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We show an anomalous change in the phonon frequency at the
magnetic phase transition on a cyanide-bridged bimetal assembly,
Mnz[W(CN)gl>(pyrimidine),-6H,O. This compound shows a fre-
quency shift in the CN stretching mode below the magnetic phase
transition temperature (T¢). First-principles phonon mode calcula-
tion and molecular orbital calculation suggest that the frequency
shift of the CN stretching mode is due to the competition of the
magnetic energy and the elastic energy. This work demonstrates
that a specific change in the phonon frequency is induced by long-
range magnetic ordering in flexibly structured matter.

Introduction

Molecule-based magnets, which are composed of metal ions and
ligands, are attractive from the viewpoints of rational molecular
design and various functionalities."™® In molecule-based mag-
nets, the influence of long-range magnetic ordering such as
ferromagnetic (or ferrimagnetic) ordering on the phonon mode
is of high interest. Structural flexibility due to the phonon mode in
molecule-based magnets should allow changes in the physical
properties when a magnetic phase transition occurs.'” From this
viewpoint, we focus on a cyanide-bridged bimetal assembly'®™” as
an example of a molecule-based magnet.**>* This is a useful
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system owing to its various elastic interactions from the stretching
modes, transverse translational modes, and transverse librational
modes of the cyanide ligand.”*® Due to such elastic interactions
(phonon modes), the cyanide ligand plays a spring-like role in the
cyanide-bridged bimetal assembly. To date, this structural
flexibility has realized various types of structural phase transi-
tions, including spin-crossover, charge-transfer, photo-induced,
and electric-field-induced phase transitions.>**”

Herein we show an anomalous change in the cyanide-
stretching phonon mode at the magnetic phase transition, a
correlation between the phonon frequency and long-range
magnetic ordering, on an octacyanide-bridged manganese
tungstate bimetal assembly.

Materials and methods
Materials

The cyanide-bridged manganese tungstate bimetal assembly
was prepared using the reported synthesis method.>* Adding a
5.0 mL aqueous solution of MnCl,-4H,0 (0.20 mol dm ) to a
5.0 mL aqueous solution of Cs;[W(CN)g]-2H,0°® (0.14 mol dm?)
and a 0.1 mL aqueous solution of pyrimidine (1.35 mmol dm™3),
yielded a dark brown microcrystal. Elemental analyses of the
obtained powder sample showed that the formula was
Mns[W(CN)g],(pyrimidine),-6H,0°® (MnW); calculated: Mn,
11.91; W, 26.30; C, 27.97; N, 24.41; H, 2.10%: found; Mn,
12.17; W, 26.21; C, 28.04; N, 24.34; and H, 2.21%.

Physical measurements

Elemental analyses for Mn and W were performed by an Agilent
7700x inductively coupled plasma mass spectroscopy, and for
C, H, and N were performed by standard microanalytical
methods. The magnetic properties were measured using a
superconducting quantum interference device (SQUID) mag-
netometer (Quantum Design; MPMS-XL). Single crystal X-ray
diffraction measurements at room temperature were performed
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Fig. 1 Crystal structure of MnW. (a) Coordination environments around Mn and W. (b) Three-dimensional crystal structures viewed along the a axis (left)
and the b axis (right). Pink and red balls represent Mn and W, respectively. Green and light green balls represent C and N of the bridged cyanide (Mn—-NC-
W), whereas blue and dark blue represent C and N of the non-bridged cyanide (NC—-W), respectively. Grey balls and sticks indicate pyrimidine molecules

and light blue balls indicate water molecules.

using a Rigaku R-AXIS Rapid imaging plate area detector with
graphite monochromated Mo Ko radiation. The crystal was
covered with Paratone. The average correction of the diffraction
data was performed in the Crystal Structure program in Rigaku.
The crystal structure was solved by a direct method using
SHELXS-97 and refined by the full-matrix least-squares method
on F* with SHELXL-2016/6 on Olex 2-1.2 software (CCDC
2061511).f IR spectra were recorded on a SHIMADZU
IRAffinity-1S spectrometer using CaF, plates as a sample
holder. The temperature during the IR measurements was
controlled by an Oxford Instrument MicrostatHe. Liquid paraf-
fin was used as a thermal medium to keep thermal contact
between the sample and the sample holder. For the tempera-
ture dependence plots of the IR peaks, peak separation was
performed at each temperature, and the frequencies of the
separated peaks were plotted.

