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Although most materials contract under pressure, occasion-
ally a reduction in volume of a material can be achieved by
expanding the material in one direction. So-called negative
linear compression (NLC)[1] has been previously character-
ized only in rather simple inorganic[2, 3] or organic com-
pounds.[4] NLC is a highly unusual thermodynamic property
of a material; to date, only one molecular NLC material has
been reported.[4] NLC is the result of specific bonding motifs
that may also be responsible for the conceptually related
property of negative thermal expansion (NTE).[3, 5] As pre-
viously noted,[3] NLC has potential applications in composite
materials as well as in the development of pressure sensors
with very high sensitivity, where the range of applications is
vast (such as piezoelectrics). We used high-pressure single-
crystal X-ray diffraction and Raman spectroscopy to study
a functional molecular material that shows bistability in the
form of spin crossover (SCO) between high-spin (HS) and
low-spin (LS) states. Intriguingly, a single geometrical mech-
anism is responsible not only for the strongest NLC behavior
yet observed in a molecular material, combined with NTE
and extreme positive linear compressibility, but also for the
high cooperativity of the SCO in [Fe(dpp)2(NCS)2]·py
(Scheme 1; dpp = dipyrido[3,2-a :2’3’-c]phenazine and py =

pyridine). The scissor-like motion of individual molecules is
propagated through the lattice via the physical intercalation
of ligands and is also responsible for suppressing the expected
HS!LS SCO under pressure.

Central to the understanding of both NLC and SCO is
rationalizing how structural changes affect properties. Coop-
erative SCO, where the material shows hysteretic thermal

spin transitions, is important for many applications[6] and is
structural in origin,[7] although the exact link between
cooperativity and specific solid state interactions, especially
in molecular materials, has often been difficult to ration-
alize.[8, 9] Changes in molecular shape between HS and LS
forms and the ability of the crystal lattice to accommodate
these changes (elastic properties of the lattice) determine not
only the degree of cooperativity, but may also influence
whether or not SCO occurs at all.[8] In the field of NLC,
extensive efforts have been made towards the rationalization
of specific structural and geometric mechanisms that produce
this unexpected property, as well as how they can be
improved. For example, so-called “lattice-fence” or “wine-
rack” motifs[5, 10] have been identified to describe the way in
which some frameworks form a connected series of hinges
that promote this highly anisotropic structural distortion.

[Fe(dpp)2(NCS)2]·py shows purely thermal SCO with
a hysteresis of 40 K (Tcfl� 123 K, Tc›� 163 K),[11] as shown
in Figure 1a. The very abrupt spin transition is accompanied
by an isostructural crystallographic phase transition.[12] From
HS to LS there is very little decrease in the volume of the unit
cell (0.1%) resulting from the thermal spin transition, in stark
contrast to the usual values of between 2 and 10 %;[13] this has
been attributed to the anisotropy of the structural rearrange-
ment that accompanies the spin transition.[12] Characteristic
cyano stretching (n-CN) modes of the thiocyanate ligand were
used to identify the spin state (HS� 2061 cm�1 and LS
� 2105 cm�1) from pressure-dependent Raman spectra of
the material measured at room temperature, as shown in
Figure 1. The difference in Raman shift of these characteristic
modes between the HS and LS state is the result of the weaker
s bonding and stronger p backbonding on the strength of the
CN bond in the HS, as opposed to the LS, state. Such
differences are typical for SCO systems and have been
suggested to be one of the most convenient probes monitor
the spin state in such materials.[14]

Scheme 1. Structural formula of [Fe(dpp)2(NCS)2]·py (1; dpp =
dipyrido[3,2-a :2’3’-c]phenazine and py = pyridine).
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Up to and including 18.2 kbar there is no indication of any
conversion to the LS state. At 24.8 kbar there is a partial
HS!LS conversion, and at 28.7 kbar the crystal has under-
gone a full SCO to the LS state at room temperature. This is
exceptionally high when compared to the related [Fe(phen)2-
(NCS)2] and [Fe(btz)2(NCS)2] complexes[15] in which the
room-temperature SCO is complete below 10 kbar.[16] Raman
spectra show significant structural differences between the
HS state and both the low-temperature and the high-pressure
LS states (LST and LSP; Supporting Information). On
decompression from both 24.8 and 28.7 kbar, the initial HS
state returns. High-pressure single-crystal X-ray diffraction
was used to rationalize the origin of the very high pressure
required to induce the low-spin state.

