as a compressed pentagonal bipyramid. With
minor different bond length and bond angle of both
complexes, axial Ho�O bonds of 2.202 � for 1 and 2.196 �
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for 2, an average equatorial Ho�O bond length of 2.345 � for
1 and 2.344 � for 2. The O1-Ho-O1A bond is very nearly
linear, with bond angle of 177.98 for 1 and 177.88 for 2
(Table S2). The values of continuous shape measure (CShM)

for coordination geometries of HoIII ion are calculated with
SHAPE 2.1 (Table S3),[47, 48] which deviates only from the
ideal D5h by 0.143 for 1 and 0.149 for 2, respectively.

Interestingly, compare with the magnetic relaxation time
(t) of both complexes (Figure 2), we found that the ratio in
relaxation time (tD2O/tH2O) becomes greater as the temper-
ature increased (Figure 2d), demonstrating the variation of
their magnetic dynamics is strongly temperature dependent.
Observed from the cM’’, the peak significantly shifts from
339 Hz for 1 to 151 Hz for 2 at 20 K, and shifts from 0.79 Hz
for 1 to 0.89 Hz for 2 at 7 K (Figure S12). As shown in
Figure 2, the t of the deuterated complex 2 is longer in high
temperature region, while the situation reverses < 15 K.

As the isotope effect signifies most at ca. 20 K, field-
dependent alternating-current (ac) magnetic susceptibilities
were carried out for 1 and 2 in order to investigate their fine
structures arising from the nuclear spin (Figure 2c, S12–S15).
The relaxation times for 2 are all longer than those of 1 at
20 K (Figure 2c), with the oscillation of tD2O/tH2O. Addition-
ally, tD2O/tH2O becomes greater at some specific low fields at 0,
0.06, 0.11 and 0.16 T, while smaller than at 0.03, 0.085, 0.13

Figure 1. Hydrogen-bonded networks around HoIII. Color codes: Ho,
orange; O, red; C, gray; I, brown; P, purple; H, yellow. Symmetry code
(A): �1�x, + y, �1/2�z.

Figure 2. a) Overlapping diagram of structures of 1 (blue) and 2 (red).[58] Hydrogen atoms and the crystallographic-symmetric peripheral parts
(one uncoordinated CyPh2PO ligand, one I� anion and one ethanol molecule) are omitted for clarity. b) Temperature dependence of relaxation
time t with error bars under zero dc magnetic field for 1 (blue) and 2 (red). The solid lines correspond to the best fits as shown in Figure S11.
c) Field dependence of tD2 O/tH2 O with error bars at 20 K (yellow) and 7 K (green). d) Temperature dependence of tD2O/tH2O with error bars under
zero dc magnetic field.
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and 0.17 T, with a period of approximately 0.06 T (Figure 2c).
In contrast, such isotope effect virtually vanishes at low
temperature as it is demonstrated at 7 K (Figure 2c). This
appearance and disappearance of the oscillation in the field-
dependent tD2O/tH2O at different temperatures between two
isomorphic complexes emphasizes more the difference in
magnetization dynamics due to the isotope effect.

These strongly temperature- and field-dependent diver-
gences denote the isotope effect from the deuteration of the
complex. As far as we are aware, these phenomena have not
been observed and explained so far.

For further insight into the isotope effect on magnetic
anisotropy of the complexes, CASSCF/RASSI/SINGLE_-
ANISO type calculations were performed using OpenMOL-
CAS program.[49–55] For this purpose, we employed the
[Ho(CyPh2PO)2(H2O)5]I3 unit for 1 and [Ho(CyPh2PO)2-
(D2O)5]I3 for 2. Three I� and two CyPh2PO were also
included in the calculation explicitly. The obtained ab initio
results are given in Table S4. As expected, the energy
separation is in line with previously published HoIII in similar
D5h-environment, offering quite good magnetic axiality for
Ho and Dy elements.[31, 56,57]

Relaxation of a coordinated complex strongly depends on
its energy spectrum. For both complexes, the strong aniso-
tropic effect on the HoIII metal ion induces a large energy gap
between the ground and excited doublets at over 200 cm�1

(Table S4 and Figure 3a), which is relatively high comparing
to the temperature where magnetic dynamics is measured (up
to around 20 K). Further hyperfine interaction between the
HoIII nuclear spin I = 7/2 and its electron spins splits each
electronic doublet into multiple multiplets of 16 hyperfine-
electronic energy levels (Figure 3b). This hyperfine splitting
has a huge effect in blocking the quantum tunneling of
magnetization, which effectively make this channel be the
bottleneck of magnetization relaxation on the whole inves-
tigated temperature range.[32] Observations of the oscillations
in the field-dependent t (Figure S15) indeed confirm this
conclusion.

