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Abstract Most materials demonstrate an expansion upon

heating, however a few are known to contract, i.e. exhibit a

negative coefficient of thermal expansivity (NTE). This

naturally occurring phenomenon has been shown to occur

in a range of solids including complex metal oxides,

polymers and zeolites, and opens the door to composites

with a coefficient of thermal expansion (CTE) of zero. The

state of the art in NTE solids is reviewed, and under-

standing of the driving mechanisms of the effect is con-

sidered along with experimental and theoretical evidence.

The various categories of solids with NTE are explored,

and experimental methods for their experimental charac-

terisation and applications for such solids are proposed. An

abstraction for an underlying mechanism for NTE at the

supramolecular level and its applicability at the molecular

level is discussed.

Introduction

In general, solids expand upon heating, i.e. they exhibit

positive coefficients of thermal expansivity (CTE), denoted

as a herein. However, a minority of solids show the inverse

effect, i.e. of contracting upon heating, and thus exhibit

negative thermal expansion (NTE). There has been an

increasing amount of interest in these solids and their

potential applications. The underlying mechanisms for

NTE have been found to be complex.

The reason that most solids have positive CTEs is well

understood which is due primarily to an increase in the

interatomic bond length, which manifests at the macro-

scopic level as an overall increase in a dimension or vol-

ume. Bond lengthening is perhaps best explained by the

potential energy versus interatomic distance diagram, see

Fig. 1. On heating, the vibrational energy rises, and due to

the asymmetry of the potential energy curve, shown in

Fig. 1 (which can be considered typical of most strong

bonds), the mean interatomic distance increases [1]. The

rate of change (slope) of the potential energy curve is lower

on the lengthening side of the curve than on the shortening

side; thus, the mean bond length tends to increase with

temperature. The so called ‘stronger’ bonds have steeper

and narrower potential wells resulting in a slower rate of

increase in interatomic distance, and hence a smaller

thermal expansion coefficient (a). The CTE a is a measure

of volumetric (av) or linear (al) change with temperature

and is defined as

aV ¼
DV

V0DT
ð1Þ

al ¼
Dl

l0DT
ð2Þ

where DV, Dl are the changes in volume and length,

respectively, V0, l0 are the initial volume and length,

respectively, and DT is the change in temperature. In

crystalline solids, aV can be split to show the extent of

expansion/contraction of individual crystal axial directions.

In the case of isotropic solids, Eqs. 1 and 2 are related by

av = 3al. However, in anisotropic solids, the relationship

between al and aV is not so simple as each crystal axis

potentially has a different magnitude and sign of a giving

three distinct values, aa, ab and ac, contributing to aV.
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Several solids have now been identified with NTE

behaviour, some associated with phase transitions and

some stable over large temperature ranges. Examples

include metal oxides [2–4], zeolites [5], AlpOs [6, 7],

metal-organic frameworks [8] and other solids including

well-known polymers [9–11] and fibres [12, 13]. The

molecular and supramolecular structures of these solids are

primary in determining whether the CTE is positive or

negative [14].

Origin of negative thermal expansion

The NTE arises generally from supramolecular structural

mechanisms, which dominate the erstwhile positive CTE of

the interatomic bonds. No examples of solids with NTE in

which the interatomic bond lengths shorten upon heating

are known. In all the cases so far, the underlying mecha-

nism for NTE is ascribed to higher order, i.e. supramo-

lecular effects such as ferroelectric, magnetostrictive and

displacive phase transitions, or low frequency phonon

modes [15], the presence of rigid unit modes (RUMs) and

libration. Ferroelectric phase transitions involve the

ordering of dipole moments within a crystal structure. This

occurs in BaT iO3 when in the ferroelectric phase, due to

slight distortions in the TiO6 octahedra, the dipole

moments are aligned (ordered) [16]. In the paraelectric

phase (random), these dipoles are randomly orientated.

Similarly, in transitions between ferro- and paramagnetic

phases of a structure, the electron spins change, respec-

tively, from being aligned to randomly orientated. Displa-

cive phase transitions [16] occur frequently in metal oxide

solids such as ZrV2O7 and quartz [17], whereby each atom

in the crystal cell moves by a small amount relative to the

surrounding atoms. These transitions do not involve any

bond breaking or forming but can nevertheless significantly

alter the structure between higher and lower symmetry

forms. This is often manifested by rotations of rigid poly-

hedra units. However, the majority of structures found to

exhibit NTE have a common feature which is the two-

coordinate (planar) M–O–M or Si–O–Si linkage. These

linkages are typical in metal oxides such as ZrW2O8-type

solids and in zeolites, and are key to their NTE behaviour.