It is worth starting the discussion of the compressibility of
[Fe(dpp)2(NCS)2]·py by revisiting the opposing structural
effects of cooling and the spin transition on the structure of
the HS phase (see the Supporting Information).[12] On cooling
the HS state of 1, the b axis and the volume strongly decrease
in magnitude. The corresponding thermal expansion coeffi-
cients are clearly in excess of the 100 � 10�6 K�1 threshold
suggested for the term “colossal positive thermal expan-
sion”:[5] ab =+ 225(2) � 10�6 K�1 (the b axis being by symme-
try an eigenvector of the thermal expansion tensor) and av =

162(1) � 10�6 K�1 (see the Supporting Information for deriva-
tion and discussion of those values). On the other hand the
large increase of the a axis shows the presence of NTE
behavior. The corresponding eigenvector lies very close to the
a axis (98), with an eigenvalue a3 =�86 � 10�6 K�1 that is
comparable with the largest reported NTE behavior of
between �120 and �130 � 10�6 K�1.[5] In stark contrast, the
subsequent phase transition accompanying SCO below 150 K
causes a significant decrease in a (3.5%), and also a striking
increase in the b axis (13.9%). Upon thermal SCO from HS
to LS, the crystal lattice accommodates a drastic change in
geometry of the molecule, resulting in a more regular FeN6

coordination octahedron in the LS phase, as expected.[13]

Included in this transition is the large decrease (ca. �15%)
of the plane-to-plane angle y between the mean planes
defined by the atoms of the two dpp ligands towards 908 in the
LST state.[12]

It is the same geometrical mechanism, a scissor-like
opening and closing motion, that accounts for both the
highly anisotropic thermal expansion of the HS state (open-
ing) and the structural modifications of the HS!LS phase
transition (closing). The orientation of the molecule relative
to the unit-cell axes is shown in Figure 2a, and the resultant
scissor-like motion is illustrated in Figure 2b, which highlights
the relationship between the lattice parameters and molecular
geometry, as well as how these change during NLC and SCO.
At the molecular scale, the opening mechanism observed on
cooling the HS state is the same as that on increasing
pressure; the geometrical response of the HS molecule to
both of these stimuli is the same, albeit with different
magnitudes (Supporting Information, Figure S4). This open-
ing mechanism is quantified at the molecular level (in
Table 1) by examination of the angle y as a function of
pressure, derived from single-crystal X-ray structures.[27] The
+ 12% change in y demonstrates a strong geometric dis-
tortion of the molecule caused by pressure compared to the
relatively small distortion caused by cooling of + 2%. As
pressure increases, y increases significantly (Table 1), dem-
onstrating the conflict between the opening induced by
pressure (y�+ 12%) and closing required for HS!LST

SCO (y��15 %). Thus the higher-than-expected pressure
required to induce spin crossover can be explained by this
mechanism.

The scissor-like opening of the molecule under pressure
results in the extreme NLC of the a axis shown in Figure 2.
This geometrical mechanism is reminiscent of the “wine-
rack” motion[5,10] responsible for the NTE and NLC proper-
ties observed in other materials. It has been suggested that
while there is no thermodynamic necessity for materials with
NTE behavior to also show NLC, in practice it is often the
case.[5] Indeed, in the present case of [Fe(dpp)2(NCS)2]·py,
both of these highly unusual properties are observed and are
attributed to the same mechanism. For the sake of compar-
ison, the very few molecular compounds that show NLC
(including those not explicitly reported as having NLC
properties) are presented in the Supporting Information.
For these compounds we report both the isothermal volume
and minimum linear compressibility, defined as the derivative
of either cell volume or a cell dimension l with respect to

