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ABSTRACT: Negative thermal expansion (NTE) behaviors have been observed in various types of compounds. The
achievement in the merits of promising low-cost and facile NTE oxides remains challenging. In the present work, a simple
and low-cost Cu,P,0, has been found to exhibit the strongest NTE among the oxides (av ~ -27.69x10-6 K-1, 5K ~ 375K).
The complex NTE mechanism has been investigated by combined methods of high resolution synchrotron X-ray diffrac-
tion, neutron powder diffraction, X-ray pair distribution function, extended X-ray absorption fine structure spectroscopy
and density functional theory calculations. Interesting, the direct experimental evidence reveals that the coupling twist
and rotation of PO, and CuOs polyhedra are the inherent factors for the NTE nature of Cu,P,O,, which are triggered by
the transvers vibrations of oxygen atoms. The present new NTE material of Cu,P,O, also has been verified the value for

the practical application.

Introduction

Negative thermal expansion (NTE), which shows vol-
ume contraction upon heating, is a counterintuitive
thermophysical behavior. Considerable interest has been
attracted due to its both basic scientific value and practi-
cal application demands. It is known that most materials
show positive thermal expansion (PTE) aroused by in-
creasing anharmonic vibrational amplitudes of the con-
stituent atoms. The mismatch in coefficient of thermal
expansion (CTE) for device or engineering applications
can be solved by the combination of PTE and NTE mate-
rials. Since 1996, the studies on NTE oxide of ZrW,Os has
provoked the rapid progress in the development of NTE'.
The mode of rigid unit modes (RUMs) was used by Pryde,
A. K. et al to elucidate NTE property in ZrW,Og? in which
the coupling rotation of rigid polyhedra driven by low-
frequency phonon are supposed for the reason of NTE.
Except for the low-frequency phonon driven NTE in open
framework structures, diverse attributions of electron
roles can give rise to the NTE behavior, like magneto vol-
ume effect in antiperovskite manganese nitrides Mn;AN
(A= Zn, Ga, etc.) and NaZn,;-type compounds>, ferroelec-
tric phase transitions in perovskite (ABO;) group®’, size
effect in nanoparticles®, and valence transition in some
oxides . Note that those electron-driven NTE behaviors

can present strong NTE magnitude but a relatively narrow
temperature range>. As a comparison, the low-frequency
phonon driven NTE materials have a merit of wider NTE
temperature range but relatively small NTE magnitude,
such as oxides’™, fluorides'®”, cyanides®®', Prussian blue
analogues (PBAs)***3, and metal-organic frameworks
(MOFs)*+2. All the low-energy phonon driven NTE mate-
rials own a common character of framework structure
which is in corner shared tetrahedral or octahedral units
through M-O-M, M-F-M or M-C=N-M bridges. Generally,
flexible framework structures with soft chemical bonds
can contribute to a stronger NTE behavior, thus the NTE
in oxides or fluorides generally smaller than that in PBAs
or MOFs. As for applications, the oxides are more promis-
ing due to the thermal stable merit. Therefore, it is intri-
guing to explore facial oxides with strong NTE.

Various NTE oxides has been found besides ZrW208,
especially M,V,O, formula attracted many attentions re-
cent years since its facial synthesis and easy CTE tuned>"
*7. Herein, we have found a new NTE material Cu,P,0,,
which possesses similar structure with B-Cu,V,O, but
shows superior NTE performance. Cu,P,O, exhibits not
only the strongest NTE (a, = -27.69 X 10° K*) in the ox-
ides, but also the promising application merits of low cost



and facial fabrication. The NTE temperature range is from
13K to 373K which covers the room temperature. Cu,P,O,
is in a-phase (space group C2/c) at room temperature,
and undergoes a phase transition from a-phase to f3-phase
(space group C2/m) around 350 K. The crystal structure
and NTE mechanism have been conducted by joined
temperature dependence of high-resolution synchrotron
X-ray diffraction (SXRD), neutron powder diffraction
(NPD), pair distribution function (PDF), extended X-ray
absorption fine structure (EXAFS), and density functional
theory calculations (DFT). The NTE of Cu,P,0, is caused
by the transverse vibrations of O atoms, which drives the
twist and rotation of CuO5 and PO, polyhedra. Cu,P,O,
can be a unique promising NTE material for applications,
which benefits from good comprehensive performances.

