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Deuterium substitution effects on the
structural and magnetic phase transitions of
a hydrogen-bonded coordination polymer,
bis(glycolato)copper(II)†

Shota Yoneyama,a Takeshi Kodama,a Koichi Kikuchi,a Takumi Fujisawa,b

Akira Yamaguchi,b Akihiko Sumiyama,b Yoshiaki Shuku,c Shinobu Aoyagid and
Wataru Fujita*d

Bis(glycolato)copper(II) [Cu(HOCH2CO2)2] shows a structural phase

transition around 220 K under cooling and 270 K under heating,

and ferromagnetic ordering at 1.1 K. Deuterium substitution of the

hydroxyl groups in it induced a large shift in the structural tran-

sition temperature while no shift in the ferromagnetic transition

temperature took place.

Hydrogen bonds are special intermolecular interactions that
give special properties to individual molecules, molecular
assemblies, or solids.1 In particular, in solids, hydrogen bonds
induce dielectric properties related to the vibration of a hydro-
gen atom between electronegative atoms.2 Ferroelectric and
related phenomena have been often observed in materials with
hydrogen bonds. Room-temperature ferroelectricity of the
organic molecular crystal of croconic acid with a hydrogen
bond network had a high impact in the research field of mole-
cular electronic materials.3 Meanwhile, Mori et al. recently
advocated new applications of hydrogen bonds in materials
sciences.4 They investigated organic conductors composed of
catechol-fused tetrathiafulvalene derivatives and found that
deuteration of the hydroxyl groups gave rise to a phase tran-

sition at 185 K, which was accompanied by a large modifi-
cation of the electrical conductivity and magnetism owing to
the motion of deuterium atoms within the hydrogen bonds.
This result indicates that hydrogen bonds can be used as a
trigger for switching devices in molecule-based electronic
materials.

In this study, we have focused on a coordination polymer
with hydrogen bonds, bis(glycolato)copper(II) ([Cu(HOCH2CO2)2],
(1)), whose crystal structure at room temperature was previously
reported by Prout et al.5 Fig. 1 shows schematic representation
of the crystal structures of 1. This material forms a two-
dimensional square planar lattice network in which two
glycolate anions chelate each metal ion via the oxygen atoms
of their hydroxyl and carboxylate groups, and equatorial Cu–O
bonds are formed. In addition, the outer oxygen atoms of
the chelate rings coordinate neighbouring complex molecules
in the axial direction. Moreover, in this material, there

Fig. 1 Schematic representation of the coordination polymer bis(glyco-
lato)copper(II) ([Cu(HOCH2CO2)2], 1) and its two-dimensional square
planar lattice network. The broken lines indicate the axial Cu–O bonds.

†Electronic supplementary information (ESI) available: Crystal parameters of the
high and low temperature phases in 1–3, crystal structures of 3, IR spectra and
DSC curves of 1–3 and partially deuterated samples, magnetic analyses for 2 and
3, differential Fourier maps of the high and low temperature phases in 3. CCDC
1493335–1493338 for the low and high temperature phases of 2 and 3, 1507357–
1507359 for the partially deuterated samples of 25%, 50% and 75%. For ESI and
crystallographic data in CIF or other electronic format see DOI: 10.1039/
c6dt03592b
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are intersheet hydrogen bonds formed between the oxygen
atoms of the hydroxyl and carboxylate groups (Fig. S1†).
Previously, we reported that 1 shows a structural phase
transition between the high-temperature (HT) and low-temp-
erature (LT) phases with large thermal hysteresis of approxi-
mately 220 K under cooling and 270 K under heating
processes, and ferromagnetic ordering at a very low tempera-
ture of 1.1 K.6

It has been reported that some copper complexes
with similar chelate rings show structural phase transitions
originating from puckering motions of the chelate rings.7

Meanwhile, there are some examples of structural phase tran-
sitions, in particular, with changes of dielectric properties, that
are known to originate from hydrogen bonds.8 In this study, to
investigate the mechanism of the structural phase transition in
1, we prepared derivatives with deuterium substitution at the
methylene group [Cu(HOCD2CO2)2] 2 or the hydroxyl group
[Cu(DOCH2CO2)2] 3 (Chart 1), as well as partially substituted
derivatives, and structural, magnetic, and thermal analyses of
these derivatives were carried out. We found drastic temperature
shifts for the structural phase transition upon deuteration of
the hydrogen bonds. In addition, we examined the structural
phase transition mechanism in the context of these findings.