Figure 1. a) Molar magnetic susceptibility in 1 as a function of temper-
ature on cooling and warming, showing spin crossover between HS
and LS states. b) Selected normalized Raman spectra of 1 in the CN
stretching region between ambient pressure and 28.7 kbar. Additional
spectra at intermediate pressures are given in the Supporting Informa-
tion, Figure S1c.
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pressure at constant temperature, Kl =�(dl/ldp)T. Those
isothermal compressibilities can also be directly derived
from reported elastic stiffness data.[17] Molecular materials
with NLC are found to have values of Kl between �2.5 and

�20 TPa�1; for a third of these materials, NLC is seen after
a pressure-induced phase transition (Supporting Information,
Tables S1, S2).

The isothermal compressibility calculated along the a axis
is Ka =�30(4) T Pa�1. Considering the monoclinic symmetry,
the compressibility tensor can be fully determined following
the procedure outlined by Filhol et al. (see Supporting
Information for details).[18] One strongly negative eigenvalue
K1 =�41 TPa�1 is found with the corresponding eigenvector
ca. 268 from the a axis.

This tendency becomes less pronounced, though still
clearly apparent on further increasing pressure to 18.2 kbar,
making the effect significant over a larger range of pressure
than previously observed for molecular materials. Another
remarkable point is the extreme positive compressibility
along b up to 4.8 kbar, which we estimated in the same way to
be Kb =+ 116(13) T Pa�1. Despite the substantial NLC, the
overall positive volume compressibility of the sample is very
high, corresponding to a value of + 94(14) T Pa�1. These
highly unusual mechanical properties are the result of the
opening motion of the molecule that manifests itself in
extreme positive and negative responses of the crystal to
pressure. This motion at the molecular level also has strong
implications for the cooperative nature of the SCO observed
in this material.

Physical intercalation of the large, planar dpp ligands with
those on adjacent molecules produces a highly cooperative
spin transition, rather than p–p stacking interactions as
previously suggested.[8, 15] The closing motion of one molecule
during the spin transition necessitates a complimentary
motion in adjacent molecules to accommodate the steric
demands of the LS molecule within the lattice. The scissor-
like anisotropic distortion of the molecule coupled to physical
intercalation of the large dpp ligands is the origin of the highly
cooperative interactions observed, as well as for NLC and
NTE behavior. The ability of the lattice to accommodate the
opposing change in shape of the molecule during the spin
transition is what governs whether or not the magnetic HS!
LST transition can occur. This is essentially an elastic property
of the lattice; as the volume of the HS cell contracts by 2% on
cooling from 275 to 150 K, the lattice can accommodate the
change in shape required for SCO to occur. The same
contraction, but with a much greater magnitude (15 %) occurs
on pressurization up to 18 kbar and the lattice is no longer
capable of accommodating the change in geometry. The HS!
LST transition is thus suppressed but eventually under the
application of further pressure a spin transition occurs to LSP.
In all examples of molecular SCO where both the HS and LS
structures are known, the HS state is always more distorted
than in the LS case.[8, 13] We believe that it is because NLC
exaggerates this HS distortion in this material that the HS!

Figure 2. a) View in the ab plane of 1 at ambient pressure and
temperature showing the relative orientation of the molecule to the
unit cell axes and indicating the angle y presented in Table 1. Solvent
molecules and hydrogen atoms are omitted for clarity. b) Illustration of
the “scissor-like” geometric mechanism in the HS state and its effect
on the a and b parameters. Opening is observed upon increasing
pressure; closing is associated with a HS!LS phase transition
(SCO= spin crossover). c) Relative variation of the a,b axes and unit
cell volume of 1 as a function of pressure, showing extreme positive
and negative compressibility. Data are derived from high-pressure
single-crystal diffraction on two different crystals. Errors on all of the
values are contained within the points.