Experimental data for the period of the oscillation in the
field-dependent t at both 7 K and 20 K for both complexes
also allow us to extract a corresponding hyperfine constant
around gmBDB� 0.35 cm�1 where DB� 60 mT is the period at
low applied magnetic field (Figure S15). The fact that there is
no isotope effect to the hyperfine coupling, which is

Figure 3. Energy spectrum where the relaxation occurs a) Electronic energy splitting under the ligand field. b) Hyperfine splitting due to the
coupling between the nuclear and electronic spin of HoIII. At zero field, quantum tunneling of the magnetization can only take place between
localized states with the same nuclear spin Iz of HoIII. c) and d) Super-hyperfine splitting of each hyperfine-electronic state, which effectively
broadens the quantum tunneling window and is the key in differentiating magnetization dynamics between two isotope-isomorphic 1 (c) and 2
(d). Here Ueff denotes the effective blocking barrier. Wavy lines in c) and d) stand for the bottleneck of the relaxation process, the quantum
tunneling of magnetization. This schematic relaxation energy spectrum is valid for both 1 and 2. e) The comparison of tunnel splitting of the 3
low-lying electronic doublet states from ab initio calculations for 1 (red) and 2 (blue).
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manifested as the same oscillation period for 1 and 2, is
reasonable considering that the nucleus and electrons of the
metal ion is much closer than the water/heavy water ring and
the metal ion. The same oscillation period, and accordingly
the hyperfine constant, in both complexes indicates that the
hyperfine-splitting of the electronic ground doublet in 1 and 2
are the same in experiment (Figure 3b).

Due to the close distance and bonding between five
coordinated water/heavy water molecules with the centered
metal ion, super-hyperfine interaction between 1H/2H nuclear
spin and the electron spin of HoIII is facilitated, which then
further splits each hyperfine-electronic state into practically
a band of a width proportional to the super-hyperfine
constant and 1H/2H nuclear spin number. This effectively
broadens the magnetization quantum tunneling windows
(Figure 3c,d) and eases the relaxation via quantum tunneling
channel.

At low temperature, relaxation of magnetization mainly
occurs within the lowest multiplet corresponding to the
ground non-Kramers electronic doublet. Besides the Raman
process, quantum tunneling process in this temperature
domain and at zero external field basically depends on 1)
the tunnel splitting of the ground non-Kramers electronic
doublet resulting from the ligand field (Figure 3e, Table S4);
2) the probability of the fluctuation of the internal dipolar
field to shift the energy spectrum into resonance 3) the
amount of overlap of the energy bands having the same metal
ion nuclear spin projection along the easy axis (z-axis) but
opposite electronic magnetic moment; 4) the density of states
within a band. Ab initio calculation (see SI) shows that tunnel
splitting of the ground electronic doublet of 1 is 1.87 times
larger than 2, which usually leads to a faster relaxation in 1.

However, the key factor in relaxation of 1 and 2 at low
temperature, in fact, results from the super-hyperfine inter-
action. Supposing that the super-hyperfine interaction in both
complexes is the same since there is no large difference in
molecular structure. The fact that the nuclear spin number of
2H (I = 1) is twice larger than one of 1H (I = 1/2) not only gives
rise to a super-hyperfine band width twice larger in energy
spectrum of 2 than 1 (Hshf � Ashf

~SzIz), but also generates
a much denser density of super-hyperfine-split states for the
former, ca. (2I + 1)n where n is the number of hydrogen
nuclear spins. Consequently, under the same fluctuation of the
internal dipolar field, it is easier to shift hyperfine-split states
of 2 into resonance than 1. The denser density also helps
counteracts the effect of a slightly larger tunnel splitting in 1.
As a results, relaxation in 1 is still slower than 2 at low
temperature as observed in Figure 2.