Fig. 2 shows the results of the magnetic measurements
for 2 and 3. Fig. 2a shows the temperature dependence of the
product of the paramagnetic susceptibility and temperature,
χpT, for the as-prepared sample of 2 under cooling.
Compound 2 showed almost the same magnetic behaviour as
1. As temperatures down to 230 K, the value of χpT was almost
constant at 0.466 emu K mol−1, which corresponds to the
typical value for Cu(II) ions, calculated from g = 2.23 and S =
1/2.9 In the high-temperature region, 2 showed paramagnet-
ism with little magnetic interaction between neighbouring
copper ions in the temperature range of 230–400 K. At about
220 K, the χpT value changed discontinuously, indicating a
structural phase transition from the HT phase to the LT
phase. Notably, this magnetic anomaly at around 220 K was
observed in the first cooling of the as-prepared and crystalline
samples. After the measurement, the single crystals fractured,
in accordance with the large structural change. However, no
magnetic anomaly was observed in the ground sample or in
the sample heated and cooled several times around this temp-
erature. The inset in Fig. 2a shows the magnetic behaviour
during the first cooling from 330 to 190 K and following
heating from 190 to 330 K for an as-prepared sample of 2. The
χpT value was about 0.44 emu K mol−1 above 220 K, which is

not consistent with the above data of 0.466 emu K mol−1. This
may be related to the orientation of the crystals. Thermal hys-
teresis was observed between the HT and LT phases at
approximately 220 K in the cooling process, and gradually at
approximately 240–280 K in the heating process. Below 220 K,
the χpT value increased with decreasing temperature and
reached ca. 1 emu K mol−1 at 3 K. These results show that the
LT phase is paramagnetic with weak ferromagnetic inter-
actions between neighbouring copper ions. The solid line in
the temperature range of 2–200 K in Fig. 2a corresponds
to the best fit of the theoretical curve corresponding to the S =
1/2 two-dimensional square-planar lattice model,10 with the
magnetic parameters of g = 2.17 and 2J/kB = +1.2 K. These
results for 2 indicate that deuteration of the methylene group
in 1 has little effect on the structural phase transition and the
magnetic properties.

Fig. 2 Magnetic properties of 2 and 3. (a) Temperature dependence of
χpT for 2. Inset shows thermal hysteresis. The closed and opened circles
show the data under cooling and heating processes, respectively. (b)
Temperature dependence of χpT for 3. Inset shows thermal hysteresis.
The closed and opened circles show the data under cooling and heating
processes, respectively. (c) Temperature dependence of the ac suscepti-
bilities (ac field: 3 mOe, frequency: 500 Hz) of 3 below 1.5 K.

Chart 1 Bis(glycolato)copper(II) 1, and its deuterium substituted deriva-
tives, 2 and 3.
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Meanwhile, compound 3 shows a magnetic anomaly corres-
ponding to the structural phase transition from the HT phase
to the LT phase at 283 K in the χpT vs. T plot under cooling
(Fig. 2b). Thermal hysteresis and bistability between the HT
and LT phases were observed in the temperature range of
280–360 K. The structural phase transition temperature of 3
was 65 K higher than those of 1 and 2. The magnetic para-
meters below 280 K were g = 2.08 and 2J/kB = +1.3 K. The inset
in Fig. 2b shows the magnetic behaviour during the first
cooling from 380 to 200 K, and the subsequent heating from
200 to 380 K for an as-prepared sample of 3. Thermal hyster-
esis was also observed for this sample, and the LT phase
reverted to the HT phase during the heating process. However,
the transition temperature during the heating process could
not be determined from the magnetic measurements because
of the complex magnetic behaviour. To determine the mag-
netic ground state and the magnetic transition temperature of
3, magnetic measurements were carried out below 2 K. Fig. 2c
shows the temperature dependence of the real part χ′ac and the
imaginary part χ″ac of the ac susceptibilities for 3. The plots of
χ′ac showed an anomaly at 1 K. The value of χ″ac also increased
at 1 K, although it became constantly zero above this tempera-
ture.9 This result suggests that a ferromagnetic phase tran-
sition occurs at the temperature. The LT phase of 3 showed
almost the same magnetic behaviour as 1. Thus, deuteration
of the hydroxyl group in 1 did not affect the magnetic pro-
perties, but did have a serious effect on the structural phase
transition temperature. Therefore, the hydrogen bonds in 1
play an important role in the structural phase transition.