Table 1: Structural parameters for 1 as a function of pressure and in the thermal LS state for comparison.[a]

Thermal LS[b] HS[c] Pressure [kbar] Decompressed from
2.0 3.0 4.8 8.5 18.2 24.8 24.8 kbar

y [8] 92.4(1) 107.22(5) 109.0(1) 111.7(2) 113.0(2) 114.8(2) 118.1(3) 120.1(3) 107.19(7)

[a] For definitions of parameters, see the text and Figure 2a. [b] At 90 K. [c] At ambient temperature and pressure.
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LS transition is suppressed, rather than ligand field effects, as
demonstrated by the fact that very similar complexes [Fe-
(phen)2(NCS)2] and [Fe(btz)2(NCS)2]

[15] undergo SCO at
much lower pressures, resulting from the absence of this
distortion. As stated above, this scissor-like mechanism
resembles the well described[5, 10] wine-rack mechanism for
NLC, which when extended to consider the supramolecular
intercalation of the ligands, connects individual scissors into
this type of larger network. The use of supramolecular
interactions represents an important tool in the endeavor to
design NLC materials with increasingly desirable properties.

In summary, for the first time we have unambiguously
shown the microscopic origin of cooperative interactions in
a molecular spin-crossover material using a high-pressure
structural investigation. Furthermore we have illustrated the
antagonistic structural effects of SCO and high pressure on
[Fe(dpp)2(NCS)2]·py. These are produced by the same scissor-
like geometrical mechanism responsible for both the largest
NTE and NCL properties yet reported in a molecular
material (along the a axis), and the very high positive thermal
expansion and linear compressibility (along the b axis). The
combination of such diverse properties in the same trans-
parent molecular material may be of interest for future
optical applications.[1, 2,19]

Finally, it is worth highlighting that high-pressure struc-
tural investigations of SCO materials are rare,[16, 20] but clearly
can provide fascinating insights into such molecular materials,
in which mechanical properties are often overlooked. These
studies provide a formidable tool for uncovering elastic
properties in these typically low-symmetry systems, proper-
ties which we expect to become increasingly important in the
field.

Experimental Section
All of the diffraction data for 1 were collected at room temperature
using graphite monochromated Mo Ka radiation (l = 0.71073 �) on
an Oxford Diffraction Gemini diffractometer equipped with an EoS
detector. Data were processed using CrysAlisPro.[21] Basic models
derived from the ambient pressure phase were used as a starting point
for refinement of structural parameters against high-pressure data on
F 2 using SHELXL-97[22] and Olex2.[23] An absorption correction for
the DAC and shadowing from the gasket was applied with
Absorb6.1.[24]

Pressure was generated using a diamond anvil cell (DAC)
equipped with conical cut diamonds[25] with 800 mm culets. A
250 mm stainless steel gasket with a 350 mm hole was used to form
a sample chamber and filled with a silicon oil pressure-transmitting
medium. In general, a single crystal of [Fe(bbp)2(NCS)2]·py was
loaded inside the chamber along with several small ruby chips.
Pressure determination inside the cell was carried out using the ruby
fluorescence method.[26] Errors on values of pressure are estimated to
be � 0.5 kbar. For diffraction experiments the DAC was mounted on
a standard goniometer head. High-pressure diffraction data presented
in Figure 2a are from two separate crystals. Further details are given
in the Supporting Information.

High-pressure Raman and ruby fluorescence spectra were
acquired using a LabramHR (Horiba Jobin–Yvon) microspectrom-
eter. A HeNe laser (632.8 nm) was used as an excitation source; the
beam was focused on a spot of approximately 2 mm by a 50 � long-
working-distance objective. Rayleigh scattering was removed by
a holographic notch filter; Raman spectra of the sample were

recorded between 200 and 2200 cm�1 using a 600 grooves per mm
grating with a spectral resolution of about 3 cm�1. The ruby
fluorescence spectra were recorded between 687 and 700 nm using
the same setup but an 1800 grooves/mm grating, for a spectral
resolution of about 1 cm�1.

Magnetic measurements were performed on a polycrystalline
sample sealed in a 30 mm-thick polypropylene bag (film courtesy of
EXBANOR) on a Quantum Design MPSM-5S SQUID magneto-
meter. Data measured under 10 kOe were corrected for the sample
and the film diamagnetism using tabulated Pascal constants and
a previous measurement of the lone film.
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