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Pressure-induced switching of a fast-relaxing single-molecule

magnet to a slow-relaxing isomer is observed for the first time

by using a combination of high pressure single-crystal X-ray

diffraction and high pressure magnetic measurements.

The ability to control and increase magnetic anisotropy is one

of the key targets in the development of single-molecule

magnets (SMMs).1 The prevalence of SMMs based on

manganese ions is due to the large number of compounds that

have been found to possess non-zero spin ground states, along

with the large axial magnetic anisotropy of the Jahn–Teller

distorted Mn(III) ion.2 However, the effective energy barrier to

reorientation of the magnetisation (DE/kB) in Mn(III)-based

SMMs is highly sensitive to: the local symmetry of the

molecule; the presence of low-lying spin states close to the

ground state and perhaps most importantly, the spatial

orientation of the elongated Jahn–Teller axes. The main

contribution to the global anisotropy (Dcluster) arises from

the tensor sum of the local single-ion axial anisotropy (Di) of

each Mn(III) centre. Mn12acetate [Mn12O12(OAc)16(H2O)4],

the first and most studied SMM, consists of a ring of eight

Mn(III) centres surrounding a central MnIV4O4 cube, bridged

by oxide and acetate ligands.2 There are two independent

Mn(III) sites: the eight Jahn–Teller axes lie in near alignment with

the magnetic easy axis, producing aDcluster of�0.457(2) cm�1.3 In
combination with the S = 10 spin ground state, this leads to an

effective energy barrier of around 60 K.

There are many examples of Mn(III)-containing polynuclear

complexes that are not SMMs, or are SMMs with only small

energy barriers, due to the misalignment of the Jahn–Teller

axes with the magnetic easy axis of the cluster.4 Even bulk

samples of Mn12acetate contain a small portion of a so-called

fast-relaxing (FR) Jahn–Teller isomer. This is a minority

species, which displays faster relaxation than the majority

species, or slow-relaxing (SR) isomer. These fast-relaxing

isomers display a misaligned or ‘horizontal’ Jahn–Teller axis

and a lower energy barrier ofE 40 K. The FR and SR isomers

display different blocking temperatures and hence, differences

in their magnetic properties.

High pressure has been used to study the static magnetic

properties of Mn12acetate at low temperature, suggesting

that the blocking temperature decreases with pressure,

there is some conversion of the SR to the FR isomer and

quantum tunnelling is modified.5 Inelastic neutron scattering

measurements under pressure on Mn12acetate also suggest

conversion of a small portion of the sample from the SR to

the FR isomer, and an increase in the axial anisotropy of both

Mn12acetate isomers with pressure.6 However, there are no

reported high pressure structural studies or high pressure

dynamic magnetic measurements on Mn12acetate or its

derivatives. We have studied a fast-relaxing Mn12 isomer,

[Mn12O12(O2CCH2
tBu)16(H2O)4]�CH2Cl2�MeNO2 (1), which

displays a misaligned Jahn–Teller axis i.e. it exists as the

100% fast-relaxing species.7 By using a combination of high

pressure single-crystal X-ray diffraction and high pressure

magnetic measurements we find that applied pressure switches

the molecule reversibly from the 100% FR species to 100%

SR species.

Compound 1 possesses a similar structure7b to Mn12acetate.

The peripheral ligation differs with tBuCH2CO2
� groups

instead of acetate. Four H2O ligands are also present,

as in Mn12acetate, though here two H2O ligands are

found on Mn12, forming the two Jahn–Teller elongated

Mn–O bonds. The two remaining H2O ligands are found

on Mn10 and Mn6 atoms. Unlike Mn12acetate, compound 1

has seven ‘‘vertical’’ Jahn–Teller bonds and one ‘‘horizontal’’

Jahn–Teller bond (Fig. 1 top) at 150 K. The horizontal

Jahn–Teller bond is located on Mn8. At room tempera-

ture the Mn8–O distances span 1.930(4)–2.025(4) Å; the

lack of a clear Jahn–Teller axis suggests disorder. The

molecules interact via van der Waals interactions between
tBu groups.