To estimate the structural phase transition temperatures
during cooling and heating of 3, DSC measurements were
carried out. In addition, DSC data were obtained for the 25,
50, and 75% deuterated samples (Fig. S5†). The transition
temperatures were estimated from the onset of the exothermic
or endothermic peaks observed for each sample. The value of
the transition enthalpy in these materials could not be esti-
mated exactly because less thermal contact between samples
and sample cells may occur around the transition tempera-
tures. Fig. 3 shows the dependence of the structural phase

transition temperature on the hydroxyl group deuterium sub-
stitution ratio. In 3, the structural phase transition tempera-
tures in the cooling and heating processes were 289 and 349 K,
respectively, and a large temperature shift of about 50 K was
observed owing to deuteration. The relations between the
deuteration ratio and transition temperature were almost
linear. A bistability region of approximately 40–60 K was
observed, which was tunable in the temperature range of
220–350 K, and the bistability region could be realized at room
temperature. Thus, these results suggest that the structural
phase transitions observed in 1 and its derivatives are related
to the hydrogen bonds. In this study large deuterium isotope
effect for the structural phase transition (ΔT = 65 K) of 1 was
observed. The result is comparable to the large deuterium
isotope effects of ferroelectric phase transitions originated
from hydrogen bonds on potassium dihydrogen phosphate
KDP (ΔT = 90 K) and (HDABCO)2(TCNQ)3 (ΔT = 70 K).11,12

The structural parameters of the HT and LT phases of 2 and
3 are summarized in Table S1.† The as-prepared samples of
these materials were formed as the HT phases. From the DSC
measurements, 2 and 3 form bistable states at approximately
230 and 290 K, respectively, and thus the crystal structures of
both phases can be determined at the same temperature. The
X-ray structure analyses of 2 were carried out using the as-pre-
pared crystal for the HT phase and after cooling the sample to
180 K for the LT phase. The structural data for 3 were obtained
at 290 K, using the as-prepared sample for the HT phase and a
single crystal first cooled in liquid nitrogen for the LT phase.
The HT and LT phases of 2 and 3 were isostructural with the
corresponding phases of 1.6 However, there were large differ-
ences among the lattice constants; in particular, there were
more than 1 Å difference between the b and c axes in the HT
and LT phases of these materials. Fig. 4 shows the molecular
alignments of the HT and LT phases of 3 at 290 K. The coordi-
nation networks of both phases are of the same type as those
of 1, as shown in Fig. 1. However, the molecular orientation in
the LT phase is different from that in the HT phase. In
addition, in the HT phase, each copper complex molecule is

Fig. 3 Relation between the structural phase transition temperature
and deuterium substitution ratio.

Fig. 4 Molecular shape and arrangement of copper complex molecules
in the LT and HT phases of 3.
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almost flat, but a slight bend in the molecular plane at the
oxygen atoms of the chelate rings is observed in the LT phase.
The same structural differences were observed between the HT
and LT phases of 2. A ferromagnetic interaction occurred
between the copper ions in 2 and 3, as well as in 1.6 In these
materials, the copper atoms are bridged by carboxylate groups
with one oxygen atom of the carboxylate ion coordinated to
the equatorial position of the copper ion, and the other oxygen
atom coordinated to the axial position of the neighbouring
copper ion. It is known that such a magnetic interaction path
gives rise to ferromagnetic interactions.13

