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The counterintuitive phenomenon of negative linear compress-
ibility (NLC) is a highly-desirable but rare property exploitable in
the development of artificial muscles (7), actuators (2) and next-
generation pressure sensors (3). In all cases, material perfor-
mance is directly related to the magnitude of intrinsic NLC re-
sponse. Here we show the molecular framework material zinc(ll)
dicyanoaurate(l), Zn[Au(CN):]2, exhibits the most extreme and per-
sistent NLC behaviour yet reported: under increasing hydrostatic
pressure its crystal structure expands in one direction at a rate
that is an order of magnitude greater than both the typical con-
traction observed for common engineering materials (4) and also
the anomalous expansion in established NLC candidates (3). This
extreme behaviour arises from the honeycomb-like structure of
Zn[Au(CN):]2 coupling volume reduction to uniaxial expansion (5),
and helical Au...Au “aurophilic” interactions (6) accommodating
abnormally-large linear strains by functioning as supramolecular
springs.

For nearly all known materials, an increase in hydrostatic pres-
sure results in a shortening of their linear dimensions. The mag-
nitude of this response can be compared via the isothermal com-
pressibilities K, = —(91n¢/0p)r, defined in terms of the rela-
tive rate of change of length ¢ with respect to pressure. Typical lin-
ear compressibilities for engineering materials such as metals, alloys
and ceramics are K; ~ 5TPa~! (7) (i.e., 0.5% reduction in length
for each 1 GPa increase in pressure). In contrast, for the handful
of materials known to exhibit NLC, one or more of the compress-
ibilities actually takes a negative value. For many years, only 13
NLC compounds had been identified (3) and the strongest effect ob-
served amongst these long-established, canonical NLC systems was
Knie = —1.2TPa™ ! for trigonal Se (8). So in general NLC is
much weaker than the typical positive compressibilities of ordinary
materials. In seeking to develop systems with the strongest possi-
ble NLC coefficients, an emerging approach is to exploit specific ge-
ometric motifs that inherently favour NLC. This strategy takes in-
spiration from the close relationship between geometry and anoma-
lous mechanical response observed widely in artificial and biological
systems alike—from the inverse honeycombs responsible for nega-
tive Poisson ratios in so-called “auxetic” foams (9-117) to the heli-
cal tendon arrays responsible for locomotion in caecilian tetrapods
(12). Using this approach, two recent reports of stronger NLC effects
exploit structures with “wine-rack” topologies: methanol monohy-
drate (Knic = —2.6(3) TPa~ ') (13) and ammonium zinc formate
(Knie = —1.8(8) TPa~') (14). In these systems, volume reduction
is accommodated by simultaneous compression and expansion of the
crystal lattice in orthogonal directions (i.e. “folding-up” of the wine-
rack (3)). Even more extreme responses are accessible by exploiting
the dependency of magnitude of mechanical response on the ease with
which geometric flexing can take place (/5). The use of extended
molecular linkers that are capable of accommodating large geome-
try changes has recently led to record NLC effects in wine-rack-like
molecular frameworks [Fe(dpp)2(NCS)2]-py (dpp = dipyrido[3,2-
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a:2'3'-c]phenazine, py = pyridine) and KMn[Ag(CN)z]s, for which
Kxnic = —10.3(20) TPa~! and —12.0(8) TPa™ ", respectively, over
the pressure range 0-2.2 GPa (16, 17).

In the absence of a structural phase transition, it is a thermo-
dynamic requirement that intrinsic volume compressibility be pos-
itive (18, 19) (the possible exception here arises in meta-materials
where judiciously-chosen pairwise potentials can result in an effec-
tive negative volume compressibility (20)); consequently the exis-

