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The temperature-dependent local structures of cuprites (MO for M = Cu!, Ag") have been probed
using variable-temperature (80—500 K) high-resolution pair distribution function (PDF) analysis of X-ray
scattering data measured to very high values of momentum transfer (Qpa.x = 35 A*I). These noble metal
oxides exhibit negative thermal expansion (NTE) behavior; however, several unusual structural features
and behaviors distinguish the cuprites from other NTE frameworks—the structure is inverted relative to
conventional NTE frameworks and Cu,O (but not Ag,O) shows an unusual transition from negative to
positive thermal expansion behavior at higher temperature—thus motivating the present in-depth analysis
of the particular thermal expansion mechanisms operating here. By coupling the local structural information
from the PDFs with known geometric identities of the tetrahedra that form the framework, distortions
contributing to NTE have been identified and the contrasting high temperature behaviors of the two
isostructural analogues have been accounted for. Specifically, we demonstrate that thermal population of
low-energy vibrational modes involving the dynamic distortion of the OM, tetrahedra, away from the
regular tetrahedral geometry (through M—O—M' bending), can induce a contraction of the average
tetrahedral edge length (M+++M') and thus contribute to the NTE effect. This mechanism operates in
combination with the transverse vibrational mechanism found in conventional NTE frameworks, where
increasing transverse displacement of the bridging atom (O—M—Q'") draws corner-bridged polyhedra
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closer together.

Introduction

The discovery of materials that exhibit negative thermal
expansion (NTE) behavior that persists over a wide temper-
ature range has generated considerable interest, due in part
to the valuable technological applications of such materials
in moderating the positive thermal expansion (PTE) behavior
of “normal” materials. Once thought to be a rare materials
property, NTE behavior has now been documented in a range
of materials including in a number of oxide-based frame-
works (e.g., AM208,173 AM207,4’5 A2M3012,6 NASICON,7
MO;,2 M,0,° and zeolites)'” and more recently in more
extended frameworks formed by cyanide (e.g., M(CN),,!' 13
Prussian blues)'* !¢ or organic linkages (i.e., metal—organic
frameworks)."””?! In such framework systems, the NTE
phenomenon is generally attributed to the thermal population
of low-energy transverse vibrations of the ditopic bridging
unit (single, double, or multiple atom) which draws the
corner-linked polyhedra closer together to give a bulk NTE
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despite the PTE of individual bonds. This mechanism has
been supported by structural’*!'* and computational studies
of selected systems.?3>*

Among NTE materials, the cuprite family of noble metal
oxides (M,0), for which NTE behavior has been reported
in the Cu and Ag analogues, is particularly interesting.>>>~
Although not ostensibly dissimilar to other NTE frameworks
formed by corner-linked polyhedra, including related systems
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Figure 1. Space-filling representations of the cuprites Cu,O and Ag,O,
B-cristobalite (Si0,), and zinc cyanide (Zn(CN),) structures, which share
the dia topology, reflecting the relevant ionic sizes. For clarity, one of the
interpenetrated networks for the cuprites and zinc cyanide has been
represented in outline form.

for which the NTE mechanism has been studied in depth, a
number of unusual structure features and behaviors are
unique to the cuprites. These call into question the validity
of simply extending the established transverse vibrational
mechanism for NTE to this family.

The cubic framework (M,0, Pn.?m) can be considered as
four-coordinate O?~ centers bridged linearly by two-
coordinate M(I) to form doubly interpenetrated diamondoid
networks (dia topology) of corner-sharing OM, tetrahedra.'-*?
The O—M—O connectivity with bridging Ag(I)/Cu(I) ions
is inverted relative to other NTE frameworks where the
bridging atoms are exclusively lightweight, hard-electron
donors such as O~ (or CN™) with M—O—M (or M—CN—M)
connectivity. As such, the M,O cuprites are the only NTE
framework materials for which the metal is the bridging
atom.>*3* The dia topology of the cuprite systems is shared
by several low and negative thermal expansion oxide- and
cyanide-bridged systems (Figure 1), including zinc cyanide
(Zn(CN),, expanded anticuprite) and S-cristobalite (SiO,,
noninterpenetrated anticuprite). The more open network
structure in cuprite and Zn(CN), allows the interpenetration
of an identical, independent network.

