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ABSTRACT: The pressure dependence of the magnetic properties of
f e r r im a gn e t i c Mn I I (TCNE) I (OH2 ) up t o 14 . 0 5 kb a r a nd
MnII(TCNE)3/2(I3)1/2·zTHF up to 14.32 kbar were studied. For MnII(TCNE)-
I(OH2), two distinct pressure regions separated at ∼1 kbar were evident in both
the temperature and the field-dependent magnetic measurements. No increase of
the magnetic properties was observed in the low-pressure region, while significant
increases to the magnetic ordering temperature, Tc, bifurcation temperature, Tb,
coercive field, Hcr, and remnant magnetization, Mr, were evident in the high-
pressure region. The Tc, Tb, Hcr, Mr, and M(5 T) reversibly increased from
ambient pressure values of 169 K, 169 K, 690 Oe, 620 emuOe/mol, and 13 800
emuOe/mol to 257 K, 261 K, 1460 Oe, 2300 emuOe/mol, and 17 100 emuOe/
mol at 14.05 kbar, respectively. For MnII(TCNE)3/2(I3)1/2·zTHF, the Tc and Tb
were nearly coincident and increased linearly from 173 and 173 K, respectively, at
ambient pressure to 273 and 272 K, respectively, at 14.32 kbar. Thus, the Tc
increased at an average rate of 6.25 and 7.18 K/kbar for MnII(TCNE)I(OH2) and MnII(TCNE)3/2(I3)1/2·zTHF, respectively. For
Mn(TCNE)1/2(I3)1/2·zTHF remnant magnetization and saturation magnetization did not significantly change with applied
pressure. The Hcr exhibited a linear increase from ambient pressure to 5.00 kbar, reaching 860 Oe, but only achieving 880 Oe at
14.32 kbar.

■ INTRODUCTION

In recent years, much research has centered on the discovery
and manipulation of organic-based analogues of metallic and
metalloid functional materials.1 Organic-based magnets (OBM)
have advantages over traditional metal and metal oxide
magnets.2−5 OBMs frequently also exhibit photo6 and piezo
active properties.7 Several OBMs have been synthesized
containing [TCNE]•− (TCNE = tetracyanoethylene) including
V(TCNE)x, which has a critical temperature (Tc) as high as 400
K.2−5,8 The inability to structurally resolve this amorphous
room temperature OBM has served to fuel the synthesis and
structural determination of TCNE containing OBMs.
MII(TCNE)[C4(CN)8]1/2·zCH2Cl2 (M = Fe,9 Mn10) and

[FeII(TCNE)(NCMe)2][Fe
IIICl4]

11 have provided insight into
the possible structural features for the high Tc TCNE-
containing magnets.8 The former M = Fe and Mn isostructural
compounds possess 3-D connectivity, and all three compounds
contain μ4-[TCNE]

•− bound to four MII ions forming
co r ruga t ed l ay e r s . The l aye r s o f M I I (TCNE)-
[C4(CN)8]1/2·zCH2Cl2 are connected by diamagnetic
[C4(CN)8]

2− with an average layer separation of 8.71 and
8.77 Å for M = Fe and Mn, respectively. This results in
antiferromagnetic ordering with a Tc at ambient pressure of 84
and 69 K for M = Fe and Mn, respectively. [FeII(TCNE)-
(NCMe)2][Fe

IIICl4] consists of 2-D layers with no interlayer
connectivity, but has an 8.24 Å interlayer separation, and
magnetically orders as a ferrimagnet below 90 K at ambient

p r e s s u r e . 1 1 M n I I ( T CN E ) I ( OH 2 ) ,
1 2 1 , a n d

MnII(TCNE)3/2(I3)1/2·zTHF,10 2, extend this family of
structurally related [TCNE]•− containing compounds.
MnII(TCNE)3/2(I3)1/2·zTHF, 2, consists of layers separated

by 7.96 Å that are interconnected by μ4-[TCNE]
•−, Figure 1,

which results in ordering as a 3-D ferrimagnet with a Tc and Tb
at ambient pressure of 171 and 171 K, respectively.10 1 likewise
possesses MnII ions bonded to four μ4-[TCNE]

•− forming 2-D
layers, but does not display interconnectivity between layers.
The axial positions of the MnII ions are capped by I− and H2O
preventing 3-D connectivity and limiting the network structure
to 2-D layers, Figure 2.12 Although MnII(TCNE)I(OH2) is 2-
D, the interlayer separation is smaller than the other structurally
related compounds at 5.00 Å, which yields a correspondingly
large Tc of 171 K,12 similar to the 3-D analogue
MnII(TCNE)3/2(I3)1/2·zTHF.