Fig. 1. The B-quartz-like framework structure of Zn[Au(CN)2]> func-
tions as a “molecular honeycomb'' to give giant negative linear compress-
ibility. a A representation of the crystal structure of 3-quartz viewed down its
hexagonal axis; the network is assembled from SiO4 tetrahedra connected at
their vertices. b One of the six 8-quartz-like nets of Zn[Au(CN)2]2 viewed down
its crystallographic c-axis; this framework consists of ZnN4 tetrahedra connected
via flexible dicyanoaurate (N-C—Au—C—N) molecular linkers. ¢ A representation of
the net shown in b from an alternate view that highlights the honeycomb-like na-
ture of its hexagonal pores and also the cross-bracing effect of helical aurophilic
chains running perpendicular to the c crystal axis. d The mechanism of NLC
in Zn[Au(CN)2]2 involves rapid compression of the aurophilic helices, which is
transferred to an expansion of the framework in the c direction via flexing of the
honeycomb-like channels.
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tence of NLC implies stronger positive linear compressibility (PLC)
in directions perpendicular to the NLC axis. Indeed it can be shown
for simple uniaxial systems that the full mechanical response is de-
termined by (i) framework geometry and (ii) the magnitude of this
positive compressibility (see Supplementary Information). So an im-
portant consideration for maximising NLC is ensuring that any inter-
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Fig. 2. The compressibility of Zn[Au(CN),], is quantified by the varia-
tion in crystallographic unit-cell parameters. a Lattice parameter changes
observed during hydrostatic compression of zinc dicyanoaurate: a (red), c (blue),
single-crystal x-ray diffraction (filled markers), powder x-ray diffraction (open
markers), ambient phase (circles) and high-pressure phase (squares). The ap-
proximate location of the phase I/ll transition is indicated by a dashed vertical line.
Reduced lattice parameters a’ = a/2,¢’ = ¢/2 have been used for phase-Ii
data in order to enable direct comparison with phase-| lattice parameters. The
inset shows a schematic representation of the compression mechanism for hexag-
onal honeycomb: compression in one direction (red) is coupled to an expansion
in a perpendicular direction (blue). b Corresponding lattice compressibilities cal-
culated from the data in a for the same pressure range. ¢ The compressibility
indicatrix of the ambient phase of Zn[Au(CN)2]2-I, showing the spatial orientation
of strong positive and negative linear compressibility axes (colours as above) (26).
The Zn-N-C-Au—C—-N—-Zn linkages are oriented only along directions for which
the uniaxial compressibility vanishes (see inset to ¢, which shows a cross-section
of the indicatrix on which two representative linkage orientations are superim-
posed).
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actions in these PLC directions are as compressible as possible. In
KMn[Ag(CN)z]3, for example, the relevant motif is a kagome net
of Ag...Ag “argentophilic” interactions. These interactions are al-
ready one of the most deformable known, being similar in mechanical
strength to the dispersive “bonds” of solid Xe (27). So the challenge
to the materials chemist becomes how one might engineer a material
that is even more compressible than these weakest of interactions, and
then translate that large compressibility into extreme NLC behaviour.

Here we investigate the piezo-mechanical response of
Zn[Au(CN)2 ]2, a framework material in which tetrahedral Zn** cen-
tres are connected by almost-linear dicyanoaurate (NC-Au—-CN)™
linkages (22-24). Four polymorphs of this material are known (23);
our study focuses on the a-polymorph, which is the form most read-
ily synthesised as either a phase-pure powder or as large single-
crystals. The topology of this particular Zn[Au(CN)2]2 framework
is identical to that of B-quartz, with the increased Zn. . .Zn separa-
tion allowing sixfold interpenetration (Fig. la, b). Cross-bracing
these six interpenetrating honeycomb-like nets are sets of weakly-
attractive aurophilic interactions (30 < AHau...au ~ AHag..ag <
50kJ mol~! (25)) that form helical chains oriented perpendicular to
the c crystal axis and which are responsible for a strong luminescent
response (23, 24) (Fig. 1c). The hexagonal crystal symmetry means
that the compressibility of Zn[Au(CN)2]2 is completely described by
the pressure-dependence of the a and c lattice parameters. Using a
combination of single-crystal and powder X-ray diffraction we ob-
serve strong positive compressibility within the (001) crystal plane
(Ko = +52(6) TPa™!) together with a remarkably strong NLC ef-
fect parallel to the ¢ crystal axis (K, = —42(5) TPa™ ") (Fig. 2) (26).
Both effects persist throughout the stability field of the ambient phase
(0 < p < 1.8GPa); full details of our structural refinements are
given in the Supplementary Information. We are proposing the use
of the term “giant” to demarcate NLC behaviour—such as we ob-
serve here—that is an order of magnitude stronger than that of the
canonical systems described above (i.e., K, < —30 TPa~!) (3) and
which persists for the ca 1 GPa pressure range associated with typical
high-pressure applications (27).