On application of pressure, the main structural changes

within the cluster occur at the Mn(III) centers. At 1.5 GPa,

the Jahn–Teller elongated bonds on Mn5, Mn6 and Mn12

become more asymmetric, while those on Mn7 and

Mn9–Mn11 all decrease by 0.02 Å on average. At Mn8 the

Jahn–Teller elongated bond lengths decrease, and at 1.5 GPa

the six Mn–O distances span the range 1.94(2) to 2.082(15) Å

(see Table S1, ESIw), suggesting that the disorder present at

ambient pressure persists. At 2.5 GPa, the behaviour of the

elongated Jahn–Teller bonds at Mn8 is clearer. The horizontal

Jahn–Teller bonds at ambient pressure switch to vertical

Jahn–Teller bonds on Mn8–O14 and Mn8–O26 (Fig. 1

bottom). Between 1.5 and 2.5 GPa, most of the Jahn–Teller

bonds on the remaining centres do not change significantly.

Release of pressure re-establishes the coordination seen at

ambient pressure.
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The strain tensor expresses the overall effect of pressure on a

crystal structure, revealing the directions which undergo the

greatest and least compression. When the two largest components

of strain are superimposed on Mn8 they are found to lie in the

‘horizontal’ plane containing the oxo-ligands, which is also the

plane containing the Jahn–Teller axis at ambient pressure (Fig. 2).

The effect of pressure is therefore to compress the local structure

around Mn8 mostly in the horizontal direction, ‘pushing’ the

Jahn–Teller axis into the normal vertical orientation. The new

orientation of the Jahn–Teller axis also corresponds to the

direction of the smallest strain component.

At ambient pressure the formula unit contains MeNO2 and

CH2Cl2 of solvation. At 1.5 GPa the occupancies of the

solvent model best with a combined total of 1.25 molecules

per formula unit; the solvent was removed altogether in

modelling the 2.5 GPa dataset. Models of partially occupied

solvent can be subject to reinterpretation even with fully

complete diffraction data. At high pressure, where data are

incomplete because of the pressure cell, the situation is yet

more uncertain. However, the data suggest the solvent is

released into the hydrostatic medium on compression, and

reabsorbed on decompression (see Table S2, ESIw). Conversion
from fast-relaxing to slow-relaxing Mn12 species can be

affected by solvent loss,7 and our high pressure data appear

to be consistent with this theory.

The ac susceptibility of 1 was measuredz from ambient

pressure to 1.44 GPa and this also shows conversion from

the fast-relaxing to the slow-relaxing species. The evolution of

the out-of-phase signal as a function of pressure is shown in

Fig. 3. The ambient pressure data reveal only one peak at low

temperature (Tmax = 2.1 K at 1 Hz) due to the fast-relaxing

species. At 0.47 GPa the low temperature peak shifts to higher

temperature (ca. 2.3 K) with a significant decrease in its

intensity. At the same time a broader peak appears at around

4 K. Hence, at 0.47 GPa both the fast-relaxing and

slow-relaxing species are present. This trend continues at

0.82 and 1.12 GPa. On reaching 1.44 GPa there is no low

temperature peak, and only the high temperature peak is

observed (Tmax = 4.1 K at 1 Hz) due to the exclusive presence

of the slow-relaxing species. The switch is reversible: after the

pressure is released, the data again reveal only one peak at low

temperature. The ac data are in excellent agreement with the

single-crystal X-ray diffraction study, where we have shown

that the molecule becomes ‘more axial’ with increasing pres-

sure as the misaligned Jahn–Teller axis flips from horizontal to

vertical. The pressure regime to see the full switch is slightly

different between the two measurements, probably due to the

diffraction study being carried out at ambient temperature

whereas the magnetic study is carried out below 10 K.

The out-of-phase peak that arises from the FR species shifts

to higher temperature with increasing pressure (Fig. 3). This is

consistent with an increase in the effective energy barrier. An

Arrhenius analysis of the frequency dependent ac data

Fig. 1 The structure of the Mn–O core of 1 at ambient pressure (top)

and at 2.5 GPa (bottom). The ‘vertical’ Jahn–Teller bonds are yellow and

the Jahn–Teller bond on Mn8, which switches with applied pressure, is

shown in pale green. [Mn(III), blue-green; Mn(IV), orange; O, red except

H2O ligands, lilac; for clarity, all C and H atoms are omitted].

At 2.5 GPa: Mn8–O108 1.88(3); Mn8–O13 1.89(3); Mn8–O208 1.90(3);

Mn8–O25 2.03(3); Mn8–O14 2.105(17); Mn8–O26 2.19(2) Å.

Fig. 2 Orientation of the principal components of the strain tensor

superimposed on the coordination sphere of Mn8. The direction of the

largest component of strain is labelled ‘1’, and the smallest ‘3’.