Within the isostructural cuprite family, there are not only
quantitative differences in thermal expansion behavior'> but
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also contrasting qualitative behaviors: Ag,O remains NTE
at all temperatures, while Cu,O only exhibits NTE behavior
at low temperature (>200 K), becoming less NTE and
eventually PTE at high temperature. While a general reduc-
tion in the magnitude of NTE at high temperatures is to be
expected—low-energy modes which contribute to NTE may
become saturated and/or higher-energy modes associated
with PTE may become more significantly populated—such
a NTE-PTE crossover is virtually unknown in other sys-
tems.>

As the only NTE material with the heavier M cations
bridging and with an unusual NTE—PTE crossover, an
independent in-depth analysis of the mechanism underlying
the thermal expansion behavior in the cuprite family is
warranted.

Recently, the pair distribution function (PDF) method has
emerged as a powerful technique for studying the local
structural mechanism underlying the NTE effect,'*?? includ-
ing in Zn(CN),. The PDF method probes the local bond
lengths and distances, which can deviate from those in
the average, crystallographically determined structure, thus
providing insight into the dynamic structural distortions.
Here, we use high resolution PDF analysis of X-ray
scattering data to probe the temperature dependence of
the local structure in the cuprites Cu,O and Ag,O. The
apparent simplicity of the cuprite structure, with a
monatomic bridging and a single type of coordination
polyhedra, masks a complex local structural problem with
overlapping inter- and intranetwork correlations. By
coupling high-resolution information from the PDF (Qax
= 35 A™") on the temperature dependence of the local
atomic distances that define the coordination polyhedra,
with known geometric identities of the tetrahedron, it has
been possible to identify structural distortions contributing
to the NTE behavior and account for the contrasting high-
temperature behaviors of the two isostructural analogues.

Experimental Methods

High-energy X-ray scattering data were collected at the 1-ID-C
beamline of the Advanced Photon Source at Argonne National
Laboratory. Using incident X-ray energies of 128.016 keV
(A = 0.09865 A) in combination with a highly sensitive
amorphous silicon-based area detector from General Electric
Healthcare,?* with 2048 x 2048 pixels covering a 41 x 41 cm
active area, data were collected to high values of momentum
transfer, Q = 4ar sin (0/1).%%37 Powdered samples of Cu,O
(Aldrich, 99.99%) and Ag,O (Aldrich, 99.99%) in polyimide
capillaries were aligned in the X-ray beam. The sample tem-
perature was controlled using an Oxford Cryosystems Cryos-
tream 700 Plus and data were collected at 5 K intervals upon
continuous heating at 100 K h™! from 80 to 500 K. The sample-
to-detector distance and tilt of the detector relative to the beam
were refined within Fit-2D based on an image obtained for a
LaBg NIST standard. The raw images were reduced within Fit-
2D to obtain one-dimensional diffraction data (Q vs intensity).**
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Figure 2. Selected temperature-dependent reduced structure functions, F(Q), and PDFs, G(r), obtained for Cu,O and Ag,0.

The PDFs G(r) = 4nr[p(r) — po] where p(r) and p, are the
instantaneous and average densities were extracted using PDF-
getX2,% subtracting the contributions from the sample environment
and background to the measured diffraction intensities. Corrections
for multiple scattering, X-ray polarization, sample absorption, and
Compton scattering were then applied to obtain the structure
function S(Q). Direct Fourier transform of the reduced structure
function F(Q) = Q[S(Q) — 1] up to Omux = 35 A gave G(r),
the pair distribution function. Interatomic distances of interest were
evaluated directly from the PDFs by fitting Gaussian functions to
the peaks at ~1.86 A (dcy—o0), ~2.08 A (dag-0), ~3.02 A (dcy---cu)
and ~3.34 A (dag---ag)- Refinement of a structural model and lattice
parameter against G(r) and generation of partial PDFs were
performed within PDFFIT.*!