Because the Zn centres occupy special positions within the unit
cell (22), and because these positions correspond to the nodes of
the quartz-like networks, then the geometric response of the frame-
work to increasing pressure is unambiguously determined by the lat-
tice parameter variation (see Supplementary Information). In partic-
ular, the volume reduction required thermodynamically is accommo-
dated by narrowing of the honeycomb-like channels parallel to the
(100) axes (hence PLC in these directions). This narrowing of chan-
nels results in elongation of the crystal along the perpendicular [001]
axis by virtue of a well-understood mechanical property of honey-
combs (of which the 8-quartz net is a three-dimensional analogue)—
namely, their large and negative elastic compliance Si3 that trans-
lates horizontal compression into vertical expansion (5). This effect
is conceptually similar to the wine-rack mechanism discussed above;
in both cases the assumption is made that compression involves net-
work hingeing in preference to deformation of the framework struts
(see Supplementary Information for further discussion). We can be
sure that the mechanical behaviour we observe here is indeed a ge-
ometric effect and does not involve significant changes to bonding
interactions in the solid because the set of directions for which K,
vanishes actually includes the Zn—-NC-Au—CN-Zn vectors (Fig. 2c¢).
Hence the edge lengths of the covalent network are essentially un-
affected by pressure; it is only the network angles that vary. In this
sense the geometric response of Zn[Au(CN)2]s is very similar to that
of KMn[Ag(CN)2]s and the other “wine-rack” NLC materials. So the
question remains: why is NLC so extreme in this particular case?

We proceed to demonstrate that it is the helical nature of
the Au...Au interactions that is crucial in driving giant NLC in
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Fig. 3. Compressibility enhancement in Zn[Au(CN):]2 via “spring”-like deformations. a By analogy with macroscopic spring mechanics, the crucial struc-
tural parameters that describe the mechanical state of the aurophilic helices found in Zn[Au(CN)2]2 are its pitch (length per turn, given by the lattice parameter a) and
its cross-sectional area A. The value of A depends on the magnitude and orientation of the two crystallographically-independent Au. . .Au vectors, and is independent
of the lattice parameters. b Under hydrostatic compression, the a lattice parameter decreases approximately three times more rapidly than does the average Au. . .Au
distance; this discrepancy is accommodated by an increase in the cross-sectional area A. The helix acts like a spring under compression, allowing a magnitude of
compressibility that would not otherwise be attainable. ¢ The thermal expansion behaviour of Zn[Au(CN)2]2 is much more moderate because the entire “spring” simply
expands on heating at the rate expected for aurophilic interactions. The thermal variation in both the lattice parameter a and the average Au. . .Au separation are shown

in the bottom panel, but are almost indistinguishable because of their close similarity.

