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We investigate the pressure-induced structural deformations in a series of rutile-like network materials,
M(dca), (M = Mn, Fe, Ni), using synchrotron high-pressure powder X-ray diffraction (HP-PXRD). These
materials adopt an orthorhombic structure (space group Pnnm) at ambient conditions. All compounds
exhibit negative linear compressibility (NLC) along the c-axis in their orthorhombic phase (M(dca),-1), with
magnitudes varying across the series: Mn(dca), displays the largest NLC of —10(3) TPa~ (0.04-0.3 GPa),
while Ni(dca), and Fe(dca), show —2.5(8) TPa™* (0.07-1.06 GPa) and —2.8(4) TPa~! (0.03-0.95 GPa),
respectively. At higher pressures, these compounds undergo second-order phase transitions to a mono-
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1 Introduction

Rutile is the most abundant form of TiO, and is economically
important for its use in refractory ceramics and pigments.'” It
has attracted considerable attention in high-pressure research
due to the structural origin of a unique mechanical phenom-
enon known as negative linear compressibility (NLC).*™
Certain binary inorganic solids with a rutile structure, such as
MgF, and TeO,, expand in at least one linear direction when
subjected to hydrostatic compression.® This remarkable prop-
erty arises from the ferroelastic instability inherent in the tetra-
gonal crystal structure of rutile, which comprises edge-sharing
octahedral columns connected at their corners.”® Under com-
pression, correlated rotation of adjacent octahedral columns
leads to a symmetry lowering from tetragonal to orthorhombic,
yielding a CaCl,-type structure.”™" To maintain volume conti-
nuity across the phase transition, the lattice expands in one of
the two directions perpendicular to the column axis."?

NLC has great potential for applications in micro- and
nanoscale technologies, including pressure sensors, artificial
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clinic structure (P2,/n), with transition pressures dependent on the metal cation.

muscles, and actuators.’®** While several NLC materials have

been identified, ongoing research continues to discover novel
materials with enhanced properties.””™® Such advances are
expected to deepen our understanding of the underlying
mechanisms and inform design strategies for NLC materials,
ultimately facilitating the transition from fundamental
research to practical applications.

Beyond ferroelastic phase transitions in inorganic rutile
structures, NLC can also arise through alternative mecha-
nisms. Many coordination polymers, including MOFs and
metal cyanides, exhibit NLC attributed to framework
hinging.?°>* In these materials, metal nodes are bridged by
flexible molecular ligands to form 1D helical, 2D layered, or
3D wine-rack topologies.”*?” These structural motifs enable
rapid compression along specific directions, which translates
into perpendicular expansion via framework flexing, producing
significant NLC responses. Notable examples include layered
Ag(tem)* and the wine-rack structured Cu(tcm),*® both dis-
playing pronounced anisotropic mechanical behaviours per-
pendicular to their weakest bonding directions.

The distinct NLC mechanisms observed in rutile-structured
inorganics and flexible molecular frameworks inspire the
design of a new class of hybrid materials: rutile-structured
molecular frameworks. By maintaining the same network
topology as their mineral counterparts, these frameworks can
exhibit similar mechanical behaviour. Moreover, substituting
atomic linkers with molecular ligands introduces additional
void space and flexibility, potentially enhancing NLC
properties.

The molecular analogues of rutile studied here are tran-
sition metal dicyanamides, M(dca), (M = Mn, Fe, Co, Ni, Cu).
In these compounds, metal ions adopt octahedral MNg coordi-
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nation environments similar to rutile.? However, unlike the
corner-sharing octahedra in rutile, the MNg units in M(dca),
are bridged by three-coordinate dca™ ligands. These linkages
occur through the apical amide nitrogen (N2) and terminal
nitrile nitrogen (N1) of the dca™ ligands, forming an extended
3D network with a distorted wine-rack topology (Fig. 1).

At ambient conditions, M(dca), compounds adopt CaCl,-type
orthorhombic structures rather than rutile-type tetragonal struc-
tures.>® Although they do not undergo ferroelastic rutile-to-CaCl,
phase transitions, they exhibit intrinsic NLC under pressure.
Previous studies on Co(dca), revealed an NLC value of —3.7(3)
TPa™" over 0-1.11 GPa,* significantly exceeding those of binary
inorganic rutile analogues such as MgF, (-1.3(3) TPa") and
MnO, (—0.16(7) TPa—*).>'*> More recently, Cu(dca), was found to
exhibit an even larger NLC of —6.5(10) TPa—" along the c-axis
over 0.05-1.11 GPa, attributed to the Jahn-Teller distortion of
the Cu®>" coordination environment.*" This pronounced metal-
dependent behaviour motivates a systematic investigation across
the entire M(dca), series to elucidate the role of metal cation
identity in determining NLC properties.