Results

Representative temperature-dependent F(Q)’s and the
corresponding PDFs, G(r), obtained for the cuprite phases
are shown in Figure 2. For Cu,0, the PDFs contain sharp
features to large distances as is consistent with the long-
range crystallographic order of the system. Similar features
are evident in the PDFs of the Ag analogue, although these
are noticeably broader at all temperatures, suggesting a
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greater degree of static (nonthermal) disorder, and are shifted
to longer distances consistent with the larger Ag' cation and
Ag,0 lattice parameter.

For Cu,0, the general features in the PDF, beyond the
nearest-neighbor Cu—O peak, broaden continuously with
increasing temperature. While this broadening appears to be
uniform up to 30 A for Cu,0, intriguingly for Ag,O only
the short-range correlations (<12 A) broaden visibly with
temperature. The initially broad longer-range features—the
aggregates of multiple distinct correlations (i.e., individual
peaks) of similar length—remain relatively invariant. This
suggests that in Ag,0 there is a degree of medium-range
static disorder on length scales of ca. 12A, with a more
ordered short-range structure.

The low-r peaks in the PDFs at ~1.86 A and ~2.07 A
correspond to the nearest-neighbor M—O distance within OM,
tetrahedra, for Cu and Ag, respectively (Figure 3). The average
Cu—O0 and Ag—O bond lengths increase approximately linearly
at similar rates upon heating (Figure 4). The bond length
coefficients of thermal expansion (CTEs, o, = dl/(I dT)) are
comparable to that observed using PDF methods for the
Zn—C/N bond in the related Zn(CN), phase!® but are quite
different from those based on extended X-ray absorption fine
structure (EXAFS) studies of the local M environments,* in
which 0o, was reported to be 35% lower and 0o, ~300%
higher, than found for the present data (see Table 1). Although
a greater CTE for O—Ag compared to O—Cu is consistent with
the longer (i.e., weaker) bond, a factor of 4—35 increase in CTE
suggested by EXAFS may be larger than expected for a ~0.2
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Figure 4. Temperature-dependent bond lengths and distances in Cu,O and
Ag,0. Least-squares fits to the data of straight lines and polynomial (dcy...cw)
are shown. The greater relative intensity of the M+++M’ correlation allows
this distance to be determined with greater precision from the PDF than
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Table 1. Coefficients of Thermal Expansion for the
Nearest-Neighbor Bond Lengths Found Here and in Related dia

Structures
bond d (100 K), A o, (x 1070 K~! method

Si—0 1.62 +2.2(4) PDF*
Zn—C/N 2.02 +10.2(10) PDF'?
0—Cu 1.86 +11.7(9) PDF
0—Ag 2.07 +12.1(12) PDF
0—Cu 1.85 +7.5 EXAFS*
0—Ag 2.05 +35 EXAFS*

Table 2. Coefficients of Thermal Expansion of M---M' Distances

distance T, K o, (x 1079 K™!
Cu---Cu' 80—180 —5.18(34)
Cu---Cu' 320—500 +2.8(4)
Age+-Ag’ 80—250 ~9.99(20)
Cu,O 80 —54
Cu,O 500 +2.8
A0 80 ~7.0

A difference in bond length. Although the Gaussian functions
fit to determine the local bond lengths here do not allow for
possible asymmetry of the peaks (as fit for the EXAFS data)
there were no obvious peak asymmetries or peak shape changes
in the present PDF data beyond a minor increase in peak width
(dcu-o: by ca. 4% per 100 K; da,—0: by ca. 8% per 100 K). As
such, different peak fitting routines are unlikely to be the source
of the different bond length CTEs. It is possibly that the
differences in the CTEs are sample related, with defects being
known to influence phase transition behavior in these phases.*?
Alternatively, difficulties in accurately modeling multiple-
scattering effects in the EXAFS data may affect the extracted
bond lengths and, accordingly, the CTEs.