Result and discussion

The crystal structure and the thermal expansion prop-
erty of Cu,P,O, have been determined by temperature
dependence of both NPD (5~500K) and high-resolution
SXRD (100K~775K). Below 350K, the crystal structure re-
finement of Cu,P,O, can be performed well with the a-
phase model (Cz/c space group). In accordance with pre-
vious report*%, the low-temperature a-phase is comprised
of consecutive layers of CuOj; zigzag columns and pair-
wise PO, tetrahedra (Figure 1). Distorted CuO5 polyhedra
are linked via shared O2-O2 and 03-O3 edges. Adjusted
layers of CuO; polyhedra are linked with [P.O,] groups,
which consist of two [PO4]3 tetrahedra sharing one cor-
ner with the bridging O1 atom. With increasing tempera-
ture, Cu,P,0, goes through a phase transition gradually to
a high temperature B-phase (C2/m). The O1 atoms of the
B -phase become disorder in two equivalent positions,
while they are antiparallel ordered in the low temperature
a-phase. As a result, the c lattice parameter is doubled in
the a-phase. The temperature evolution SXRD spectra
from a-phase to B-phase are represented in Figure Si.
Higher crystal symmetry accounts to less diffraction
peaks in the B phase.
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Fascinatingly, Cu,P,O, shows an abnormal NTE in the
a-phase (5K - 375K), which has been verified by both high
resolution SXRD and NPD measurements (Figure 2, Fig-
ure S2 and Figure S3). In the a-phase, both lattice param-
eters of a and c decrease rapidly, while b slightly increases
with increasing temperature. However, all axes show posi-
tive thermal expansion once temperature reaches in the
B-phase (above 375K). In the NTE temperature range, the
CTE for lattice parameters are a, = —30.11 x 10 ® K, a3 =

3.45 x 10 ¢ K" and a. = —10.75 x 10°® K. Due to the strong
shrinkage in the lattice parameters of a and c, strong neg-
ative thermal expansion happens in the unit cell volume
(ay ~ -27.69x10° K ,5K - 375K). It is very interesting to
find that the NTE effect in the present Cu,P.,O, is the
strongest among all the oxides (Figure 3). For example, it
is slightly larger than the classical NTE material of
ZtW,0s (ay ~ -26ax10° K7, 0.3 - 693K)*, and superior
than other framework NTE oxides, such as ZrV,O, (a, ~ -
21x10° K, 473 - 873K)*°, TaVOs (a, ~ -8.9x10° K7, 293-
873K)*, a-Cu,V,O, (a ~ -10.2x10° K*, 200-500K ), B-
Cu,8Zn,.V>0, (@, ~ -9ax10° K7,300-800K )*°, and
Sc.(WO,); (ay ~ -6.5x10° K, 50 - 450K)*>. Intriguingly, the
magnitude of such a strong NTE behavior in Cu,P.O; is
about as large as the PTE effect in those conventional
materials?, which gives good chances to its practical ap-
plication of counteracting thermal expansion.
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Figure 2. Temperature evolution of lattice parameters of
Cu,P,0, derived from NPD. The shadow area refers to the
phase transition. Note that the values of lattice parameter ¢
and unit cell volume of the B-phase is doubled in order for
the comparison with that of the a-phase.
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Figure 3. Comparison of NTE properties in the framework
oxides 20 2938,

Due to the facts that the present Cu,P,O, compound
consists of many light atoms of P and O, and especially O
atoms often play important roles in NTE, temperature
dependence of neutron diffraction has been performed to
get accurate structure evolution information for under-
standing the NTE mechanism. The NPD refinement re-
sults show that in the a-Cu,P,0,, every Cu atom is coor-
dinated with two O2 and O3 atoms, as well as one O4
atom. Each P atom possesses four different oxygen ligands
(Figure 4a). In the B phase, O4 evolves to the same posi-
tion with O3, and O1 occupies two equivalent positions
disorderly. To tell different bonds in the CuO, pentahedra,
suffix “(long)” and “(short)” are added to refer to the long-
er and shorter bond lengths for same atoms. From tem-
perature dependent NPD results, it was found that the
overall changes of the temperature dependence of bond
lengths and angles in CuO5 and PO, polyhedra are small
in the NTE temperature range, except Cu-O3(long) ex-
pands apparently (Figure 4b, and Figure S4). Especially,
the PO, polyhedra are almost rigid, which indicates that
the variation in polyhedra is not the cause of NTE in this
oxide.

