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We observed a high compensation temperature (Tcomp) of
175K in a vanadium hexacyanochromate-based ferrimagnet,
KI()‘19VH()_64(VIVO)0,36[CI’IH(CN)6]0_73‘7.5H20. The observed
phenomenon is understood by the compensation of the positive
sublattice magnetization of Cr™ (S =3/2) and the negative
sublattice magnetizations of VI (§ = 3/2) and VIV (§ = 1/2).
A Teomp value of 175K is the highest value among molecule-
based magnets reported to date.

For the last two decades, molecule-based magnets have been
aggressively studied.'! The advantages of molecule-based mag-
nets compared to conventional ones such as metal alloys or met-
al oxides are that magnetic ordering can be designed through the
proper selection of spin sources and bridging ligands. Prussian
blue analog-based magnets have drawn attention owing to their
high magnetic critical temperature (7.), especially a series of
vanadium hexacyanochromate-based ferrimagnets, which shows
high T, values above room temperature.” Furthermore, compen-
sation of magnetization has been observed, i.e., the spontaneous
magnetization changes its sign at a particular temperature (the
so-called compensation temperature, Tmmp),3 with multimetal
Prussian blue analogs.* For example, Teomp values of 38 and
42K have been reported for (Ni''g3sMn') 6)[Cr™(CN)g]o/3°
5.0H,0* and (Co™4Mn'ys59)[CI'™(CN)gla/3+5.1H,0,4 re-
spectively. Two compensation temperatures have also been
observed in (NiquzzMnqu(,oFeHoA18)[CI‘IH(CN)(,]2/3 '5.1H20
(Teomp = 35 and 53K).* In this work, we observed a high
Teomp value of 175K using Ko 19V 6a(VIYO)g36[Cr-
(CN)glo.73+7.5H,0, which is the highest value among mole-
cule-based magnets reported to date.

The target compound was prepared by quickly adding
an aqueous solution of VCl3 (10mmoldm™) to an aqueous
solution of K3[Cr(CN)g] (10 mmol dm~3) at room temperature.
The mixed solution was left for four hours, and then the precip-
itate was filtered off, washed four times with water, and dried.
All of the synthetic procedures were carried out under an Ar at-
mosphere using a glovebox (MBRAUN, UNILab). Samples for
each measurement were also prepared under an Ar atmosphere.
The obtained precipitate was a dark blue powder, and elemental
analysis by inductively coupled plasma-mass spectroscopy
confirmed that the formula is K19V 6s(VIVO)016-
[Cr™(CN)glo.73-7.5H,0. Caled: K, 2.1; V, 14.5; Cr, 10.8%.
Found: K, 2.3; V, 14.3; Cr, 11.0%. The infrared (IR) spectrum
of the obtained compound shows two CN stretching bands at
2117 and 2165cm™!, which are assigned to Cr'™-CN-V™ and
Cr''-CN-V'V O, respectively (Figure S1).228 A V=0 stretch-
ing band is observed at 987cm™!. The estimated ratio of V!
to VIV is 0.64 to 0.36 from the analysis of the IR spectra,
indicating that valence state of this compound is K% 19V e4-

(VIV0)g.3[CI™(CN)g19.73-7.5H,0. The X-ray powder diffrac-
tion shows that the crystal structure is indexed as a face-centered
cubic structure (Fm3m, a = b = ¢ = 10.62(2) A) (Figure S2).8
Figure la shows the field-cooled magnetization (FCM) curve
of this compound in a 10 Oe field. Spontaneous magnetization
is observed below 250K (=T7.) but vanishes at 175K
(=Tcomp), and then a negative magnetization appears. When
FCM curve is measured with an applied field of 50 Oe, the
magnetization value is close to zero at Tcomp but increases as
temperature decreases. The magnetic hysteresis loop at 50K
shows that the coercive field is 33 Oe (Figure 1b). The magnet-
ization vs. external magnetic field plots at 5 K shows that the
saturation magnetization (M) is 0.097 up (Figure S3),8 which
is close to the calculated value of 0.09 iy when the sublattice
magnetizations of VI (S = 3/2) and V!V (§ = 1/2) are antipar-
allelly ordered to the sublattice magnetization of Cr'! (S = 3/2).