Bonds and associated vibrations

A phonon is a quantized mode of vibration, and may have a

range of different frequencies, wavelengths and ampli-

tudes, and be in or out of phase with each other. Two

important phonon modes are the longitudinal and trans-

verse vibrations depicted in Fig. 2. Upon heating the lon-

gitudinal vibration, modes tend to increase bond length, as

explained above. In particular, M–O bonds increase in

length which may, in turn, themselves promote an increase

in M���M interatomic distances. In contrast, the transverse

vibration modes can have an opposing effect on the M���M
distance. This is sometimes given a ‘guitar string’ analogy,

whereby, despite an increase in M–O bond length, the

effective M���M distance decreases due to the change in M–

O–M angle caused by the increase in amplitude of the

oxygen atom’s vibration. At this point, it is worth noting

that transverse vibrational modes have lower excitation

energy than longitudinal modes, and hence, they are exci-

ted at lower temperatures, which, in turn, means they more

often dominate at lower temperatures. The response of the
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Fig. 1 Graph of a general anharmonic potential energy well,

expanded for clarity, where Ei is the energy level and ri is the

interatomic distance

Fig. 2 Schematic showing on

the left, longitudinal vibrations

of M–O–M links found in

network structures, and on the

right, transverse vibrations

responsible for NTE in some

structures
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M���M length is then a question of whether, in this case, the

longitudinal or transversal modes dominate. It appears, in

many open framework structures, that these modes are the

origin of NTE at lower temperatures. The extent of this

lower temperature range is determined by other factors.

The phonons modes are related to a via the Grüneisen

parameter c [18]:

aV ¼
cCV K

V
ð3Þ

where Cv, K and V are the specific heat capacity, isothermal

compressibility (also known as the bulk modulus), and

volume, respectively. The Grüneisen parameter, c, usually

ascribed to a crystalline solid, reflects the anharmonicity of

the various phonon modes present at a given temperature;

negative values of which indicate that heating will produce a

volumetric contraction, i.e. NTE, since all other parameters

are constrained to be[0. The relationship of c to particular

phonon modes is

c ¼ �1

2x2

dx2

ds
ð4Þ

where x is the frequency of the mode and s is an applied

strain (zero in the case of a free standing solid). Phonon

modes which show a decrease in frequency x as volume

decreases have a negative c. Thus, a negative c substituted

into Eq. 3 gives an overall negative contribution to a, and

hence a negative a [19]. Normal anharmonicity in simple

atomic pair phonons as shown in Fig. 1 is reflected by a

positive value for c. More complex multi-atom phonons as

shown in Fig. 2 may have negative values for c.

Libration

There is a characteristic of variable temperature XRD that

can show a perceived contraction in M–O bond lengths,

when plotted against temperature. Classical asymmetric

potential wells indicate that all the bonds expand with an

increase in temperature, albeit at different rates due to the

varying strengths of different bonds. A weaker bond will

expand faster than a stronger bond. However, in diffraction

experiments, a contraction in the Si–O bond length is often

observed in silicates. This effect has been attributed to

libration [19, 20]. Libration is a particular vibrational

motion in a specific direction relative to the M–O bond.

The XRD picks up an apparent shorter distance between M

and O and, therefore, does not give the true bond length.

The librational effect is shown schematically in Fig. 3

[21]. If we consider the setup where two atoms A and B are

bonded at a fixed length, R, lying along the x-axis, which

denotes the mean orientation due to the mean positions of

atoms hAi and hBi, then the bond librates about the Ox

direction such that atoms A and B move as indicated in

Fig. 3.

Furthermore, as the libration increases with temperature,

the apparent bond length will decrease. It is worth noting at

this stage that the apparent bond length will always be

smaller than the true bond length. Furthermore, libration

should not be confused with transverse vibrations, which

although appear to be similar, are in fact different types of

vibrations. However, it appears from current experimental

data for zeolites that strong libration effects often accom-

pany Si–Si contraction and transverse vibrations. In some

cases, strong libration can show very negative apparent

coefficients of thermal expansion aSi–O apparent, based on

the change in apparent Si–O bond length with temperature.