More experimental evidence can verify the rigidity in
the PO, and CuOs polyhedra. From the temperature de-
pendent PDF results (Figure 4c), the peak of P-O bonds
shows little change with increasing temperature, which
confirms the rigid body of PO, polyhedra. The Cu-O peak
broadens to some extent. The thermal expansions of Cu-
O bonds can be also demonstrated by EXAFS results (Fig-
ure 4d-f). During the fitting simulation for EXAFS, there
are too much scattering paths below the first two Fourier
transform (FT) peaks, hence the five Cu-O distances have
been grouped in three Cu-O distances as shown in Table
S1. This strategy is reasonable and useful. Because in the f
phase, there are only two Cu-O distances below the first
peak. Usually, the “true” bond lengths measured by
EXAFS shows larger PTE than the “apparent” bond
lengths measured by Bragg diffraction’. However, the
Cu-O3(long) distance strongly expands and so its contri-
bution exits from the first FT peak. This is the reason why
the Cu-O3(long) bond expansion measured by EXAFS is
lower than that by NPD. Above analyses reveal the PO,
polyhedra are rigid, and the thermal expansion in CuO;
polyhedra is on account of the Cu-O3(long).
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Figure 4. (a)lllustrations of PO, (the left one) and CuOs (the
right one) polyhedra in Cu,P,O,. (b) Variations of average
Cu-0 and P-O bonds determined from NPD. (c)Temperature
dependent PDF spectra of the first P-O peak and Cu-O peak
from 148K to 523K (the blue line is at low temperature, and
the red line is at high temperature). (d)-(f) Comparison of
thermal expansion in bond lengths in CuOs polyhedra de-
termined from EXAFS and NPD.

What leads to the NTE behavior in the a-Cu,P,0,? As
shown in Figure 5a, the nonbonded distances and angles
are analyzed as a function of temperature. Interestingly,
the nonbonded Cu--Cu and Cu---P distances show a sig-
nificant decrease, which agrees well with the volume con-
traction in Cu,P,0, (Figure 5, and Figure S6). In the NTE
temperature range, the bond angle (6) of Cu-O4-P reduc-
es from 145.46° to 136.07°, which correspondingly shortens
the nonbondend Cu-:*P distance. The bending of Cu-O4-
P angle also drags the central Cu atoms closer, revealed
by the reduced distance of the nonbonded Cu-:*Cu with
increasing temperature. The decline of nonbonded Cu-:-P
and Cu-'+Cu distances result the contract in the a axis.
When the thermal expansion of Cu,P.O, turns to positive,
the above parameters get nearly invariable or increase
slightly. Meanwhile, the distance between [P,O,]+ layers
also decreases, resulting in the shrinkage in the c axis.
Consequently, the NTE in Cu,P,O, could result from the
coupling twist and rotation of neighbor rigid polyhedra.
The NTE nature of Cu,P,O, is entangled with RUMs,
which is similar to some framework structure NTE mate-
rials, such as ZrW,0g*, ScF;°, and Prussian blue ana-
logues™.
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Figure 5. (a) Structure illustration of a-Cu,P,0,. The green
and blue dotted lines refer to the nonbonded Cu+--Cu and Cu
--P distances, respectively. The 6 refers to the Cu-O4-P an-
gle. (b) The nonbonded of Cu---Cu distance, (c) the Cu---P
nonbonded distance, and (d) the Cu-O4-P angle as function
of temperature derived from NPD.

To reveal the inherent factors that trigger the rotation
of rigid bodies leading to NTE, more information about
vibrational motion has been extracted from the tempera-
ture dependent NPD and EXAFS data. Atomic displace-
ment parameters (ADPs) are obtained from the NPD re-
finement (Figure 6a). It is interesting to find that strong
anisotropic APDs can be observed in O1 and O4, as Figure
5a illustrated. Large U22 of O1 and Un of O4 increase
more rapidly than other ADPs in the NTE temperature
range, which are related to transvers displacements of O1
and Og4. After the temperature exceeds the phase transi-
tion point, this trend changes apparently. The U22 of O1
decreases suddenly, and the Un of O4 maintains nearly
invariant. The transverse thermal vibration behavior of
oxygen can be directly determined from the atomic mean-
square relative displacements (MSRDs) by Cu K-edge
EXAFS (Figure 6b-d). The anisotropy displacements of
the Cu-O bonds exhibit large transverse vibrations. The
perpendicular MSRD. for all Cu-O bonds is much en-
hanced in the NTE temperature range, while declines in
the PTE. The parallel MSRD|| maintains slightly increase,
responding to the thermal expansion of true Cu-O bonds
(Figure 6b). In particularly, MSRD_ for the Cu-O bonds is
much larger than MSRDJ|, quantitated by the large value
of y = MSRD. / MSRDJ| (Figure 6d). It indicates the large
transverse Cu-O vibrations. Over 350K, y for all Cu-O
bonds falls off apparently. It needs to note that the EXAFS
of P atoms cannot be determined. The behavior of trans-
verse vibrations of O1 has been revealed by ADPs of NPD
(Figure 6a). All experimental evidences reveal that the
large dynamically transverse motion of oxygen atoms,
especially that of O1 and Og, is inherent factor deriving
the coupling twist and rotation of rigid CuOs and PO,
polyhedra in the NTE Cu,P,O,.
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Figure 6. (a) ADPs of all oxygen atoms from NPD, (b) per-
pendicular (MSRDL.), (c) parallel (MSRDJ|) to the related Cu-
O bonds direction from EXAFS, and (d) anisotropy y of the
relative thermal vibrations of Cu-O atomic pairs of Cu,P,O,
as function of temperature. The solid lines in (b) - (d) indi-
cate the corresponding best-fitting Einstein models used in
the range 125-350 K+°.