To understand the compensation behavior, a model calcula-
tion was carried out on the basis of the molecular field theory
with three sublattice sites of VI (§ = 3/2), VIV (S = 1/2), and
Cr™™ (S = 3/2). In the case of Prussian blue analogs, only super-
exchange coupling between the nearest-neighbor sites effective-
ly contributes to magnetic ordering. Hence, in the present sys-
tem, the molecular fields of Hyu, Hyuwv, and Hiu, which act on
the three sublattice sites are expressed as follows: Hyn =
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Figure 1. (a) Field-cooled magnetization curves in a field of
10 Oe (@) and 50 Oe (O). (b) Magnetic hysteresis loop measured
at S0K.
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Figure 2. (a) Calculated temperature dependence of Mo, (sol-
id line) and M| (dashed line). (b) Calculated temperature
dependence of sublattice magnetizations (Myn, My, and Mumn).

Table 1. The reported T¢omp values in molecule-based magnets

Compound? Teomp/K Ref.
(Mn""TPP)(TCNE) 5 Ta
Ni''l(HCOO0),-2H,0 8.5 g
(NBuy),Mn'; [Cu'(opba)]3 11.5 7c
Rbl()_64NiH()_31Ml’1H()_g7 [FCIII(CN)G] . 2.8H20 13 4g
[K{Mn"(3-MeO-salen) }> {Mn"™(CN)s }] 13.5 7d
[rad,Ni", { Cu" (opba) }5] 15
NBU4 [FCHFGIH(C204)3] 30 7b
(NiH()_3gMIlH()_52)[CI'm(CN)6]2/3 'S.OHzo 38 4a
(Fely 4oMn" 58)[Cr(CN)g 12/3+5.0H,0 40 4b
(Co"y41Mn" 59)[Cr™(CN)g]2/3+5.1H,0 42 4f
(Nify 2o Mn 69 Felly 19)[Cr™(CN)glo/3+5.1H,0 35,53 4d
(Fey.15Cr") g5)[CI™(CN)g lo/3 zH, O 110 4c

KIO'19VHO‘64(VIVO)0.36 [CI"HI(CN)G]()'B '7.5H20 175 This work

ATPP = meso-tetraphenylporphinato, TCNE = tetracyanoethylene,
opba = o-phenylenebis(oxamato), rad = 2-(1-ethylpyridinium-4-yl)-
4,4,5,5-tetramethylimidazolin-1-oxyl-3-oxide,  salen = N,N'-ethyl-
enebis(salicylideneaminato) dianion.

Hy + nV”CrmMCrI"’ Hyv = Hy + nVIVCrI"MCrm’ and HCrIII =Hy+
nV"Cr'"MV” +nV'VCr["MVIV where H() is the external magnetic
field, n; are the molecular-field coefficients relating to the
exchange coefficients (J;), and Myn, My, and Mcm are the
sublattice magnetizations per unit volume for the VT, VIV,
and Cr'" sites, respectively.® From the experimental T, values
of the binary compounds of VU[Cr(CN)slp/3+3.5H,0-
0.1[NEt][CF3S0;3] (T, = 330K) and (V'VO)[Cr™(CN)slo/3+
10/3H,0 (T. = 115K) reported in previous reports,”>" Jyucpn
and Jywem values are estimated to be —28.1 and —21.9cm™!,
respectively. Using these parameters, the total magnetization
(Myota1 = —Myn — My + M) was calculated (Figure 2a).
The calculated M, reproduces the compensation behavior.
As shown in the calculated sublattice magnetization curves
in Figure 2b, the compensation behavior is observed because
between 7, and Teomp, the positive magnetization of Cr'!! site
dominates, but below Tomp, the negative magnetizations of V!
and V'V sites dominate. When the FCM curve is measured
in a large magnetic field compared to the coercive field, the
negative magnetization below Tiomp is upset by the applied
magnetic field, which results in two hills being observed.

In summary, K'o 19V (VY 0)g 36[Cr™ (CN)g10.73+7.5H,0
exhibits a high Ti,m, value of 175K. The compensation of
magnetization has been reported in other molecule-based mag-
nets,’ e.g., (NBuy);Mn'';[Cu'(opba)]; (opba = o-phenylenebis-
(oxamato)) (Teomp = 11.5K)’® and NBuy[Fe!'Fe(C,0,)s]
(Teomp = 30 K).”® Table 1 summarizes the Teomp values reported
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for molecule-based magnets. The observed Tcomp value in the
present system is the highest value among molecule-based
magnets reported to date.
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