The more intense peaks at ~3.02 A and ~3.33 A cor-
respond to two chemically distinct M+++M' correlations: an
internetwork correlation along the edge of the OMy tetra-
hedral units and an infernetwork correlation between the
(O)—M—(Q') bridges of different networks. In the average
(crystallographic) structure, where the M ions are located
on special positions, both types of M+++M' distances are
constrained by symmetry to be identical. However, local
deviations from the average structure may allow for different,
distinct local M-<+*M' distances and thermal expansion
behaviors.

At low temperatures, the average M+++M' next-nearest-
neighbor distances contract with increasing temperature
(Table 2). For Ag,O, the contraction continues until the
thermal reduction of Ag,O above 400 K, with Ag---Ag’
correlations of similar length in the metallic Ag® product,
preventing the reliable extraction of this distance. The Ag—O
peak position and corresponding bond length remains unaf-
fected by this reduction, although the peak intensity decreases
progressively. In contrast, the Cu-++Cu’ distance becomes
progressively less NTE eventually becoming PTE at tem-
peratures above ~240 K.

The thermal expansion of the lattice, from Rietveld
refinement of the diffraction data, parallels the temperature
dependence of the average next-nearest-neighbor M+«+M'

(42) Tucker, M. G.; Dove, M. T.; Keen, D. A. J. Phys.: Condens. Matter
2000, /2, L425—1.430.
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Figure 5. Temperature dependent lattice parameters for Cu,O and Ag,0.

distance (Figure 5). The errors in the lattice parameters reflect
the necessarily low 26 resolution afforded by an experimental
configuration optimized for high Qy,.« and high real-space
resolution measurements (with short wavelength X-rays and
small sample-to-detector distance).

Discussion

At the low-temperature limit, where dynamic distortions
of the structure are minimized (assuming little static disor-
der), the local atomic structure of the cuprites can be expected
to converge to the average, long-range crystal structures, with
linear O—M—O bridging and regular tetrahedral OM,
geometry.®

According to the transverse vibrational mechanism char-
acteristic of other NTE frameworks, the thermal population
of low-energy modes involving the displacement of the
bridging atom(s) away from the bridging axis—in this case,
the displacement of the M away from the O-+-O" axis—could
induce a contraction of the tetrahedral centers in the cuprites
and contribute to the NTE. While this effect could be directly
observed using PDF methods in Zn(CN),, where the cor-
relation between tetrahedral Zn centers was well resolved,
due to the inverted nature of the cuprite structure, with the
lightweight O atoms bridged by more strongly scattering M
atoms, this effect is more difficult to probe here. Specifically,
the X-ray PDF data are dominated by correlations involving
the M atoms with comparatively low intensity O<+-O’
correlations.* However, the X-ray PDF data are particularly
sensitive to the face-centered cubic sublattice of bridging/
vertex M atoms and the nearest-neighbor O—M distance;
accordingly, in the cuprites we can study fundamentally
different aspects of the structure. These include the flexibility
of the polyhedra and any correlated motion of the interpen-
etrated networks.

From the PDF data, the temperature dependence of the
local next-nearest-neighbor M +++M' distances closely reflect
the bulk thermal expansion of the lattice, with remarkable
quantitative agreement:*> The Ag+++Ag' distance contracts
monotonically upon heating, while the Cu-++Cu’' initially

(43) In the regular tetrahedron, all faces are equilateral triangles and all
edges are of the same length.

(44) The enhanced sensitivity to the M centers is comparable to EXAFS
studies, although PDF data are not limited to the first few coordination
shells, are not subject to multiple scattering artifacts, and yield atomic
distances directly, i.e., are not derived using a structural model.
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contracts before it expands on further heating. This similarity
suggests that the mechanism underlying the overall thermal
expansion behavior may be linked to the behavior of the
local M-++-M' distances. However, the considerable broaden-
ing of the M-+-M' peak with temperature suggests a
distribution of behaviors, and as such, the underlying
mechanism cannot be straightforwardly defined from the data
without broader consideration of the structure.