In this study, we extend our investigation to the entire
M(dca), family, including Mn(dca),, Fe(dca),, and Ni(dca),.
Using high-pressure powder X-ray diffraction (HP-PXRD), we
characterize their structural responses to compression. All
compounds exhibit NLC along the c-axis, with magnitudes
varying significantly with metal cation identity. Mn(dca), dis-
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Fig. 1 Structural comparison of rutile-like frameworks and their NLC
deformation mechanisms. (a) Rutile TiO, and (b) M(dca), (M = Mn, Fe,
Co, Ni, Cu) both display the characteristic wine-rack topology. The two
main pressure-induced deformation mechanisms in M(dca), are: (c)
octahedral distortion and (d) flexing of “soft” dca™ ligands, where 6 rep-
resents the C—-N2-C bond angle and curved arrows show the ligand
movement trajectory. (e) Schematic of the wine-rack compression
mechanism exhibiting NLC upon compression.

(e)

Inorg. Chem. Front.

View Article Online

Inorganic Chemistry Frontiers

plays the largest NLC of —10(3) TPa~" over a narrow pressure
range (0.04-0.3 GPa), while Ni(dca), and Fe(dca), show smaller
values of —2.5(8) TPa~" (0.07-1.06 GPa) and —2.8(4) TPa™'
(0.03-0.95 GPa), respectively. These results reveal the complex
interplay between metal cation choice, phase transition behav-
iour, and NLC properties in this materials family.

2 Experimental
2.1 Synthesis

Mn(dca),: Anhydrous Mn(dca), was synthesised following a lit-
erature procedure.”® A hot aqueous solution of Na(dca)
(534.3 mg, 6 mmol in 2 mL water) was added to a hot aqueous
solution of Mn(NOj3),4H,0 (753.03 mg, 3 mmol in 1 mL
water). The mixture was heated to boiling for 5 minutes, then
transferred to a Petri dish and allowed to evaporate slowly over
several days, yielding colourless microcrystals. The product
was collected, washed with ethanol (Note: water cannot be
used due to the high solubility of hydrated Mn(dca),), and
dried at 60 °C overnight. The sample was further heated under
vacuum at 100 °C for 5 hours to obtain anhydrous Mn(dca),,
which was then ground into a fine powder.

Fe(dca),: The synthesis of Fe(dca), followed a similar pro-
cedure to Mn(dca),, but using methanol as the solvent due to
poor crystallinity when water is used. A hot solution of Na(dca)
(534.3 mg, 6 mmol in 4 mL methanol) was added to a hot solu-
tion of Fe(ClO,),:6H,0 (1088.4 mg, 3 mmol in 4 mL metha-
nol). The mixture was heated at 50 °C for 5 hours, yielding a
pale yellow powder. The product was collected, washed
sequentially with methanol and ethanol, dried at 60 °C over-
night, and evacuated under vacuum at 100 °C for 5 hours to
ensure complete desolvation.

Ni(dca),: A hot aqueous solution of Na(dca) (178.1 mg,
2 mmol in 4 mL water) was added to a hot aqueous solution of
Ni(NO;),-6H,0 (290.8 mg, 1 mmol in 3 mL water).>®> The
mixture was stirred overnight while cooling to room tempera-
ture, forming a light blue precipitate. The precipitate was col-
lected by filtration, washed with deionised water, and dried at
60 °C overnight.

2.2 High-pressure powder X-ray diffraction

High-pressure powder X-ray diffraction (HP-PXRD) experiments
for Ni(dca),, Mn(dca),, and Fe(dca), were carried out at the 115
beamline, Diamond Light Source, with an incident wavelength
of 0.4246 A (79 x 79 pm). Finely ground samples were loaded
into a 500 pm hole of a steel gasket in a diamond anvil cell
(DAC), with Daphne 7373 as the pressure transmitting
medium (PTM) and three ruby spheres for pressure cali-
bration. Pressure was determined by ruby fluorescence on-line
at the beginning of each diffraction sequence using a Horiba
iHR320 spectrometer (473 nm laser). The shift of the R1 fluo-
rescence line of the ruby spheres was measured before and
after each data collection, from which the experimental
pressure could be calculated. At low pressures (<1 GPa), the
error of such measurements is small (typically 0.01 GPa) due
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to the minimisation of laser power and exposure time; at
higher pressures (>1 GPa), the standard error is usually
assumed to be 0.1 GPa.** The pressure range was 0.07-3.16
GPa for Ni(dca),, while Mn(dca), and Fe(dca), were measured
up to 2.78 GPa and 2.44 GPa, respectively, due to weak diffrac-
tion signals at high pressures. Diffraction images were
collected using a Pilatus3 X CdTe 2M detector located approxi-
mately 230 mm from the sample and then integrated and cor-
rected using DAWN software.?>

2.3 Structure refinement and solution

The HP-PXRD patterns were analysed by Rietveld refinement
using the TOPAS software.*””*® Initial structural parameters for
the orthorhombic phases were derived from previously
reported single-crystal X-ray data for Ni(dca), and Mn(dca), at
ambient conditions.>®**° In the absence of reported single-
crystal X-ray data for Fe(dca),, its structure was determined by
refining the powder diffraction pattern using the Mn(dca),
model. Structural parameters, including lattice constants and
atomic coordinates, were refined against the HP-PXRD pat-
terns. During refinement, the N1-C-N2 linkage was found to
remain linear, with the N1-C-N2 angle consistently close to
180°, consistent with the N1=C triple bond character of the
dca™ ligand.