The above situation changes substantially at high temper-
ature when the magnetization relaxation involves the excited
doublets. Ab initio calculations of the transition magnetic
moment show that before transiting via the quantum tunnel-
ing channel, the dominant relaxation should be first from the
ground doublet to the 2nd excited doublet, which is at 233 cm�1

for 1 and 236 cm�1 for 2 (Table S4, Figure S16), which are in
very good agreement with the fitted effective blocking
barriers for both complexes obtained from experiment
(233.5 cm�1 and 248 cm�1, Figure S11). After transition to
this 2nd excited doublet, due to hyperfine splitting of the

electronic structure, bottleneck of the relaxation is still the
population transition via quantum tunneling between states
with opposite electronic magnetic moment (left and right
hand side of the energy spectrum in Figure 3b,c,d).[31] State-
of-the-art ab initio data shows that, different from the ground
electronic doublet, tunnel splitting within this non-Kramers
2nd-excited electronic doublet of 1 is about 5 times larger than
2 (Table S4, Figure 3e, S16), which should then dominates the
counter-effect from the bandwidth broadening and high
density of states due to the larger nuclear spin number of
2H in 2. This clearly results in a significantly faster relaxation
in the former, which leads to the observed large ratio tD2O/
tH2O at high temperature domain.

As observed from the experiment, another unusual
feature showing the isotope effect comes from the field-
dependent tD2O/tH2O at 7 K and 20 K (Figure 2c). In fact, this
is just a confirmation about the difference in relaxation
mechanism at low and high temperature as well as the
involvement of the super-hyperfine interaction in further
splitting the energy spectrum. As investigated previously,[31,32]

the positive peaks of field-dependent t are originated from
the hyperfine-electronic energy levels crossings while the
negative peaks are from levels avoided-crossings (Fig-
ure S15). Additionally, it was also demonstrated that the
damping of the oscillation in the field-dependent t (Fig-
ure S15) in systems with hyperfine interaction is merely
a consequence of the random orientation of the molecules in
the polycrystalline sample and accordingly the relaxation
profile (relaxation rate of a single-crystal sample in the
vicinity of the level crossings/anti-crossings and the domain
between crossing and anti-crossing).

Comparing to lower temperature range, at 7 K, due to the
involvement of relaxation via excited electronic doublets,
which leads to a faster rate in 1 vs. 2, to compensate the
quantum tunneling window broadening effect in the ground
doublet, which is stronger in 2 vs. 1, field dependence of the
t for both complexes is similar (Figure 2 b, S15a) and so is
their ratio (around unity, see Figure 2c). In other words,
relaxation profiles of both system 1 and 2 at 7 K are quite
similar.

On the contrary, relaxation profiles at 20 K are signifi-
cantly different as quantum tunneling rate in 1 is much faster
than 2 as explained. The difference in the relaxation profiles
of two isotopes at different temperature is due to the super-
hyperfine interaction involvement and the tunnel splittings,
together with the oscillation of the time-dependent t due to
the hyperfine interaction, then resulting in the observed
damping oscillation in tD2O/tH2O as well. This can be validated
using the simple model developed in the previous work.[31,32]

Our numerical calculation using this (SI, Section 6) indeed
confirms that tD2O/tH2O oscillation is magnified due to this
difference in the field-dependent relaxation profiles, which is
nothing but a manifestation of the discussed isotope effect on
the energy spectrum of 1 and 2.

As for the smaller gyromagnetic ratio for 2H vs. 1H, thus
reducing the nuclear magnetic moment, is not so important in
this case. In both complexes, the bonding between the water
ring and the HoIII is strong, making the contact effect (mainly
the super-exchange origin) much stronger than the dipolar
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one and we have to split the energy spectrum to super-
hyperfine level to explain the relaxation. In the opposite case
that the contact effect is weaker than the dipolar one, an
internal field is a good approximation, accordingly phenom-
enon similar to the isotopic Fe8 may be found.[23,38]

In conclusion, we replaced the coordination water in the
equatorial plane of complex [Ho(CyPh2PO)2-
(H2O)5]I3·2 (CyPh2PO)·2EtOH (1) with deuterium water by
isotope substitution, then we got the isotope-isomorphic
complex [Ho(CyPh2PO)2(D2O)5]I3·2 (CyPh2PO)·2EtOD (2).
Ultimately, experimental magnetization dynamics investiga-
tion shows that the temperature-dependent relaxation time of
1 is longer below 15 K, while the opposite situation happens
above 15 K. This unobserved phenomenon is amplified in
field-dependent relaxation times ratio at different temper-
ature. Based on ab initio calculations, the difference between
the magnetization relaxation and its mechanism within these
isotopic complexes has been elucidated. Indeed, our theoret-
ical analysis points out that despite similar molecular
structure as they are, the involvement of the super-hyperfine
interaction and the difference in the nuclear spin number of
protium (I = 1/2) and deuterium (I = 1) plays an important role
in forming superhyperfine-hyperfine-electronic energy spec-
trum, which accordingly leads to differences in the magnet-
ization dynamics of these two isotopic-isomorphic complexes.
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