10

Detailed magnetic measurements under hydrostatically
applied pressure have previously been performed on
MnII(TCNE)[C4(CN)8]1/2·zCH2Cl2,

13 and preliminary mag-
n e t i c m e a s u r e m e n t s w e r e r e p o r t e d f o r
Mn I I ( TCNE ) 3 / 2 ( I 3 ) 1 / 2 · zTHF . 1 2 Mn I I ( TCNE ) -
[C4(CN)8]1/2·zCH2Cl2 exhibited a magnetic transition from
antiferromagnetic to ferrimagnetic behavior at 0.50 kbar, which
resulted in an initial decrease in the Tc from 69 to ∼20 K,
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followed by an increase to ∼97 K at 12.6 kbar.13 There is no
hysteresis at ambient pressure; however, an onset was observed
above 3.88 kbar, with the coercive field, Hcr, increasing with
increased pressure, reaching a maximum of 280 Oe.13 While the
ambient pressure magnetic behaviors of these structurally
related TCNE-based OBMs are similar [suggesting structural
features of V(TCNE)x], the pressure-dependent magnetic
behavior was evidence of the subtle structural dependence of
magnetic characteristics. The 2- and 3-D structural motifs and
resulting magnetic properties have prompted the investigation
of the pressure-dependent magnetic behavior of 1 and 2, and to
compare these results with that observed for other materials.

■ EXPERIMENTAL SECTION
MnII(TCNE)I(OH2) (1)12 and MnII(TCNE)3/2(I3)1/2·zTHF (2)10

were prepared similar to those previously described. 1 was prepared in

a glovebox under N2 atmosphere via the dropwise addition of a filtered
solution of 35.6 mg of TCNE (0.278 mmol) to 145.8 mg of
MnI2(THF)3 (0.286 mmol) in CH2Cl2. The latter solution had 6 mg
of distilled H2O added to it, and it was stirred for 1 h before it was
added to the TCNE solution. This reaction was stirred for 10 days.
The resulting precipitate was collected by vacuum filtration. 2 was
prepared by the above route, using 50.3 mg of TCNE (0.393 mmol)
added to 198.3 mg of MnI2(THF)3 (0.390 mmol), except that water
was not added.

Infrared spectroscopy (IR) and AC susceptibility measurements
were used to confirm purity, as low-temperature magnetic phases exist
for each compound that have similar empirical formulas due to the
limited degrees of freedom in the preparation method. The IR spectra
were measured from 400 to 4000 cm−1 on a Bruker Tensor 37
spectrometer (±1 cm−1) as KBr pellets. A Quantum Design (QD)
Physical Property Measurement System, PPMS 9 T, was used to
perform AC susceptibility measurements as previously described.14

Samples of 1 and 2 (3−15 mg) were loaded into gelatin capsules, to

Figure 1. Extended network bonding via μ4-[TCNE]
•− in 3-D present for MnII(TCNE)3/2(I3)1/2·zTHF (Mn = maroon, C = black, N = blue).10 The

disordered solvent and ordered I3
− anion reside in the channels.

Figure 2. Single layer of the MnII(TCNE)I(OH2) structure (left). Side view of multiple layers of the structure of MnII(TCNE)I(OH2) (Mn =
maroon, C = black, N = blue, O = red, I = purple, H = white) (right).12
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which 10−15 mg of decalin that freezes in the temperature range of
the M(H) measurements was added, in an inert atmosphere glovebox
and sealed with silicone grease prior to measurement. A QD
Superconducting Quantum Interference Device (SQUID) Magnetic
Property Measurement System (MPMS-5XL 5 T) (sensitivity = 10−8

emu or 10−12 emu/Oe at 1 T) was used to perform the pressure-
dependent measurements. Samples of 1 (∼1 mg) were loaded into a
Teflon cell with ∼1 mg tin (Mallinckrodt, 99.9769%), while samples of
2 were loaded with ∼1 mg of Pb.15 The remaining volume of the
Teflon cell was filled with decalin (the hydrostatic pressure media)
that is frozen at the temperatures utilized for M(H) measurements,
and capped with Teflon plugs. The Teflon sample cell was placed in a
Be−Cu hydrostatic pressure cell based on the Kyowa Seisakusho
design with zirconia pistons and rubber o-rings. Pressure was applied
to the assemblage using a Kyowa Seisakusho CR-PSC-KY05-1
apparatus and a WG-KY03-3 pressure sensor. An Aikoh Engineering
Model-0218B digital sensor readout was used as an approximate
pressure guide during pressure application. The applied pressure was
determined in situ by measuring the superconducting critical
temperature, Tsc, of Sn16a for 1 and Pb16b for 2, which have a
known dependency of Tsc as a function of pressure. The estimated
error for the pressure is ±0.05 kbar.
The zero-field cooled, MZFC(T), and field cooled, MFC(T),