For the high-pressure monoclinic phases of Ni(dca),,
Mn(dca),, and Fe(dca),, structural determination was per-
formed in a stepwise manner. Given that these compounds are
isostructural with Co(dca), under ambient conditions and
undergo phase transitions at similar pressures, the HP mono-
clinic structure of Co(dca),-I1 *° was used as a reference model.
Pawley refinement*' was first performed to determine individ-
ual lattice parameters for each compound. These lattice para-
meters were then fixed during subsequent Rietveld refinement,
with atomic coordinates carefully refined to obtain satisfactory
fits. This approach successfully determined the structures of
the HP monoclinic phases for all three compounds.

2.4 Calculation of bulk moduli and linear compressibilities

Bulk moduli were calculated by fitting the variable-pressure
unit cell volume data using the EoSFit7-GUI software.** All
volume data were fitted using a second-order Birch-
Murnaghan equation of state (EoS),*>** except for the monocli-
nic phase of Fe(dca),, which required a third-order fit. The
applicability of the second-order fit was determined by inspec-
tion of the f~F plots, which visualise the normalised pressure
versus Eulerian strain data for each phase. A horizontal trend
was observed within experimental error for all phases (except
Fe(dca),-II) in these plots, indicating that a second-order
Birch-Murnaghan fit sufficiently accounted for the pressure—
volume data. Linear compressibility coefficients for each phase
were calculated using the PASCal software®®> by correlating
lattice parameters with applied pressure.

This journal is © the Partner Organisations 2026
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3 Results
3.1 Ni(dca),

Ni(dca),, as a structural analogue of rutile (TiO,), possesses a
single rutile-like network. To investigate its pressure-induced
structural behaviour, the compound was characterised by
HP-PXRD measurements up to 3.16 GPa. At ambient con-
ditions and low pressures (0.07-1.06 GPa), Ni(dca), adopts an
orthorhombic structure with space group Pnnm. Upon increas-
ing pressure above 1.06 GPa, it undergoes a reversible second-
order phase transition to a monoclinic structure with space
group P24/n, and reverts to the orthorhombic phase upon
pressure release.

The variable-pressure unit cell volume data for both phases
were fitted to the second-order Birch-Murnaghan equation of
state (EoS) using EoSFit7-GUI (Fig. 4).*>*® The bulk modulus
decreases from 17.9(4) GPa for the orthorhombic phase
(0.07-1.06 GPa) to 15.4(4) GPa for the monoclinic phase
(1.21-3.16 GPa), indicating pressure-induced structural soften-
ing. This behaviour is counterintuitive, as uniform com-
pression typically leads to bond compaction and increased
stiffness. The observed softening can be attributed to the lower
symmetry of the monoclinic phase, which permits greater
framework flexibility through octahedral distortion and
rotation-deformation modes that are symmetry-forbidden in
the orthorhombic phase. Under compression, the framework
can accommodate stress through relatively low-energy hinging
motions rather than direct bond compression, resulting in the
observed decrease in bulk modulus.

The linear compressibilities of Ni(dca), along the principal
crystallographic axes were calculated using PASCal.*> Over the
pressure range of 0.07-1.06 GPa, the orthorhombic phase (Ni
(dca),-I) exhibits negative linear compressibility (NLC) of —2.5
(8) TPa~" along the c-axis, accompanied by positive linear com-
pressibility (PLC) of 35.7(12) TPa~" and 13.1(5) TPa™ " along the
a- and b-axes, respectively.

The NLC behaviour of Ni(dca),-I arises from a wine-rack
breathing mechanism, enabled by the contrasting mechanical
properties of its structural components. The Ni** centres act as
rigid nodes, while the dca™ ligands and their coordination
bonds serve as flexible hinges. As shown in Fig. 2, the structure
contains substantial void space in the a-b plane. Under hydro-
static compression, Ni(dca),-I undergoes rapid contraction
along this plane, which is converted into expansion along the
perpendicular c-axis through flattening of the dca™ ligands.

The dca™ ligand adopts a bent geometry, comprising two
N1=C-N2 moieties. The constituent bonds, characterised by
their rigidity, exhibit minimal length changes under com-
pression. Instead, the primary deformation occurs through
changes in the dca™ ligand bond angle 8 (C-N2-C). As pressure
increases from 0.07 to 0.96 GPa, 6§ increases from 122.6° to
131.6°, while the C=N bond lengths remain essentially con-
stant (Fig. 2b and Fig. S1). This angular opening directly trans-
lates into expansion of the ¢ lattice parameter, giving rise to
the NLC behaviour. Concurrent with ligand flattening, the
NiNg octahedra undergo slight distortion: the axial Ni-N2
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Fig. 2 (a) Illustration of pressure-induced structural deformations in Ni
(dca),-1 over a pressure range of 0.07-1.06 GPa. The main deformation
mechanisms are the flattening of the dca™ ligands coupled with the
octahedral distortion of NiNg. The blue arrow indicates the contraction
of the equatorial Ni-N1 bond, while the red arrow indicates the elonga-
tion of the axial Ni-N2 bond. (b) Changes in the dca™ ligand bond angle
0 (C—N2-C) and in the Ni—N1 and Ni—N2 bond lengths with increasing
pressure.

bonds (to the apical nitrogen) elongate, while the equatorial
Ni-N1 bonds (to the terminal nitrogen) contract (Fig. 2b).