First-principles phonon mode calculation

First-principles calculations based on density functional theory
were conducted for manganese octacyanotangstate, Mn[W(CN)sg],
(pyrimidine),-6H,0, using the MedeA-VASP (Vienna ab initio simu-
lation package) 5.4.4 code®”*® by GGA+U. Wave functions based on
the plane waves and the potentials of the core orbitals were
represented by the projector-augmented wave of Blochl. The
exchange-correlation term was evaluated by the generalized gra-
dient approximation by Perdew, Burke, and Ernzerhof. The lattice
parameters and atomic positions were optimized with an energy
cut-off of 500 eV and a 3 x 3 x 3 k mesh until satisfying a 107> eV
pm ! force tolerance. 2 x 1 x 1 supercells of the optimized
structures were used to calculate the phonon modes of
Mn;[W(CN)g],(pyrimidine),-6H,0, which were determined by the
direct method implemented in MedeA-Phonon®*° with
2-pm displacements using the optimized atomic positions. The
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U-J values for Mn and W d-states were set to 4.0 eV and 2.2 eV,
respectively.

Results
Crystal structure and magnetic properties

MnW was prepared by mixing an aqueous solution of manga-
nese chloride, cesium octacyanotungstate, and pyrimidine, as
previously reported (see Methods).>® The mid-infrared (IR)
spectrum of MnW displays seven peaks around 2150-2190 cm ™"
at room temperature, which are assigned to the CN
stretching modes of Mn"-NC-W" or NC-W" (Fig. S1, ESIf).
Single-crystal X-ray structural analysis indicated that MnW has
a monoclinic crystal structure in the P2,/n space group with a
lattice constant of a = 7.2319(4) A, b = 14.9477(8) A,
¢ = 22.4483(13) A, and f = 90.920(6)° at room temperature
(Fig. 1 and Table S1, ESI1).*® In this compound, Mn (Mn1 and
Mn2) and W are bridged by the CN ligand to form a three-
dimensional network, i.e., the cyanide-bridged Mn1-W zigzag
layers along the ab plane are linked by Mn2 (Fig. 1). The
coordination geometries of the Mn (Mn1 and Mn2) and W sites
are pseudo-octahedron (D,,) and square antiprism (D,q),
respectively. Mn1 is bonded by four nitrogen atoms of
[W(CN)g], one nitrogen atom of the pyrimidine molecule, and
one oxygen atom of the coordinated water molecule, while Mn2
is bonded by two nitrogen atoms of [W(CN);], two oxygen atoms
of the coordinated water molecules, and two nitrogen atoms of
the pyrimidine molecules. Five CN ligands from [W(CN)g] are
bonded to four Mn1 and one Mn2, while the three CN ligands
are non-coordinated. Pyrimidine molecules coordinate Mn1
and Mn2. The coordinated pyrimidine molecules link Mn1
and Mn2, and the non-coordinated pyrimidine molecules exist
in the crystal structure.

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 Magnetic properties of MnW. (a) Magnetization vs. temperature
plot at 20 Oe. (b) Magnetic hysteresis loop at 2 K.

MnW exhibits spontaneous magnetization below the mag-
netic phase transition temperature (7¢) of 47 K (Fig. 2a). The
saturation magnetization (M;) values at 2 K and 50 kOe
are 13.2 up (Fig. 2b and Fig. S4, ESIt). This corresponds to
the theoretical M value of 13.0 up with an antiparallel spin

2160
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alignment between Mn" (Sy, = 5/2) and W' (Sw = 1/2),
indicating that MnW is a ferrimagnet.

Temperature dependence of the IR spectrum

The temperature dependence of the IR spectrum in the mag-
netic ordering temperature region was studied. Fig. 3a shows
the observed IR spectra at 5 K and 60 K. Around 2150-2200 cm ™%,
eight peaks due to the CN stretching frequency (v) are observed.
Here, the peaks are labelled as peaks 1-8 from the low energy
frequency as shown in Fig. 3a.