Rigid unit modes

Structures consisting of corner-linked rigid polyhedra such

as MO4 are able to rotate about the so-called ‘hinges’, of the

type M–O–M or M–O–M0 linkages, where M and M0 are

metal cations. The polyhedra are much stiffer, i.e. have

much higher frequency phonon modes, and so are relatively

rigid in comparison with the M–O–M hinges which exhibit

much lower frequency phonon modes. These modes are

known as rigid unit modes (RUMs). In energy terms, the

bending or rotation about the M–O–M linkage is many

times more favourable than distortion of the polyhedral

[22]. This is due to interatomic repulsions between electro-

negative oxygen atoms being very strong. The M–O–M

hinges rotate due to the anharmonicity in their lateral

vibrations as described by the Gruneisen parameter above.

The so-called quasi RUMS (QRUMs) are very similar to

RUMs, but have merely low frequencies instead of near-

zero frequencies. The effect of this is that the QRUMs have

higher energy and unlike RUMs exhibit polyhedral rota-

tions and slight distortions in some or all the rigid polyhe-

dra. This was demonstrated in ZrV2O7 by Pryde et al. [23],

where rotations of two-linked tetrahedral VO4 caused small

but significant distortions within the octahedral ZrO6 units.

Rigidity of polyhedra is mainly attributed to anion–anion

d true

d apparent

Fig. 3 Schematic showing the effect of libration of M–O links [21]
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(oxygen–oxygen) repulsions. On increasing the cation size,

the tetrahedra or octahedra increase in size, thus oxygen–

oxygen distances increase resulting in a decrease in repul-

sion [24]. The reduced interaction strength in oxygen

repulsions decreases the rigidity of the polyhedra allowing

for distortions. The effect of this on NTE is shown in the

A2M3O12-type structure (M = W and A = most cations

which can accept octahedral coordination), where increas-

ing size of cation ‘A’ increased the effect of NTE [24, 25].

For rotations of the polyhedra in the A2M3O12-type struc-

ture to occur, there must be slight distortions in the poly-

hedra. Thus, increasing cation size increases volume

contraction. Rotations of polyhedra combined with poly-

hedral distortions are also seen in NASICON structures

(NaZr2(PO4)3). The QRUMs in the NASICON structure

manifest themselves as rotations of rigid tetrahedra causing

the octahedra to distort as the temperature is increased [26].

In a computational study by Hammonds et al. [27, 28],

the phenomenon of local RUMs was discussed. Local

RUMs were proposed as an integral part of structural

flexibility, and are interesting in that they can result in

localised thermally driven contraction of specific sections

or cages within a framework structure. Local RUMs are

essentially the same as RUMs, in that the rigid units rotate

about M–O–M linkages thus causing a structural change.

The main difference is that unlike RUMs, local RUMs are

not present uniformly throughout the whole structure but

are periodic. This phenomenon may have some special uses

since local thermally driven contraction may alter local

physico-chemical properties of these solids, e.g. catalytic

activity. These local RUMs have been used to explain

catalytic activity of certain zeolites, where non-framework

molecules induce a change in the local structure [29].

Phase transitions

The RUMs cause changes in the M–O–M angles as explained

above; however, some structures, despite possessing rigid

polyhedra, do not show this cooperative rotation of linked

polyhedra giving rise to NTE behaviour. This is due to the

way in which they are arranged in the larger structural net-

work. This can be seen in many structures which undergo a

phase transition, at a particular temperature—a good

example being the structure type A2(MoO4)3 and the zeolite

ferrierite [30]. It was shown [31] on a study of Sc2(MoO4)3

that the monoclinic phase had a positive aV, and the ortho-

rhombic phase had a negative aV. It was also shown [32] that

generally such molybdate structures show positive aV in the

monoclinic phase; however, after a phase transition to an

orthorhombic unit cell, aV changes to negative. Symmetry is

important in NTE and has been shown in many structures

with displacive phase transitions, where a change in sym-

metry is accompanied by a change in the sign of a.

During phase transitions the RUMs act as ‘soft modes’

which have a low and strongly temperature-dependent

frequency. Soft modes may also be described as ‘particular

excitation which becomes unstable as the system approa-

ches, the stability limit’ [33]. Whilst there is no specific

limit to the number of ‘soft modes’, usually there is one

particular mode responsible for the phase change. As the

temperature approaches, the phase transition temperature,

Tc, the ‘soft mode’ frequency approaches zero, and at Tc,

the system is unstable and undergoes a phase change to a

stable form. The displacive phase transition, e.g. from one

ordered crystal structure to another, can be split into two

types, namely first-order discontinuous (a/b-quartz transi-

tion) and second-order continuous (ferrierite [30] which

changes symmetry from Pmmn to Immm) transitions.