In the orthorhombic phase Ni(dca),-I, the dca™ ligands
maintain their symmetry, with both N1=C-N2 moieties
remaining coplanar and equivalent in length. However, in the
monoclinic phase Ni(dca),-II, the symmetry is broken, result-
ing in two crystallographically distinct bonds: N1(1)=C-N2
and N1(2)= C-N2 (Fig. 3). This symmetry reduction leads to
further octahedral distortion, with the axial-equatorial bond
angles deviating significantly from 90°.

Beyond distortion, the octahedra undergo
rotation about the [001] direction during compression. This
rotation is evidenced by systematic decreases in both the N1
(1)-Ni-Ni and N1(2)-Ni-Ni angles with increasing pressure
(Fig. 3b), confirming genuine rotational motion rather than
simple distortion of the equatorial Ni-N1 bonds. The reduced
symmetry of Ni(dca),-II introduces additional structural
degrees of freedom, making the deformation behaviour more

collective

complex. Nevertheless, it is clear that framework hinging par-
tially replaces direct bond compression, accounting for the
reduced stiffness of Ni(dca), at high pressures.

Unlike Ni(dca),-I, the monoclinic phase Ni(dca),-II does
not exhibit NLC. This loss of NLC behaviour can be attributed
to the disruption of the cooperative wine-rack hinging mecha-
nism that characterises the orthorhombic phase. In Ni(dca),-
II, the symmetry breaking introduces multiple independent
deformation modes—including octahedral rotation, asym-
metric ligand distortion, and varied bond angle changes—that
compete with the directional expansion mechanism. The dom-
inance of octahedral rotation, evidenced by systematic changes
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Fig. 3 (a) Crystal structures of Ni(dca),-I at 0.07 GPa (left) and Ni(dca),-
Il at 2.51 GPa (right), viewed along the a-axis. Yellow arrows indicate the
direction of octahedral rotation in the monoclinic phase. The inset illus-
trates the octahedral geometry showing the N1(1)-Ni—Ni and N1(2)-Ni-
Ni angles used to quantify the rotation. (b) Evolution of these angles
with increasing pressure, demonstrating progressive octahedral rotation.

in the N1-Ni-Ni angles (Fig. 3b), allows the structure to accommo-
date compression more isotropically. Consequently, Ni(dca),-II
shows PLC along all three principal axes, with values of 18.8(10)
TPa™, 17.8(6) TPa~ ", and 9.4(7) TPa~" along a, b, and c, respect-
ively, over the pressure range of 1.21-3.16 GPa.

3.2 Mn(dca),

Mn(dca), adopts a rutile-like structure similar to Ni(dca),, with
Mn*" ions octahedrally coordinated to six dca” ligands.
However, due to the larger ionic radius of Mn** compared to
Ni*","” the metal-ligand bonds are longer. Specifically, the
axial Mn-N2 bond in Mn(dca), measures 2.5 A, while the equa-
torial Mn-N1 bond is 2.3 A, both substantially exceeding the
corresponding bonds of 2.1 A and 2.2 A in Ni(dca),.
Consequently, the orthorhombic unit cell of Mn(dca), is
larger, with lattice parameters a = 6.1352(9) A, b = 7.3046(9) A,
¢ = 7.5317(12) A, and volume V = 337.53(9) A® at ambient
conditions.

HP-PXRD studies reveal that Mn(dca), exhibits distinctly
different pressure-induced behaviour compared to Ni(dca),.
While Ni(dca), maintains its orthorhombic structure up to 1.1
GPa, the orthorhombic phase of Mn(dca), (Mn(dca),-I) persists
only up to 0.3 GPa (Fig. 4). At this pressure, Mn(dca), under-
goes a second-order phase transition to a monoclinic structure
with P2,/n symmetry. Critically, despite sharing the same

This journal is © the Partner Organisations 2026
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Fig. 4 (a) Changes in lattice parameters and volume as a function of pressure for Ni(dca),, Mn(dca),, and Fe(dca),. Background colours indicate

structural phases: orthorhombic (blue) and monoclinic (cream). Lattice parameters were fitted linearly for both phases, with the monoclinic g angle
fitted to a third-order polynomial. Volume data were fitted using the second-order Birch—Murnaghan equation of state (third-order for Fe(dca),-Il).
(b) Representative HP-PXRD patterns with Rietveld refinements: experimental data (black), calculated fit (red), difference curve (grey), and tick marks

indicate allowed reflections.

space group as Ni(dca),-II, the monoclinic phase Mn(dca),-II
exhibits a fundamentally different topology: the axial Mn-N2
coordination bonds elongate dramatically to ~3.0 A, effectively
becoming van der Waals contacts, resulting in a staggered
stacking arrangement of highly distorted octahedra (Fig. 6a).
This contrasts sharply with Ni(dca),-II, which maintains octa-
hedral coordination with only minor displacement of atoms
from their orthorhombic positions.