Fig. 3b shows the peak positions of the CN stretching
frequency (v4-vg) versus temperature (Fig. S5, ESIT). Red line
indicates the peak position obtained by fitting a theoretical
equation of thermal expansion due to anharmonic phonons
without magnetic ordering.®" vy, 5, and v; shift towards higher
frequencies below 50 K, indicating a contraction of the bonds
bridged by CN, whereas v,, vs, and v shift towards lower
frequencies below 50 K, indicating an expansion of the bond.
v, and vg do not shift below 50 K. The temperature dependence
of the IR spectra indicates a correlation between the phonon
mode of the CN stretching and the long-range magnetic
ordering.

First-principles phonon mode calculation

The phonon modes of MnW were obtained by first-principles
calculations using the MedeA-Phonon (Fig. 4 and Fig. S6, S7,
ESIT). The MnW has 567 optical phonon modes and 3 acoustic
phonon modes. Fig. 4a show the calculated phonon density of
states. The calculated transition probabilities of the optical
phonon modes are shown in Fig. 4b (upper). In the region of
100-500 cm ™, the phonon modes due to the symmetric bend-
ing modes and asymmetric bending modes of Mn-N=C-W or
N=C-W, pyrimidine molecule, and water molecule exist. By
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Fig. 3 Temperature dependence of the IR spectrum of MnW. (a) IR spectrum at 5 K (red) and 60 K (black). (b) IR peak frequency due to the CN stretching
mode, v; (i = 1-8), vs. temperature plots. Red line indicates the peak position obtained by fitting the theoretical equation of thermal expansion®! due to
anharmonic phonons without magnetic ordering. Error bars indicate the resolution of the apparatus.
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Fig. 4 First-principles phonon mode calculation of MnW. (a) Phonon density of state (DOS). (b) Calculated optical transition probabilities of the phonon

modes and their assignments (upper). Blue bars denote the transition probabilities. Observed far-IR and mid-IR spectra for the regions of 0-600 cm

-1

and 1000-4000 cm™, respectively, at room temperature (lower). Due to the influence of CaF, of the sample holder, the IR spectrum of the region of
600-800 cm~* was not observable. Asterisk indicates the signal from liquid paraffin. (c) Calculated optical transition probabilities of the phonon modes in
the region of 2155-2225 cm™2. (d) Schematic illustration of the atomic movements of the phonon modes at 2177 (i), 2186 (i), and 2201 cm™ (iii). Arrows
indicate the movements of the CN stretching mode. Green and light green balls represent C and N of the bridged cyanide (Mn—-NC-W), whereas blue
and dark blue represent C and N of the non-bridged cyanide (NC-W), respectively. Grey lines show the MnW crystal structure.

contrast, in the region of 2000-2500 ¢m ', the phonon

modes due to the CN stretching modes of Mn-N=C-W or
N=C-W exist. In the regions of 500-1700 and
3000-4000 cm ™', phonon modes due to pyrimidine molecule
and water molecule exist, respectively. From these results, in
the region of 2000-2500 cm ', only the CN stretching modes
are present.

Fig. 4c shows the optical transition probabilities of the CN
stretching phonon modes. The strong transition probabilities
are positioned at 2177, 2183, 2186, 2201, and 2206 cm™". The
mode at 2177 cm™ " originates from the CN stretching modes of
the bridged CN between Mn2 and W (Mn2-NC-W) and the
bond between layers (Fig. 4d(i)). The modes at 2183 and
2186 cm ' are due to the CN stretching modes of the non-
bridged CN (NC-W) (Fig. 4d(ii)). The modes 2201 and
2206 cm ' originate from the CN stretching modes of the
bridged CN between Mn1 and W (Mn1-NC-W) and the bond
in layer (Fig. 4d(iii)).