magnetizations were measured in a 5 Oe applied magnetic field; the
MFC(T) and remnant magnetization, Mr(T), were cooled in a 5 Oe
applied magnetic field. The Tc was determined as the temperature
intercept of the extrapolation of the most linear portion of the remnant
magnetization, Mr(T). The bifurcation temperature, Tb, was taken to
be the divergence of zero-field cooled, MZFC(T), and field cooled,
MFC(T), magnetizations. Isothermal field-dependent measurements,
M(H), were performed at 4 K due to the inclusion of Sn (Tsc = 3.732
K).16 The coercive field, Hcr, was determined from the extrapolation of
the field intercept at zero magnetization upon reduction from an
applied field of ±50 kOe, the remnant magnetization, Mr, was
determined from the extrapolation of the magnetization intercept at
zero applied field upon reduction of an applied field of ±50 kOe, and
the saturation magnetization, Ms, was determined as the magnetization
achieved at 5 T applied field.

■ DISCUSSION

Prior to investigation of the pressure dependence of the
magnetic properties of MnII(TCNE)I(OH2), 1, the ambient
pressure data were remeasured at 4 K for comparison to the
literature values. The Tc and Tb were previously determined to
be 171 and 172 K, from the Mr(T) and the MZFC(T) and
MFC(T), respectively.12 The Hcr, Mr, and M(9 T) were
previously reported to be 400 Oe, 60 emuOe/mol, and 12
200 emuOe/mol at 5 K.12 The immiscibility of water and
CH2Cl2 makes it challenging to replicate reactions and isolate a
pure product. This is illustrated by the previously published AC
susceptibility, which displays two separate features at lower
temperatures in addition to the major peak at 170 K.12 The
ambient pressure Tc, Tb, Hcr, and Mr of the sample used for
pressure studies were 169 K, 169 K, 690 Oe, and 620 emuOe/
mol, respectively. Because of instrumental limitations, the
maximum applied field was ±50 kOe, which was insufficient to
saturate the magnetization of MnII(TCNE)I(OH2). The
maximum observed magnetization was 13 800 emuOe/mol at
5 T. The Tc and Tb agreed within the error of the
measurements, while the Hcr, Mr, and M(5 T) were significantly
greater. This is attributed to the lower temperature of the
measurement that has led to a larger Hcr in several related
compounds.17 In addition, isolation of a purer sample of
MnII(TCNE)I(OH2) than has previously been measured could
also be expected to yield a larger Hcr. Likewise, Mr and M(5 T)

have been found to depend on purity and crystal alignment in
some materials.18,19

The pressure dependence of MZFC(T,P), MFC(T,P), and
Mr(T,P) had virtually no change below ∼1 kbar for 1, but both
Tb and Tc increase with increasing pressure above 1 kbar,
Figure 3. Above ∼1 kbar, the Tc and Tb increase approximately

linearly to 257 and 261 K at the maximum applied pressure of
14.05 kbar, at an average rate of 6.25 and 6.58 K/kbar,
respectively, Figure 4. Upon release of the applied pressure, the
Tc and Tb were recovered, indicating reversibility. The decrease
of MZFC(T,P), MFC(T,P), and Mr(T,P) is in agreement with
previously reported studies,15,20 up to 4.98 kbar, above which
an anomalous increase in the magnetization was observed,
Figure 3. The increase in the magnetization at intermediate to
h i g h p r e s s u r e s r e s emb l e s t h a t o b s e r v e d f o r
[Ru2(O2CMe)4]3[Cr(CN)6] above 5.45 kbar,15 even though
it is not as pronounced for MnII(TCNE)I(OH2).
At ambient pressure and 4 K, MnII(TCNE)I(OH2) has a Hcr,

of 690 Oe, magnetization at 5 T of 13 800 emuOe/mol, and Mr
of 620 emuOe/mol, which are higher than the previously
reported values of 400 Oe, 8350 emuOe/mol at 5 T (12 200
emuOe/mol at 9 T), and 60 emuOe/mol, respectively.12 With
increasing pressure, the M(H,P) at 4 K was similar to Tc and Tb
with little change below ∼1 kbar, followed by an approximately