Investigation of the pressure-induced deformation in
Mn(dca),-I reveals that the dominant mechanism differs from
that in Ni(dca),-I. Rather than compression-induced flattening
of dca™ ligands, the primary deformation involves distortion of
the MnNg octahedra through a shear hinging motion of the
framework. The spacious unit cell along the a-b plane permits
substantial structural rearrangement under compression. As
the pressure increases, coordinated reorientation of both the
axial Mn-N2 bonds and the equatorial Mn-N1 bonds occurs,
breaking the octahedral symmetry (Fig. 5b). This shear-like
deformation causes the octahedral bond angle ¢ (N2-Mn-N1)
to deviate significantly from the ideal 90°, providing a low-
energy pathway to accommodate hydrostatic stress without sig-
nificant bond compression.

The evolution of the octahedral bond angle ¢ with pressure
is shown in Fig. 5c. The systematic decrease of ¢ indicates pro-

This journal is © the Partner Organisations 2026

gressive octahedral distortion within Mn(dca),-I, with a dra-
matic drop at 0.3 GPa accompanied by substantial changes in
other structural parameters, including the dca™ ligand bond
angle 6 (C-N2-C) and the N1=C-N2 bond lengths (see
Fig. S2). These abrupt changes suggest that Mn(dca),-I
approaches the limit of its structural stability at this critical
pressure. The large octahedral distortion ¢ decrease of 16.2°
over the narrow pressure range of 0-0.3 GPa can be attributed
to the spacious unit cell, which accommodates structural
rearrangement under compression. Concurrent with octa-
hedral distortion, the dca™ ligands deform in response to the
coordinated reorientation of metal-ligand bonds. As both Mn-
N2 and Mn-N1 bonds reorient under compression, the dca™
ligands are pulled in opposite directions along the framework,
resulting in changes to the dca™ ligand bond angle 6 (C-N2-C)
(Fig. 5b and c).

Linear compressibilities calculated using PASCal reveal
positive values of 34(8) TPa~" and 20(2) TPa~' along the a- and
b-axes, respectively, but a remarkable NLC of —10(3) TPa™"
along the c-axis over 0-0.3 GPa. This represents the most pro-
nounced NLC in the entire series, approximately four times
larger than that observed in Ni(dca),-I. This counterintuitive
behaviour arises from competing geometric effects. Detailed
analysis reveals that the coordination angle y (C-N1-Mn),
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Fig. 5 Pressure-induced structural evolution of Mn(dca),-I. (a)
Octahedral packing viewed along the c-axis at 0.04 GPa (left) and 0.30
GPa (right). The yellow arrow indicates ligand rotation under com-
pression. (b) Simplified view at 0.04 GPa with octahedra removed,
showing three key angles: ¢ (octahedral bond angle, N2-Mn-N1), ¢
(dca™ ligand bond angle, C—-N2-C), and y (coordination angle, C—N1-
Mn). (c) Evolution of these angles with pressure.

which governs the connection between the terminal N1 of
dca” and the Mn centres, increases with pressure (Fig. 5c).
This angular opening, driven by the reorientation of the Mn-
N1 bonds, increases the projection of the coordination bond
length along the c-axis. The net deformation along the c-axis
can thus be understood as a competition between the contract-
ing influence of decreasing € and the expanding influence of
increasing y. In Mn(dca),-1, the latter effect dominates due to
the framework spaciousness, resulting in the observed
enhanced NLC behaviour. The bulk modulus of Mn(dca),-I is
18.2(7) GPa, comparable to that of Ni(dca),-I (17.9 GPa)
despite the larger unit cell.

Above 0.3 GPa, the orthorhombic structure collapses and
Mn(dca), transforms to the monoclinic phase Mn(dca),-1I. The
phase transition is accompanied by a dramatic elongation of
the axial Mn-N2 bonds, while the equatorial Mn-N1 distances
remain relatively constant (Fig. 6b). The exceptionally long
Mn-N2 bond (approaching 3 A) suggests a transition from tra-
ditional coordination bonding to van der Waals-type inter-
actions, reducing the material’s stiffness. This is reflected in
the bulk modulus of Mn(dca),-II, which decreases to 9.6(2)
GPa substantially lower than the orthorhombic phase value.

The weakened axial bonding produces a staggered stacking
structure with considerable void space along the b-axis
(Fig. 6a), resulting in highly anisotropic compressibility. The
Mn-N2 distance decreases rapidly with increasing pressure
(Fig. 6b), corresponding to compression of the van der Waals
gap. Accordingly, Mn(dca),-II exhibits the highest compressi-
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Fig. 6 (a) Crystal structure of Mn(dca),-Il at 1.09 GPa, viewed along the
c-axis, showing the staggered stacking structure resulting from
elongated Mn—N2 bonds. (b) Evolution of the Mn—N2 bond length as a
function of pressure.

bility along the b-axis (26.6(13) TPa™') and smaller values
along the a- and c-axes (17.9(15) TPa~" and 10.4(12) TPa™ ',
respectively) over the pressure range of 0.44-2.78 GPa.

3.3 Fe(dca),

Fe(dca), is isostructural with Ni(dca), and Mn(dca),, with Fe**
occupying the octahedral metal sites. Unlike the other two
compounds, Fe(dca), has nearly identical axial Fe-N2 and
equatorial Fe-N1 bonds, both measuring 2.4 A. At ambient
conditions, Fe(dca), adopts an orthorhombic structure with
space group Pnnm and lattice parameters a = 6.086(3) A, b =
7.155(3) A, ¢ = 7.425(3) A, and V = 323.3(2) A®. Although Fe?'
and Mn** have close ionic radii, resulting in similar unit cell
sizes for Fe(dca), and Mn(dca),, the two compounds exhibit
markedly different pressure-induced behaviour.