Fig. 5 shows schematic representations of the local struc-
tures around the hydrogen bonds in the LT and HT phases.
There are no significant differences in the interatomic O3⋯O4
distances in the hydrogen bonds of the LT and HT phases in 3
at 290 K. However, the axial Cu1–O4 coordination bond length
in the LT phase was ca. 0.1 Å shorter than that in the HT
phase. Meanwhile, the equatorial Cu1–O3 bond length in the
LT phase was ca. 0.02 Å longer than that in the HT phase. To
estimate the position of the deuterium atom in the hydrogen
bond, difference Fourier maps in the LT and HT phases of 3
were estimated from the structural models, not including
hydrogen or deuterium atoms (Fig. S6†). The electron density
peaks in both phases, which correspond to an electron of the
deuterium atom, were found between the oxygen atoms. The
distances between the electron density peak and O3 were 0.87
and 0.95 Å in the LT and HT phases, respectively. Thus, there
is clear difference in the electron density peak positions. As
shown in Fig. 5, the OD bond length in the HT phase seems to
be longer than that in the LT phase.

Based on the above structural differences between the LT
and HT phases, the mechanism of the structural phase tran-
sition in these materials can be discussed. In general, a hydro-
gen atom in a hydrogen bond is positively charged and
vibrates between the oxygen atoms. The vibrational state and
position of the hydrogen atom are dependent on parameters
such as the temperature. At lower temperatures, the hydrogen
atom exists in its energy minimum. However, at higher temp-
eratures, the hydrogen atom vibrates thermally between the
oxygen atoms, resulting in the elongation of the O3–H(D)
bond, as shown in Fig. 5. Thus, the hydrogen atom in the HT

phase is closer to O4 than that in the LT phase. In these
materials, it seems that the axial Cu1–O4 bond is especially
sensitive to the position of the hydrogen atom. When the dis-
tance between the hydrogen and oxygen atoms becomes
shorter, the ligand field of the oxygen atom may become
weaker owing to the positive charge of the hydrogen atom.
Thus, the Cu–O bond may elongate. The large elongation of
the axial Cu–O bond leads to an orientation change of the
molecular units in the complex. For these reasons, it is
thought that the structural phase transition is triggered by the
thermal motion of the hydrogen atoms in the hydrogen bonds
and by the elongation of the axial Cu–O bonds.

In summary, deuterium substitution effects on the struc-
tural and magnetic phase transitions of a coordination
polymer, bis(glycolato)copper(II), were examined. Deuteration
of the hydroxyl groups in 1 induced a large temperature shift
for the structural phase transition, but a small temperature
shift for the ferromagnetic phase transition. The origin of the
structural phase transition is related to a combination of the
position of the hydrogen atom in the hydrogen bond and the
bond length of the axial Cu–O bond. In general, superexchange
interactions between transition metal ions bridged by ligands
are sensitive to structural modification of their bridging struc-
tures. The experimental results obtained in this study suggest
that the magnetic properties of materials with hydrogen bonds
may depend on the state of the hydrogen bonds. Although
little magnetic modifications were observed in 1–3 because of
very weak magnetic interactions between copper ions, hydro-
gen-bonded coordination polymers with strong magnetic inter-
actions may be magnetically sensitive to external stimuli, such
as pressure, electric field, and heat. If their hydrogen bonds
affect bridging structures between transition metal ions and
modify their magnetic properties, they will be useful for mag-
netic materials whose magnetic properties can be controlled
by external stimuli.14 Currently, we are exploring such mag-
netic materials, named “H-bonded magnets” (Fig. S7†).

This study was partially supported by the TOYOAKI
SCHOLARSHIP Foundation, by the DAIKO Foundation, and by
JSPS KAKENHI Grant Number 16K05942. X-ray structure ana-
lyses and magnetic measurements were conducted in Institute
of Molecular Science, supported by Nanotechnology Platform
Program (Molecule and Material Synthesis) of the Ministry of
Education, Culture, Sports, Science and Technology (MEXT), Japan.
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