The M--+M' peak broadening likely reflects different
temperature-dependent behaviors of chemically distinct in-
tranetwork (vertex—vertex) and internetwork (bridge—bridge)
M:--+M' correlations, which precisely overlap in the crystal
structure.

Consider first the OM, unit within the M,O cuprite
structure associated with the intranetwork M+++M' correla-
tion. The metal ions define the vertices of a general
tetrahedron that encloses the O atom. Within this tetrahedron,
the PDF data confirm that the M—O distance (dy-o) expands
upon heating, as expected for directly bonded atom pairs.
This expansion is approximately linear, with similar rates
for both analogues. As such, an increasing PTE contribution
from the M—O bond in Cu,O at higher temperatures is
unlikely to cause the striking NTE to PTE crossover
observed. Furthermore, the particularly minor changes in
peak widths suggest that all M—O bonds behave similarly.

According to the rigid-unit mode (RUM) model of
NTE,*47:23 the M+++M' distance within the tetrahedron
would be expected to be invariant with temperature. RUMs
have been used to visualize how transverse vibrational
motion in NTE frameworks are correlated through the
lattice, through the relative rotation and translation of rigid
units, with a large number of RUMs often associated with
a large NTE effect. It considers polyhedra in framework
structures to be rigid based on the approximation that
vibrational modes which distort the polyhedra are of
significantly higher energy, and therefore less populated,
than lattice modes in which the polyhedra remain un-
changed. While rigid-unit-type modes have been identified
for frameworks with dia topology,***!? the rigid-unit
approximation may be less valid here than for the oxide-
based systems for which RUMs were originally conceived.
For example, in SiO, systems such as f-cristobalite, a
regular tetrahedral geometry maximizes the separation of
the O-vertices’®! around the smaller Si'V center (ro ~
140 pm cf. rs; ~ 41 pm)3? such that distortion from this
geometry is sterically unfavorable. In the OMy tetrahedra,

(45) By contrast, in the crystallographic structure, with all atoms on special
positions, the thermal expansion of all interatomic distances are
constrained to be identical to the lattice expansion.
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J. D.; Warren, M. C. J. Phys.: Condens. Matter 1996, 8, 10973-10982.
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the relative sizes of the central and vertex atoms are
inverted such that distortions of the tetrahedra, involving
changes in the tetrahedral bond angle, may be significantly
less sterically hindered than for MO, tetrahedra. Such
compositional variability in the flexibility of polyhedral
units has been demonstrated for zeotypes.’** Conse-
quently, the tetrahedra in the cuprites are likely to have
enhanced flexiblity such that the RUMs model for NTE
may be less appropriate.>

Due to the anticipated enhanced flexibility of the OM,
tetrahedral units in cuprites, the temperature-dependence of
the vertex—vertex M-<+*M' distance and the effect of
tetrahedral distortions on the thermal expansion behavior
must be explicitly considered. A property of tetrahedra is
for tetrahedra inscribed on a given sphere, the maximum total
(and average) edge length occurs for the regular tetrahe-
dron.’15% As such, for a constant circumradius/circum-
sphere,” distortions of tetrahedra away from the regular
geometry are associated with a reduction of the average edge
length. The present high resolution PDF data on the cuprites
show a relative invariance of the M—O peak width, which
indicates a single M—O distance within each OM, tetrahe-
dron. That is, the O lies at the centroid of the tetrahedron
(and circumsphere), with circumradius equal to the length
of the M—O bond. Consequently, increasing dynamic distor-
tions of the OM, units from the regular tetrahedral geometry
found at the low temperature extreme through variations of
the central M—O—M' angles (i.e., bending not stretching
modes) will reduce the average vertex—vertex M-+M'
distance.’® Due to the enhanced flexibility of the tetrahedra,
these modes would be expected to be of relatively low energy
such that increasing thermal population of such modes and
the associated contraction of the vertex—vertex M-++M'
distance, can contribute to the observed NTE effect. The
contraction of the vertex—vertex M++-+M' distance with
increasing temperature is consistent with models derived
from EXAFS data.*

Thus, deviation from the RUM model through distortion
of the polyhedra does not necessarily preclude the existence
of low energy NTE modes. While the quasi-RUM extension
to the RUM model allows for very small deformation of
the rigid units (i.e., quasi-rigid units) to permit otherwise
frustrated, relatively low-energy lattice modes, we have
shown that dynamic distorting unit modes can be a separate
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mechanism contributing to NTE. Such modes are likely to
play an important role in the NTE behavior of metal—organic
frameworks, where the often expanded polyhedral units are
likely to have enhanced flexibility."