10692 | J Mater. Chem. C, 2021, 9, 10689-10696

Magnetic orbitals

To study the magnetic orbitals of MnW, the discrete variable
(DV)-Xo. method was used to calculate the Mn-N = C-W mole-
cular orbitals. Mn1 and W have magnetic orbitals, ie.,
Mni1d,,~-N2p,=C2p,~Wd,. (Mn1d,,~W) (Fig. 5a(i)) and
Mn1d,,~N2p,= C2p,-Wd,. (Mn1d,~W) (Fig. 5a(ii)). The over-
lapping orbitals in Mn1d,,-W derived from Mn1 and W indi-
cate an antiferromagnetic superexchange pathway. In Mn1d,,~
W, the orthogonalized orbitals derived from Mn1 and W denote
a ferromagnetic superexchange pathway. For Mn2 and W,
magnetic orbitals are calculated, i.e.,, Mn2d,,~N2p,= C-Wd,.
(Mn2d,,-W) (Fig. 5b(i)) and Mn2d,,~N2p,=C2p,~Wd..
(Mn2d,,-W) (Fig. 5b(ii)). The overlapping orbitals in
Mn2d,,~W derived from Mn2 and W indicate an antiferromagnetic
superexchange pathway. In Mn2d,~W, the orthogonalized orbitals
derived from Mn2 and W denote a ferromagnetic the superex-
change pathway. These calculations suggest that the magnetic
interactions between Mn and W (Mnl-W and Mn2-W) are

This journal is © The Royal Society of Chemistry 2021
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Fig. 5 Calculated magnetic orbitals for (a) Mnl and W; (i) Mn1(3d,,)-
N(2p,) =C(2p,)-W(3d,2) and (i) Mn1(3d,)-N(2p,) =C(2p,)-W(3d2). (b)
Mn2 and W; (i) Mn2(3d,,)-N(2p,)=C-W(3d,2) and (i) Mn2(3d,,)-
N(2p,) =C(2p,)-W(3d,2). Crystal structure coordinates are indicated as
(a, b, ©), whereas the coordinates for Mn and W orbits are indicated as (x, y,
z) on the side of Mn and W, respectively. Coordinates of C and N are the
same as Mn.

composed of two opposite magnetic contributions, i.e., antiferro-
magnetic and ferromagnetic pathways.

Discussion

The first-principles calculation indicates that the phonon
modes in the region of 2000-2500 cm ' originate from the
CN stretching modes. These modes can be classified into three
types: CN stretching modes due to (i) the bridged CN between
the layers (Mn2-NC-W), (ii) the non-bridged CN (NC-W), and
(iii) the bridged CN in the layer (Mn1-NC-W). For the experi-
mentally observed IR peaks below T, the temperature depen-
dence is divided into three types: (i) a shift to a higher
frequency (peaks 1, 2, and 3), (ii) a shift to a lower frequency
(peaks 4, 5, and 6), and (iii) no shift (peaks 7 and 8) as the
temperature decreases. Comparing the positions of the calcu-
lated phonon modes with the observed IR peaks suggest the
following assignments: the CN stretching modes of the bridged
CN between the layers (Mn2-NC-W) shift to a higher frequency,
the CN stretching mode of the non-bridged CN (NC-W) shifts to
a lower frequency, and the CN stretching mode of the bridged
CN in the layer (Mn1-NC-W) does not shift. Because the peak
shift to a higher frequency indicates contraction of the bond,
(whereas the peak shift to a lower frequency indicates expan-
sion), the shifts of the IR peaks indicate that the Mn2-NC-W
bonds contract, the non-bridged NC-W bonds expand, and the
Mn1-NC-W bonds are unchanged below T (Fig. 6). These
results imply that the long-range magnetic ordering is corre-
lated with the CN bridged bonds below T¢.®*

This journal is © The Royal Society of Chemistry 2021
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Fig. 6 Schematic image of the bond contraction for the MnW crystal.
Observed shifts of the IR peaks indicate that the Mn2-NC-W bonds
(highlighted by orange) contract (brown arrows), the non-bridged NC-W
bonds expand, and the Mnl1-NC-W bonds (highlighted by gray) are
unchanged below T¢. Pink and red balls represent Mn and W, respectively.
Green and light green balls represent C and N of the bridged cyanide
(Mn—-NC-W), whereas blue and dark blue represent C and N of the non-
bridged cyanide (NC-W), respectively. Gray balls and sticks indicate
pyrimidine molecules, and light blue balls indicate water molecules.