Zn[Au(CN)2]2. Just as a steel spring is profoundly more com-
pressible than steel itself, so too might one expect Au...Au he-
lices to be more compressible than the individual interactions. And
because it is the repeat length of the helix—rather than the aver-
age Au...Au separation—that determines the lattice parameters, the
Zn[Au(CN)2]2 crystal lattice can be more compressible than any of
its constituent chemical bonds. This argument is strongly supported
by the results of our variable-pressure crystallographic refinements:
(i) the a lattice parameter contracts three times more quickly with
increasing pressure than does the average Au...Au distance, and
(ii) the helix cross-sectional area (which defines an effective helix
radius) increases with increasing pressure as expected for a spring
mechanism in compression (Fig. 3). So the extreme PLC effect ob-
served along the (100) directions does not require an equally large
change in Au...Au distances because any difference is accommo-
dated by a variation in helix radius (Fig. 3a). This situation contrasts
that in KMn[Ag(CN)2]3 where the crystal symmetry demands that
the macroscopic PLC behaviour match exactly the average Ag...Ag
compressibility (/7). We also find that a spring-like response in
Zn[Au(CN)2]2 is specifically a pressure-induced mechanism, and is
not thermally activated: increasing temperature at constant (ambient)
pressure simply causes the Au. ..Au distances, the a lattice parame-
ter, and the cross-sectional area A all to increase at the same relatively
modest rate expected for aurophilic interactions (Fig. 3d) (24, 28).
Thermodynamically, the giant NLC we observe is not sustain-
able indefinitely. At a critical pressure p. ~ 1.8 GPa we observe a
displacive transition to a 2 X 2 x 2 supercell of enantiomorphic space
group symmetry (Fig. 4; see Supplementary Information). The dom-
inant structural change associated with the transition is a set of small
concerted rotations of the Zn-centred coordination tetrahedra associ-
ated with mode softening at the Brillouin zone boundary (L-point);
in particular there is no change to the network connectivity or crystal
symmetry, nor are the lattice strains involved particularly large. Inter-
estingly, the effect of this transition on the compressibility behaviour
of the ambient phase Zn[Au(CN)2]2-I can be seen in the pressure
derivative B’ of its bulk modulus: a third-order Birch-Murnaghan
(B-M) fit (26) to our V(p) data gives B’ = —1.7(11), which
indicates—counterintuitively—that the phase becomes mechanically
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softer on compression (27, 29). This softening of vibrational mode
frequencies is evident in pressure-dependent spectroscopic measure-
ments, which also reflect the expected symmetry lowering (mode
splitting) at the transition pressure (see Supplementary Information).
The pressure dependencies of the phonon frequencies revert to pos-
itive values in the high-pressure phase, and a second-order B-M fit
(B’ = 4) describes well the phase-1I V (p) data. Finally, we note that
the close structural relationship between ambient and high-pressure
forms means that the NLC effect we observe at low pressures persists
in Zn[Au(CN)2]-1I despite the structural transition—albeit at a sig-
nificantly reduced level (K. = —6(3) TPa~! for the pressure range
1.8 < p < 14.2 GPa). One generally anticipates a reduction in mag-
nitude of compressibilities at increased pressure, but an additional
contributing factor here is the sideways buckling of Au...Au helices
that likely reduces their effectiveness in accommodating large com-

Fig. 4. Relationship between the ambient (I) and high-pressure (II)
phases of Zn[Au(CN)2]2. a The same representation of the [S-quartz-like
crystal structure of ambient Zn[Au(CN)2]2 used in Fig. 1b, with the correspond-
ing hexagonal unit cell and one of the aurophilic helices indicated (the latter in
red). b The high-pressure form Zn[Au(CN)2]2-1l has a unit cell that is doubled
along each axis. While the fundamental network connectivity is preserved in the
two forms, the high-pressure phase is distinguished by the presence of small
concerted tilts of [ZnN4] tetrahedra that correspond to a soft phonon mode of the
parent structure. Aurophilic helices are present in both forms, but are increasingly
severely distorted at high pressures (see Supporting Figure 5).
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pressibilities.

Perhaps the most immediate application of NLC in Zn[Au(CN)2]2
is as the optical component in interferometric pressure sensors. The
sensitivity of such devices depends critically on two effects: the rate
of variation in refractive index (usually a function of volume com-
pressibility) and also the macroscopic path length (a function of lin-
ear compressibility). In “ordinary” optical materials, there is an an-
tagonistic relationship between these two factors. A material with a
large volume compressibility will tend to have large positive linear
compressibilities, so that on increasing pressure the refractive index
increases (which acts to increase optical path length), but the mate-
rial dimensions decrease (which acts to decrease optical path length).
Consequently, the overall variation in optical path length with in-
creasing pressure is greatly reduced. The combination of large vol-
ume compressibility with a negative linear compressibility, however,
means that giant NLC materials become more dense at the same time
as increasing their length in one direction. The two responses now in-
terplay synergically to give order-of-magnitude increases in pressure
sensitivity (3). Crucially, Zn[Au(CN)2z]2 is also optically transparent
over large spectral regions, including at visible wavelengths (28). For
this specific material, one might also anticipate a strong pressure de-
pendence of its luminescent behaviour, suggesting an alternate mech-
anism for optical pressure sensing.