As the intranetwork M+++M' correlation is linked to an
NTE effect, the high temperature PTE in Cu,O must be
associated with a strong PTE contribution from the inter-
network bridge—bridge correlations—a contribution only
activated at high temperatures above 200 K.

Charge density and computational investigations of the
unusual M(I) coordination in the cuprites suggest that the
predominately ionic bonding is accompanied by a degree of
weak (internetwork) M+++M' interactions that stabilize the
linear M(I) connectivity.”*® These closed-shell d(10)—d(10)
metallophilic intermolecular interactions, more often evident
in molecular systems,® % are typically associated with short
cation—cation M+++M' distances of the order of those found
in the cuprite structure. The relatively weak nature of such
interactions is associated with a particularly broad interatomic
potential, a greater bond length expansion upon thermal
population of higher-amplitude vibrational modes, and ac-
cordingly a large PTE effect. Recently, a strong PTE effect
associated with metallophilic (Ag+++Ag') interactions has
been found to produce colossal anisotropic thermal expansion
in flexible lattices, with the colossal positive thermal expan-
sion coupled to an equally pronounced contraction in the
perpendicular direction.>’® Moreover, such internetwork
interactions may effectively couple the interpenetrated
networks and lattice vibrations, to dampen or reduce the
number of independent lattice modes (degrees of freedom)
contributing to NTE.

In Cu,0, the Cu atoms in the low-temperature structure
may be sufficiently separated such that the cuprophilic
interactions are negligible. On heating, the Cu cations are
brought into closer proximity—through the overall lattice
contraction and the increasing vibrational amplitudes of
the Cu vertices/bridges—increasing the relevance of the
cuprophilic interactions. These multiple effects account
for the relatively abrupt onset of the PTE crossover.”! In
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Ag,0O where the Ag atoms are more separated due the
larger lattice, this effect is not apparent (at temperatures
below decomposition, ca. 400 K).

Conclusion

We have delineated a novel mechanism for NTE
involving the dynamic distortion of regular polyhedral
units. This is compatible with the transverse vibrational
mechanism established for conventional NTE materials.
However, contrary to the RUM model which considers
the vibration of bridging atoms about a common polyhe-
dral center to be perfectly correlated such that the
polyhedra remain unchanged, here, vibrations about a
common polyhedral center are uncorrelated (or anticor-
related) such that the polyhedra are dynamically distorted—a
dynamic-unit mode. Increasing amplitudes of distortions
from the regular polyhedral geometry induces a contraction
of the average polyhedral edge length (i.e., bridge—bridge
distance) and thus contributes to the NTE behavior. This
is in addition to the NTE contribution associated with the
transverse vibrational motion of the bridging atoms which
draws the connected polyhedral centers closer together
(the sole mechanism in the RUM model).

In the cuprites, the OM, tetrahedra can be considered to
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be more tolerant to distortion than polyhedra in conventional
NTE materials, based on the straightforward consideration
of the relative ion size. As such the dynamic-unit modes
would be of lower energy and would be likely to have a
more significant thermal population.

The abrupt transition from negative to positive thermal
expansion in Cu,O upon heating is consistent with our
proposed mechanism, with interactions between the in-
terpenetrated networks—including cuprophilic interactions
between bridging Cu cations—becoming more pronounced
at high temperature. The larger lattice in Ag,O minimizes
the impact of such internetwork interaction such that NTE
behavior is retained at all temperatures studied.

It is anticipated that similar high-resolution PDF studies
will provide valuable insights into the thermal expansion in
a variety of other materials, including in metal—organic
framework materials.
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