HP-PXRD studies reveal that Fe(dca), undergoes a phase
transition from orthorhombic to monoclinic (P2,/n) at approxi-
mately 1.0 GPa (Fig. 4). This transition pressure is similar to
that of Ni(dca), (1.06 GPa) but substantially higher than that
of Mn(dca), (0.3 GPa), indicating that the orthorhombic phase
Fe(dca),-I exhibits greater structural stability under com-
pression. Interestingly, despite the similar transition press-
ures, the monoclinic phase Fe(dca),-II adopts the structural
model of Mn(dca),-II rather than Ni(dca),-II, featuring a stag-
gered stacking arrangement of highly distorted octahedra.

The compression behaviour of Fe(dca),-I closely resembles
that of Mn(dca),-I, characterised by pronounced octahedral
distortion through a shear hinging mechanism. As shown in
Fig. 7a and b, the octahedral bond angle ¢ (N2-Fe-N1)
increases by more than 10° over the pressure range of
0.03-0.95 GPa. This distortion results from coordinated reor-
ientation of both Fe-N2 and Fe-N1 bonds, breaking the octa-
hedral symmetry. The relatively spacious framework along the
a-b plane facilitates this deformation, allowing the structure to
accommodate compression through low-energy hinging
motions. The octahedral distortion drives expansion along the
perpendicular c-axis via geometric coupling through the dca™
ligands.

Linear compressibilities calculated using PASCal reveal
positive values of 40(3) TPa~' and 16.8(7) TPa~' along the
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Fig. 7 Pressure-induced structural evolution of Fe(dca),. (a) Octahedral
packing of Fe(dca),-I at 0.03 GPa and 0.95 GPa, viewed along the c-axis,
illustrating the deformation mechanism under compression. (b)
Evolution of key structural angles with pressure: ¢ (octahedral bond
angle, «N2-Fe—N1), 6 (dca™ ligand bond angle, «C-N2-C), and y
(coordination angle, «C—N1-Fe). (c) Crystal structures of Fe(dca),-Il at
1.43 GPa and 2.24 GPa, viewed along the b-axis, showing the elongated
Fe—N2 bond. (d) Evolution of the Fe—N2 bond length as a function of
pressure.

a- and b-axes, respectively, and negative linear compressibility
(NLC) of —2.8(4) TPa~" along the c-axis. The bulk modulus of
Fe(dca),-I is 14.8(4) GPa, slightly lower than those of Ni(dca),-I
(17.9 GPa) and Mn(dca),-I (18.2 GPa).

The NLC magnitude of Fe(dca),-I (—2.8(4) TPa™") is compar-
able to that of Ni(dca),-I (—2.5(8) TPa™') but substantially
smaller than Mn(dca),-I (—=10(3) TPa™"). This variation demon-
strates that the NLC properties of these isostructural com-
pounds depend sensitively on the identity of the metal cation,
the available framework space, and the pressure range over
which the orthorhombic phase remains stable.

Above 1.0 GPa, Fe(dca), transforms to the monoclinic phase
Fe(dca),-II, which features a staggered stacking structure with
an exceptionally long axial Fe-N2 bond, creating substantial
void space along the c-axis (Fig. 7c). Similar to Mn(dca),-1I, the
predominant deformation in Fe(dca),-II is rapid contraction
along the direction of the elongated Fe-N2 interaction
(Fig. 7d).
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However, Fe(dca),-II exhibits a behaviour that distinguishes
it from Mn(dca),-Il. While the Mn-N2 bond in Mn(dca),-II
contracts to a plateau length of approximately 2.7 A, the Fe-N2
bond in Fe(dca),-II continues to decrease, reaching 2.4 A at 2.0
GPa (Fig. 7d). This value approaches the typical Fe-N coordi-
nation bond length, indicating reformation of a covalent Fe—
N2 bond. This phenomenon suggests that Fe(dca),-II under-
goes a pressure-induced transition from a van der Waals-
bonded staggered structure to a more conventional coordi-
nation geometry, representing a transition to a lower-energy
configuration at high pressure.

The distinct compression behaviour of Fe(dca),-II is also
reflected in its equation of state. Unlike Mn(dca),-II, which is
well described by a second-order Birch-Murnaghan equation,
Fe(dca),-II requires a third-order fit, yielding a bulk modulus
By = 14.67(7) GPa and its pressure derivative B', = 0.2(3). The
unusually low value of B’ (typically B, ~ 4 for most materials)
indicates anomalous softening behaviour: the material
becomes more compliant with increasing pressure. This coun-
terintuitive trend can be rationalised by the structural trans-
formation occurring within the monoclinic phase, as the
weakly bonded staggered structure gradually transitions
toward a more conventional coordination framework through
Fe-N2 bond reformation.