Fig. 3 Conversion of the fast-relaxing (FR) to the slow-relaxing (SR)

species: evolution of the out-of-phase ac susceptibility for 1 under

pressure, measured at a fixed frequency of 1 Hz.
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collected at each pressure was carried out. At ambient pressure,

DE/kB for the fast-relaxing species is 41 K, increasing to 46 K at

1.12 GPa. The relaxation time also increases from 4� 10�10 s to

8 � 10�10 s. The ambient pressure values compare well to those

reported (DE/kB = 42 K, t0 = 2.2 � 10�10 s).7 An increase in

the effective energy barrier of the fast-relaxing species with

pressure will be related to the change in molecular geometry.

There could be an increase in the Dcluster parameter or a

decrease in the rhombic anisotropy parameter (Ecluster), as

the molecule becomes more axial. High pressure HFEPR

measurements would be needed to investigate this further.

At 0.47 GPa, the peak at ca. 4K in the ac data is consistent with

the presence of a pressure-induced slow-relaxing species (Fig. 3).

The energy barrier of the pressure-induced SR species of 1 is 63 K,

comparing well to the value of 62 K previously reported for the

SR species [Mn12O12(O2CCH2
tBu)16(H2O)4]�CH2Cl2�MeCN (2).8

From 0.47 GPa to 1.12 GPa, our data do not reveal any

significant changes in the energy barrier or relaxation time for

the pressure-induced slow-relaxing species of 1.

The evolution of the hysteresis loop under pressure at 2 K is

shown in Fig. 4. At ambient pressure, the hysteresis loop from

the FR species has a small coercive field. Application of

pressure starts to convert the sample to the SR species and

the coercive field increases. This pressure-induced conversion

from the FR species to the SR species seen in the ac data

causes an increase in DE/kB from ca. 40 K to ca. 60 K.

Therefore, the hysteresis loop should widen under pressure

because as DE/kB increases, the blocking temperature (TB) also

increases. The ac data at 1.44 GPa show full conversion to the

SR species. We have used the steps in the hysteresis loop at

1.44 GPa to estimate the axial anisotropy of the pressure-

induced SR species of 1 as D = �0.61 K, which is in excellent

agreement with the D parameter obtained from single-crystal

low temperature hysteresis loops for the SR species 2.8

In conclusion, we have shown for the first time, using high

pressure diffraction and magnetic data, that conversion of

fast-relaxing to slow-relaxing Mn12 species occurs by flipping

the misaligned Jahn–Teller axis, producing a pure pressure-

induced slow-relaxing isomer.

We thank the EPSRC for financial support and the STFC

for provision of synchrotron beam-time.

Notes and references

z Single crystals of 1 were prepared as in ref. 7 and authenticated using
single-crystal diffraction at ambient pressure and 150 K. High pressure
diffraction data were collected with synchrotron radiation on a Bruker
APEX II diffractometer at the SRS on Station 9.8 (l = 0.4780 Å).
Data collection and processing procedures followed ref. 9. Two
crystals were studied. For the first, data were collected at 1.5 and
2.5 GPa; for the second, data were collected at ambient pressure,
1.5 GPa and then at ambient pressure again. During refinement
(SHELXL)10 similarity restraints were applied to all tBuCH2CO2

�

ligands; the tBu groups were also restrained to be locally three-fold
symmetric. For the ambient pressure datasets (which were collected
with the sample on a fibre) one solvent molecule of CH2Cl2 was treated
using the van der Sluis–Spek method.11 This is not possible for the
high pressure datasets because they suffer from low completeness as
the result of shading by the body of the pressure cell, and both solvent
molecules were modelled explicitly at 1.5 GPa; they appear to be
essentially absent at 2.5 GPa. Thermal motion is generally high,
particularly in the CH2

tBu moieties, several of which are disordered.
Only Mn and O atoms were refined with anisotropic displacement
parameters. Conventional R-factors for the ambient pressure datasets
are 0.0809 and 0.0817; those for the high pressure datasets are 0.1083
(1.5 GPa) and 0.1102 (2.5 GPa). These values are reasonable given the
relatively modest level of modelling that is possible with incomplete
data. A table of crystal data and further refinement details is available
in the ESI.w CCDC reference numbers 755025–755029. The magnetic
data were measured using a Quantum Design MPMS XL SQUID
magnetometer. The datasets from ambient pressure to 1.12 GPa were
collected in a CuBe pressure cell. The final dataset at 1.44 GPa was
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