Let us consider the mechanism of contraction (or expan-
sion) of the CN bridged bond. In MnW, bond contraction
(or expansion) is observed below T¢. That is, bond contraction
(or expansion) stabilizes the energy of the system below T¢. In
the energy of the system, which dominates the expansion and
contraction of the CN bridged bonds, there are two kinds of
energies, ie., magnetic energy and elastic energy. Here, the
magnetic energy is considered. Stabilization of the magnetic
energy means an increase of the J value. Hence, let us consider
the necessary condition for bond contraction (or expansion)
from the viewpoint of the J value. The molecular orbital
calculations indicate that the magnetic interactions between
Mn and W are composed of two kinds of superexchange path-
ways: antiferromagnetic (AF) and ferromagnetic (F) pathways.
When the bond length between Mn and W at T is set as the
origin, the superexchange interaction between Mn and W is
indicated as J(), ie., |Jo)| = |Jar©) — |Jr@)|- Here, the anti-
ferromagnetic and ferromagnetic superexchange interactions
are indicated as J,r and Jg, respectively. When the bond length
between Mn and W changes x, the magnetic interaction is
described as |Jio+x| = |Jaro+x)| — |Jro+x|- For contraction,
| Jo| > |J| should be satisfied with x < 0 (Fig. 7).>™"

Case of contraction : x < 0
‘J((H,\‘)‘ > |J(0)|

T oeessssmsas

“ AF(0+x)

Fig. 7 Relationship between |Jio1x| and |Ji)| in the case of bond con-
traction (x < 0).%°
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By contrast, for expansion, | Jio+x)| > |Jo)| should be satisfied
with x > 0. Whether the bond contracts or expands depends
on the x dependence of J,r and Jr. In other words, two kinds
of superexchange pathways, J,r and Jg, contribute to different
behaviors such as contraction, lack of change, or expansion.
Needless to say, the gain of the magnetic energy should
exceed the loss of the elastic energy due to contraction or
expansion.

The competition of the magnetic energy and the elastic
energy along with the balance of the antiferromagnetic and
ferromagnetic superexchange pathways can explain the con-
traction of the Mn2-NC-W bond. The lack of change in the
Mn1-NC-W bond can be understood because the loss of elastic
energy outweighs the gain of the magnetic energy. For the low
frequency shift in the NC-W bond, where no magnetic inter-
actions operate, it is attributed to the rearrangement due to the
Mn2-NC-W contraction.

Conclusions

Octacyanide-bridged manganese tungstate displays a corre-
lation between the CN stretching phonon frequency and the
long-range magnetic ordering. This compound shows a rela-
tively high T, isolated CN stretching modes, which do not
overlap with other phonon modes such as those from organic
ligands (Fig. S7, ESI{), and possesses a good stability under
both vacuum and atmospheric conditions. The CN stretching
frequency is closely related to the metal-cyanide bond
length. The competition between the magnetic energy and
elastic energy along the balance of the antiferromagnetic and
ferromagnetic superexchange pathways can explain the bond
contraction or the lack of change. This work demonstrates
that a specific change in the phonon mode is induced by
long-range magnetic ordering in flexibly structured soft
matter. Compared to conventional magnets (metal magnets
and metal oxide magnet), soft matter such as molecule-based
magnets can exhibit various magnetic functionalities such as
photomagnetism, vapor response magnetism, pressure
response magnetism, spin-ionics, etc.™”*”**””* Fundamental
knowledge about the correlation between the phonon mode
(lattice vibration) and long-range magnetic ordering should
help us understand the magnetic functionality and the
design of future soft materials with magnetic functionality.
This study is the first step in research to elucidate magnetic
functionalities from the viewpoint of the correlation between
the phonon mode and long-range magnetic ordering.
Furthermore, this work should lead to the understanding
of magnetostriction in molecular-based magnets.”> This
knowledge may be extended to the materials science field
of coordination polymers.
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