4 Discussion

The three isostructural M(dca),-I compounds (M = Mn, Fe, Ni)
all exhibit NLC along the c-axis, but with different magnitudes
(Table 1 and Fig. 8a). Mn(dca),-I shows the most pronounced
NLC of —10(3) TPa~" over the narrow pressure range of 0-0.3
GPa. Fe(dca),-1 exhibits a more moderate NLC of —2.8(4) TPa™"
over 0.03-0.95 GPa, while Ni(dca),-I displays the smallest NLC
of —2.5(8) TPa™" over 0.07-1.06 GPa. This systematic variation
is discussed in detail below in terms of framework spacious-
ness and deformation mechanism.

The observed trend correlates directly with metal cation size.
Larger cations such as Mn>" create more spacious frameworks
with greater void volume along the a-b plane. This increased
space permits substantial framework deformation through
hinging mechanisms, resulting in pronounced NLC effects.
Conversely, smaller cations such as Ni** yield more compact

Table 1 Compressibilities and bulk moduli of M(dca), (M = Ni, Mn, Fe, and Cd)

Material K, (TPa™") Ky, (TPa™) K. (TPa™) B, (GPa) B Pressure range (GPa)
Ni(dca),T 35.75 13.11 -2.47 17.9(4) 4 0.07-1.06
Ni(dca),-11 18.81 17.82 9.45 15.9(4) 4 1.21-3.16
Mn(dca),I 34.27 20.07 -10.30 18.2(7) 4 0.04-0.30
Mn(dca),-T1 17.90 26.62 10.42 9.6(2) 4 0.44-2.78
Fe(dca),-T 40.32 16.82 —2.79 14.9(4) 4 0.03-0.95
Fe(dca),-I 33.66 37.83 17.66 14.6(7) 0.2(3) 1.11-2.44
Cd(dca),” 42(2) 28.0(3) 22.5(7) 7.0(3) 6.1(5) 0.05-2.33

“Cd(dca), adopts the monoclinic P2,/n structure throughout the entire
active phase. All compressibilities are positive; no NLC is observed.

This journal is © the Partner Organisations 2026
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Fig. 8 (a) Correlation between NLC magnitude and pressure range for

M(dca), (M = Ni, Mn, Fe) and rutile-structured dioxides and difluorides.
The molecular framework materials exhibit systematically larger NLC
values than their inorganic analogues. (b) Phase diagram for the M(dca),
series, showing the orthorhombic—monoclinic phase transition pressure
for each metal cation.

structures with restricted deformation capacity, leading to
smaller NLC magnitudes. This behaviour parallels that observed
in rutile-structured binary oxides and fluorides, where larger
cations consistently produce more pronounced NLC responses.
For example, TeO, exhibits the largest NLC of —5.1 TPa~* among
rutile dioxides, attributed to its large Te*" cation.®

The cation size effect extends beyond NLC magnitude to
govern structural stability. Mn>*, with the largest ionic radius
among the three compounds (0.83 A),*” represents a structural
tipping point: its framework undergoes exceptionally rapid
octahedral distortion (Ag = 16.2° over 0-0.3 GPa), producing
the largest NLC of —10(3) TPa~" but collapsing to the monocli-
nic phase at only 0.3 GPa. Attempts to extend the series to
larger cations confirm this boundary. Cd*" (0.95 A),*” the next
larger candidate, crosses the structural tolerance limit entirely:
Cd(dca), does not adopt the orthorhombic rutile-like structure
at ambient conditions, instead forming a monoclinic phase,
and consequently exhibits no NLC (Table 1 and Fig. S11). This
directly confirms that the cation-size threshold for the NLC-
enabling orthorhombic framework lies between Mn?* (0.83 A)
and Cd** (0.95 A). Similarly, Zn(dca),, with the smaller Zn>"
cation and preference for tetrahedral coordination, organises
into a buckled layered structure incompatible with the rutile
topology.*®*® These observations establish that the NLC-
enabling orthorhombic framework is stable only within a
specific cation-size window, and that Mn”" sits at its upper
boundary, maximising NLC within this family through cation-
size tuning alone.

Beyond cation size, the nature of the bridging ligand plays a
crucial role in determining NLC properties. The M(dca), series
consistently exhibits more pronounced NLC compared to
rutile-structured inorganic compounds (Fig. 8a), despite
sharing the same underlying topology. This enhancement
arises from the substitution of rigid oxide/fluoride linkages
with flexible molecular dca™ ligands. The molecular ligands
and their coordination to metal centres represent structural
“soft modes” that can accommodate compression through
low-energy deformations, reducing the need for compression
of individual bonds. This flexibility enables efficient conver-
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sion of rapid compression along the a-b plane into expansion
along the perpendicular c-axis through framework hinging,
amplifying the NLC response.

Within the M(dca), series, the compression-induced defor-
mation of M(dca),-1 compounds involves two primary mecha-
nisms: modification of the dca™ ligand bond angle 6 (C-N2-C)
and distortion of the MNg octahedra (quantified by the octa-
hedral bond angle ¢ between axial and equatorial M-N
bonds). Both mechanisms contribute to NLC, but their relative
importance varies across the series. In Ni(dca),-I, ligand flat-
tening dominates: the dca™ ligand bond angle 6 increases
from 122.6° to 131.6° over 0.07-0.96 GPa. Because the dca™
ligands are oriented primarily along the c-axis, this angular
opening directly drives lattice expansion along this direction.