Figure 3. Pressure dependence of the MZFC(T) and MFC(T) (a) and
the Mr(T) (b) for 1: 0.82 (●), 1.22 (■), 2.82 (◆), 4.98 (▲), 8.45
(○), 11.44 (□), 14.05 kbar (◇), and upon returning to approximately
ambient pressure [0.52 kbar (×)] for MnII(TCNE)I(OH2).
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linear increase of the Hcr and Mr to 1460 Oe and 2300 emuOe/
mol at 14.05 kbar, respectively, Figures 5 and 6. The qualitative

shape of the hysteresis loops transitioned between 2.82 and
4.98 kbar, from the complex ambient pressure behavior to a
more standard shape, approaching saturation at 5 T instead of
∼8 T, Figure 5, which was previously observed at ambient
pressure.12 TheMs values above 2.82 kbar were as much as 40%
greater than the literature value of 12 200 emuOe/mol,
reaching 17 400 emuOe/mol at 11.44 kbar. This disparity is
likely due in part to the enhanced purity with respect to
previous samples (vide supra). Also, the Ms increased by 900
emuOe/mol with an increase of pressure from 4.98 to 11.44
kbar, which suggests that MnII(TCNE)I(OH2) does not
saturate in ±5 T applied field until ∼11.44 kbar. Upon release
of the applied pressure, the Hcr, Mr, and M(9 T) were
recovered, indicating reversibility. The results are summarized
in Table 1.
The ambient pressure magnetic properties of 2 were also

reinvestigated prior to measurement of the pressure depend-
ence for comparison to the literature values. The Tc and Tb

were previously determined to be 171 and 171 K, from the
Mr(T) and the MZFC(T) and MFC(T), respectively.

10 These
values were reasonably reproduced with values of 173 and 173
K for the Tc and Tb, respectively. The Hcr, Mr, and Ms were
previously reported to be 600 Oe, 8000 emuOe/mol, and 21
800 emuOe/mol at 10 K.10 The field-dependent properties
were reproduced with less accuracy at 710 Oe, 5300 emuOe/
mol, and 18 200 emuOe/mol for the Hcr, Mr, and Ms,
respectively. As for 1, the field-dependent properties of
compound 2 appear to be significantly affected by the
crystalline quality of a given sample.
The pressure dependence of the MZFC(T,P), MFC(T,P), and

Mr(T,P) increases linearly with increasing pressure, Figure 7.
The Tc from the Mr(T,P) and Tb from the MZFC(T,P) and
MFC(T,P) increase to 273 and 272 K at 14.32 kbar (58% and
57%, respectively), Figures 4 and 7. Similar to 1, the low-
temperature MZFC(T,P), MFC(T,P), and Mr(T,P) magnet-
izations of 2 decrease with increasing pressure, as has been
observed previously;20 but unlike 1, it exhibits an anomalous
improvement at intermediate pressures, Figure 7. Upon release
of the applied pressure, the Tc and Tb were recovered,
indicating reversibility. The results are summarized in Table 1.
The Mr and M(5 T) at 10 K decrease slightly with applied

pressure, with values of 5300 and 17 000 emuOe/mol at 14.32
kbar, Figure 8. The Hcr increased throughout the range of
applied pressures, achieving a maximum of 880 Oe, but
exhibited a greater rate of increase at low pressures than at high
pressures; the division of the high- and low-pressure regions for
the Hcr increases occurring at ∼5 kbar, Figure 9. The hysteretic
behavior and shape remained consistent at all applied pressures,
Figure 8. Upon release of the applied pressure, the Tc and Tb
were recovered, indicating reversibility.
The 2-D and 3-D structural motifs of 1 and 2 are responsible

for the variation of their respective pressure dependencies: 1
exhibited an average rate of change for Tc and Tb of 6.25 and
6.58 K/kbar, respectively, while 2 exhibited rates of 7.1810 and
7.06 K/kbar, respectively. The average values for 1 are skewed
somewhat by the existence of a high- and low-pressure region
characterized by distinct rates of enhancement of Tc, Tb, and
Hcr, Figures 4 and 6. The rate of increase of the Tc and Tb is
comparab l e to tha t obse rved fo r MI I (TCNE)-
[C4(CN)8]1/2·zCH2Cl2 (6.2 and 6.6 K/kbar, respectively),13

and MnII(TCNE)3/2(I3)1/2·zTHF (7.18 and 7.06 K/kbar,
respectively).10 The response of 2-D 1 to pressure was similar

Figure 4. Pressure dependence of Tc (■), Tb (□) for 1 and Tc (●), Tb
(○) for 2; released pressure data are “+” and “×”. The dashed line at
∼1 kbar represents the separation of the high- and low-pressure
regions for 1.