On a fundamental level, there are strong implications associated
with understanding mechanisms of negative compressibility. A num-
ber of biological species are thought to make use of NLC motifs to
translate variations in internally-generated hydrostatic pressure into
appendage contraction (essentially a fluidic analogue of muscular re-
sponse): examples include the arms and tentacles of squid, octopus
limb movement, and even elephant trunk contraction (30). Spiral
structures play a crucial role in these systems: crossed helical arrays
of tendons or muscle respond to increasing internal pressure (nega-
tive external pressure) by contracting along the winding axis. Further
mechanical amplification gained from linking small changes in cross-
sectional diameter to large variations in length means that these are
widely-considered to be very efficient biological structures. By anal-
ogy, microporous analogues of Zn[Au(CN)z]o—making use of e.g.
metal-organic framework (MOF) chemistry (3/)—may offer one ap-
proach to translating the anomalous mechanical properties of these
biological systems into intrinsic material properties: frameworks that
contract linearly on guest sorption (i.e. “negative sponges”) could
find use as nanofluidic actuators or as compensators for undesirable
moisture-induced swelling of concrete- and clay-based engineering
materials.

So how might we design the most extreme NLC candidates?
Fortunately, both empirical (/5) and theoretical (5) viewpoints con-
verge on the same set of key design principles. First, one re-
quires anisotropy because NLC requires PLC. Second, the frame-
work should be assembled from rigid struts using nodes with flexi-
ble geometries. This guarantees elastic compliances with the requi-
site large and negative values. And, third, at least one direction of
the crystal should be as compressible as possible: maximising PLC
maximises NLC. Importantly, what our study of Zn[Au(CN)2]2 has
demonstrated is that the magnitude of NLC achievable is not lim-
ited by the energy scale of individual chemical interactions, but only
by our collective imagination in developing supramolecular motifs—
like the aurophilic helices of Zn[Au(CN)2]2 —that allow otherwise-
inaccessible mechanical responses.

Methods

Synthesis Large single crystals of Zn[Au(CN)2]2 were prepared
hydrothermally. Stoichiometric quantities of Zn(CH3COO)2-2H20
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(Sigma Aldrich, 98%, 14 mg) and KAu(CN)2 (Sigma Aldrich, 98%,
60 mg) were dissolved in H2O in a teflon-lined reaction vessel (Parr)
(23 mL capacity; 10mL total solution volume). The vessel was
sealed and heated to 120 °C for 2 h, and then cooled slowly to room
temperature at a rate of 1 °Ch™!. The resulting reaction mixture
contained large single crystals of Zn[Au(CN)z2]2 (19.9 mg; 54.1%),
which formed as colourless bicapped hexagonal prisms as described
in (23). Powder samples were prepared by mechanical grinding of
single crystals.

Structural characterisation Variable-pressure single-crystal X-
ray diffraction measurements were performed using an Agilent Gem-
ini Diffractometer equipped with a Sapphire CCD detector. A sin-
gle crystal was loaded in a tungsten gasket between the anvils of a
Merrill-Bassett diamond anvil cell. A single chip of ruby was in-
cluded for pressure calibration, and a fluorinated oil was used as pres-
sure transmitting medium. Data were collected at six pressure values
between 0 and 1.78 GPa.

Variable-temperature single crystal X-ray diffraction measure-
ments were carried out using an Oxford Diffraction (Agilent) Su-
perNovae diffractometer (MoK radiation) fitted with an nitrogen
cryostream. Data were collected at intervals of 50 K on cooling from
300 to 100K, at intervals of 20 K on heating from 100 to 400 K, and
finally at intervals of 50 K on cooling from 400 to 300 K.

Variable-pressure powder diffraction measurements were carried
out using the BMO1A (Swiss-Norwegian beam line) at the ESRF
(A = 0.69412 A). A small quantity of finely-ground powder was
placed in the cavity of stainless steel gasket of an ETH diamond anvil
cell together with a single ruby sphere for pressure calibration and
a fluorinated oil as pressure transmitting medium. Data were col-
lected at room temperature and at 18 pressure values between 0 and
14.2 GPa.

Raman spectroscopy Variable-pressure Raman spectroscopy
measurements were performed using a membrane diamond anvil cell
and a Jobin-Yvon T64000 spectrometer. The 676.4 nm line of a Kr™
laser was used for excitation. The sample was loaded in the cavity of
a stainless steel gasket, together with a single ruby chip as pressure
calibrant and glycerol as pressure-transmitting medium.
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