In contrast, Mn(dca),-1 and Fe(dca),-1 are dominated by
octahedral distortion through a shear hinging mechanism.
These compounds exhibit dramatic changes in the octahedral
bond angle ¢ (exceeding 10°) as both axial M-N2 and equator-
ial M-N1 bonds reorient under compression. This coordinated
reorientation pulls the dca™ ligands in opposite directions,
altering their coordination geometry and increasing the
coordination angle y (C-N1-M). The increased y enhances the
projection of the coordination bonds along the c-axis, driving
lattice expansion despite simultaneous decreases in the dca™
ligand bond angle 6.

The divergent deformation modes arise directly from differ-
ences in framework spaciousness. Ni**, with shorter M-N
bonds and a more compact framework, provides insufficient
space for significant octahedral shearing, so the structure
accommodates compression primarily through ligand
bending, resulting in a smaller NLC of —2.47 TPa™". In con-
trast, Fe®", with longer M-N bonds and a more spacious frame-
work, provides sufficient space for octahedral shear hinging,
yielding a larger NLC of —2.79 TPa~'. Mn(dca), shares the
same shear hinging mechanism as Fe(dca),, but the dramati-
cally larger NLC of —10(3) TPa™" arises because Mn>" sits at
the upper limit of the structural tolerance window, where the
framework undergoes exceptionally large-amplitude defor-
mation before collapse (Fig. 8b). As established above, both
NLC magnitude and transition pressure are co-consequences
of framework spaciousness rather than causally linked.

The specific deformation pathways in the orthorhombic
phases determine the nature of the resulting high-pressure
monoclinic structures. Ni(dca),-II undergoes relatively minor
structural rearrangement, with octahedra only slightly dis-
placed from their original positions, a consequence of the sym-
metry-breaking transition occurring in an already compact
structure. In contrast, Mn(dca),-II and Fe(dca),-II exhibit dra-
matically different structures featuring staggered stacking of
highly distorted octahedra. This structural reorganization
involves breaking of the axial M-N2 coordination bonds and
their replacement by van der Waals interactions with bond
lengths approaching 3.0 A, creating substantial void space
along specific crystallographic directions.

These structural differences lead to distinct high-pressure
compression mechanisms. Ni(dca),-II deforms through contin-
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ued octahedral distortion and rotation enabled by reduced
symmetry constraints. Mn(dca),-II and Fe(dca),-II, by contrast,
compress primarily through contraction of the weakly bound
staggered layers along the extended M-N2 directions. Notably,
Fe(dca),-II exhibits unique behaviour: its Fe-N2 separation
continuously decreases under compression, ultimately reform-
ing covalent Fe-N coordination bonds by 2 GPa and transition-
ing the structure toward a more conventional coordination
geometry. This behaviour, absent in Mn(dca),-II, reflects
subtle differences in electronic structure and bonding prefer-
ences between Fe** and Mn*",

The insights gained from the M(dca), series motivate
further exploration of chemical modification as a strategy to
optimise NLC in this materials family. Our prior and ongoing
work demonstrates that both M-site substitution and ligand
substitution represent viable but distinct design levers.
Substitution of Cu®" at the M-site, which introduces a Jahn-
Teller coordination environment, yields a larger NLC of
—6.5(10) TPa~" in Cu(dca), while preserving a comparable tran-
sition pressure to the Ni and Fe analogues. This demonstrates
that electronic modification of the metal centre can enhance
NLC magnitude without sacrificing the pressure stability
window.*' Ligand substitution with the stiffer tricyanometha-
nide anion (tcm™, C(CN);"7), which forms topologically related
but doubly interpenetrating rutile-like M(tcm), frameworks,
raises structural stability substantially, with no phase tran-
sition observed in M(tcm), (M = Ni, Co, Fe, Mn) up to ~3 GPa,
but suppresses NLC entirely, with the M(tcm), series showing
only small positive linear compressibility along the c-axis.*"*°
Taken together, these efforts highlight a key design challenge:
achieving simultaneously large NLC magnitude and a wide
pressure stability window requires balancing framework flexi-
bility with structural robustness, and identifying viable strat-
egies to achieve this remains an open question for future
work.

5 Conclusion

This systematic investigation of the M(dca), series (M = Ni,
Mn, Fe) reveals how metal cation and framework topology
govern negative linear compressibility (NLC) in rutile-like
molecular frameworks. All compounds exhibit NLC along the
c-axis arising from their shared wine-rack topology, with mag-
nitudes varying fourfold from —2.5(8) TPa~' in Ni(dca), to
-10(3) TPa~' in Mn(dca),. This correlates with cation size:
larger cations create more spacious frameworks that accommo-
date substantial shear-type octahedral distortions, while
smaller cations yield compact structures where deformation is
restricted to ligand bending.

These structure-property relationships establish the
M(dca), series as a tunable platform for designing materials
with tailored anisotropic compressibility. The consistently
enhanced NLC responses compared to inorganic rutile
materials, coupled with the chemical stability and processabil-
ity of dicyanamide-based frameworks, position this family as

This journal is © the Partner Organisations 2026
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promising candidates for practical applications in pressure
sensors, actuators, and mechanical metamaterials.*?
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