Figure 5. Pressure dependence of the M(H) of 1 at 0.82 (●), 1.22
(■), 2.82 (◆), 4.98 (▲), 8.45 (○), 11.44 (□), 14.05 kbar (◇), and
upon returning to approximately ambient pressure [0.52 kbar (×)].
Inset displays the hysteretic loop ±5000 Oe.

Figure 6. Pressure dependence of Hcr (●) and Mr (■) of 1; released
pressure measurements are hollow. The dashed line at approximately 1
kbar represents the separation of the high- and low-pressure regions.
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to the 3-D 2 when only the high-pressure regime was
considered, 6.67 and 6.88 K/kbar for the Tc and Tb,
respectively, Figure 4. Presumably, these improvements are
due to the contraction of interatomic distances, thereby
increasing the coupling through increased overlap of the
[TCNE]•− π* and Mn d-orbitals. Interestingly, although
MnII(TCNE)I(OH2) is composed of 2-D layers, the trends
observed in the magnetic data lack the complexity expected of
improved interlayer coupling, the suppression of hysteretic
behavior. This suggests that the interlayer interaction in
MnII(TCNE)I(OH2) is either significantly weak, even with
reduced interlayer separation, resulting in insufficient coupling
to suppress the hysteretic behavior, or that the interaction is of
quite a different nature than that expected through space
antiferromagnetic coupling. The increased coercivity with
applied pressure for 1 is qualitatively similar to that observed

for 2 and MII(TCNE)[C4(CN)8]1/2·zCH2Cl2, which increased
from zero at ambient pressure to 280 Oe at 12.6 kbar,13 which
further suggests a unique interlayer interaction.
The existence of two distinct pressure regions is presumably

due to the 2-D structural motif of MnII(TCNE)I(OH2), where
the low-pressure region is representative of interlayer
compression over a distance insufficient to perturb the
magnetic interaction between layers, thus resulting in a lack
of significant increase in the Tc, Tb, Hcr, or Mr. The similarity of
the pressure-induced increase in Tc and Tb for 2 serves as a
useful illustration of the macroscopic consequences of 3-D

Table 1. Summary of the Ambient and Pressure-Dependent Magnetic Behavior for 1 and 2

P, kbar Tc, K rate,aK/kbar Tb, K rate,aK/kbar Hcr, Oe M(5 T), emuOe/mol Mr, emuOe/mol

1 ambient12 171 172 400 8350 60
1 ambient 169 169 690 13 800 620
1 14.05 257 6.25 261 6.58 1460 17 100 2300
2 ambient10 171 171 600 18 200 8000
2 ambient 173 173 860 18 200 5300
2 14.32 273 7.1810 272 7.06 880 17 100 5200

aAverage.

Figure 7. Pressure dependence of the MZFC(T) and MFC(T) (a) and
the Mr(T) (b) for 2: 0.001 (●), 1.30 (■), 2.96 (◆), 5.00 (▲), 10.44
(○), 14.32 (□), and upon returning to ambient pressure [0.001 kbar
(×)] for Mr(T) of 2.

Figure 8. Pressure dependence of the M(H) at 10 K: 0.001 (●), 1.30
(■), 2.96 (◆), 5.00 (▲), 10.44 (○), and 14.32 (□) for 2. Inset
displays the hysteretic loop ±2000 Oe.

Figure 9. Pressure dependence of Hcr (●) and Mr (■) of 2; released
pressure measurements are concurrent with ambient pressure data
points.
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connectivity. 2 responds immediately and continually to applied
pressure in contrast to the 2-D 1, and, as the most significant
structural difference between the two structures is the
connectivity, it may be inferred that this quality is responsible
for the varied behavior of the compounds.

■ CONCLUSION
The pressure-dependent magnetic behavior of 1 was measured
up to 14.05 kbar, with emphasis around ∼1 kbar, which
approximates a transition in the pressure-dependent magnetic
behavior, and was measured up to 14.32 kbar for 2. Both
compounds displayed pressure-induced enhancement of
magnetic properties. 2-D MnII(TCNE)I(OH2) exhibits a high
Tc and substantial response to applied pressure up to 14.05
kbar, which more closely resembles the behavior of the related
3-D compounds, 2 and MnII(TCNE)[C4(CN)8]1/2·zCH2Cl2.
This behavior suggests that the initial pressurization reduces the
interlayer separation of MnII(TCNE)I(OH2). Above ∼1 kbar,
the interlayer separation has reduced sufficiently to allow
significant or increased interlayer coupling. The nature of this
unknown coupling mechanism makes further structural and
spectroscopic studies of MnII(TCNE)I(OH2) under applied
pressure important.
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