The lattice dynamics of oxygen atoms also have been
verified by density functional theory (DFT) calculations.
The crystal structure is optimized by the constrain of the
experimental structure. As shown in Figure 7, low-
frequency mode at ~68 cm™ of a-phase and ~43 cm ™ of B-
phase are illustrated. In the a-phase, transverse vibration
of O1 atoms is strong and other oxygen atoms also show
obvious transverse vibrations. However, the vibration of
other oxygen atoms in the B-phase are restricted severely,
although relatively large transverse vibrations still exist in
the O1 atoms. In brief, the decay of transverse vibrations
of oxygen atoms makes the whole structure more stiff
leading to the disappearance of NTE, which is consisted
with the above experimental results.

Figure 7. The schematics of (a) a-phase at the low frequency
of 68 cm™, and (b) B-phase at the low frequency of 43 cm™.

Notably, compared with other NTE materials, Cu,P,O,
has a great potential application value benefitting from its
low-cost, facile synthesis and eco-friendly raw materials
and product. Cu,P,0, oxide owns a relatively low theoret-
ical density (4.2 g/cm3), which is lighter than common
alloys and many other NTE oxides (Table S2). The analy-
sis of thermogravimetric-differential scanning calorimetry




(TG-DSC) proves that Cu,P,O, is stable and nonhygro-
scopic, even exposing to air for a long time (Figure S7).
These superiorities impel us to explore the possible appli-
cation for Cu,P,O,. In the present study, epoxy is adopted
since it possesses a strong PTE. Different ratio of Cu.P.O,
powder were introduced to mix with epoxy. The tempera-
ture dependence of linear thermal expansion data (AL/L)
was measured for the different weight ratio of Cu,P,O; to
epoxy. As shown in Figure S8, one can see that the pure
epoxy presents an extremely large PTE property with an
average linear CTE of o ~ 80.79 x 10 K* from 100K to
343K. The introduction of Cu,P,0, can effectively reduce
its PTE. When the weight ratio of Cu,P,0; is 50%, the ¢ is
reduced to 52.69 x 10 K. With more introduction of
Cu,P,0,, the CTE can be further reduced with ¢ of 31.40 x
10° K" (100K ~ 343K) and 6.67 x 10° K* (298K - 343K) for
83%. It is worth to notice that since most engineering
materials, like copper (o ~ 17.5 x 10¢ K*) and aluminum
(a1 ~ 23.6 x 10° K*), which possess much less PTE than
epoxy. Moreover, CTE and NTE temperature range of
Cu,P,0, can be tuned by replacements of Cu or P cations,
which offers wider application used in composite materi-
als. The details are going to be published in the next pa-
per. The present NTE oxide of Cu,P,0O, gives a promising
application in controlling of thermal expansion of com-
mon used engineering materials.

Conclusion

In summary, a strong NTE has been observed in a new
oxide of Cu,P,0, (a, ~ -27.69 x 10° K7, 5 - 375K). The NTE
mechanism has been investigated by the combined tech-
niques of high resolution SXRD, NPD, PDF, EXAFS and
DFT. The dynamically transverse motion of O atoms, es-
pecially O1 and O4 atoms, derives the coupling twist and
rotation of nearly rigid PO, and CuO; polyhadra, which
accounts to the large NTE in the a-Cu,P,O,. Such large
transverse vibrations of O atoms are restricted apparently
in high temperature $-phase of PTE. The comprehensive
NTE related good performances of the present Cu,P.O,
possess the high promising applications.
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