These transitions involve some change in symmetry, e.g.

change in space group or crystal system [34], and may also

involve a large reduction or increase in cell volume.

However, in most first-order transitions there occurs a rapid

increase in volume, which may subsequently be followed

by contraction. A good example of this is the framework

structure ZrV2O7. It was shown [35] that over the tem-

perature ranging from -263 to 470 �C, there was a phase

transition which corresponded to a change in a sign. It was

suggested [23] that the existence of quasi-RUMs (QRUMs)

was the reason for NTE in the high temperature phase.

Phase transitions represent an interesting case of NTE, but

given their very specific temperature dependencies, they do

not have the wide range of applications of the more stable,

wider temperature range NTE similar to other solids.

Microcracking

Anisotropic contraction can increase the apparent magni-

tude of reduction in volume of bulk samples when per-

forming dilatometry measurements. This was reported on

the metal oxide Sc2(WO4)3 [36], where the ceramic bar

showed an approximately fivefold increase in contraction

compared to the powder ND-determined thermal expan-

sion. The reason why this occurs is not fully understood;

however, it is clear that some macroscopic mechanism

combines with a molecular mechanism to enhance the NTE

effect. This has been postulated as being primarily due to

microcracking of a compacted bulk sample. However,

recent study by the authors has suggested that mere

structural disorder, as would be caused by microcracking,

cannot by itself give rise to an NTE effect at the macro-

scopic size scale [37]. It is more likely that the compaction

process gave rise to very specific packing and/or orienta-

tion of crystals and apparent amplification of an already

anisotropic NTE in one axis with consequent diminution of

NTE in the other axes. Notably, this effect is less likely to

happen in cubic solids having isotropic NTE behaviour.
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A generalised mechanism

A generalised mechanism for NTE can be demonstrated

schematically using the simplified 2D diagram in Figs. 4

and 5, for the perovskite and zirconium tungstate solids,

respectively. The generalised mechanism requires RUMs

to be present, with suitably connected polyhedra and voids

into which they are free to rotate. This depends upon the

cooperative effects of the factors described in the sections

above. In Fig. 4, the shaded squares show a slice through

linked octahedra of MO6 as seen in perovskite [38].

Figure 5 shows the xy-plane with rotations of linked octa-

hedra about the z-axis. As can be clearly seen in both of these

structures due to rotations of the octahedra, at the M–O–M

angle, the unit cell (outlined in the figures) decreases in

area, and voids between units alter significantly from

squares to parallelograms. The angle h (tilt angle) repre-

sents the degree of rotation/change in M–O–M angle. In

3D, this is repeated in the other planes resulting in a

decrease in volume.

This cooperative rotation of rigid corner linked units also

occurs in structures of linked tetrahedra [39] or a mixture of

linked tetrahedra and octahedra [27, 31]. Rotation of the

M–O–M angle is finite, in that there is a limit to the change

in angle, due to intermolecular forces and interactions. This

limit varies depending of type of polyhedra and the local

constraint in effect for example different connectivity

within the network structure. Consequently, issues such as

framework connectivity can restrict and even prevent

rotations of the linked polyhedra taking place. Lightfoot

et al. [6] studied several zeolite structures, and found by

comparison that many microporous zeolites show NTE, but

despite similar structural units others do not, for example

the PTE zeolite CIT-5 and AlPO4-31. A framework struc-

ture or chiral symmetry possessing rigid units seems to be

necessary but not sufficient for NTE behaviour to occur, as

other as yet undefined structural conditions are equally

necessary. The geometrical origin of NTE shown by Heine

et al. [40], demonstrated some mathematical aspects of

rotations of rigid units in framework structures. One par-

ticular finding not echoed by many other authors, was that

polyhedral rotations occur throughout the phonon spectrum,

and are not confined to low frequency modes. However, it

was also pointed out that due to the harmonicity of the

phonon modes as represented by c is strongly dependent on

x (the phonon frequency, in fact x2), the lower phonon

modes have a disproportionate effect. This was shown in the

study on b-quartz [17].

Returning to the statement at the beginning of this

section, when looking at NTE, there are essentially two

mechanisms active during NTE. The thermal expansion

between atom pairs has a positive contribution, whereas the

geometric rotations of rigid units (transverse vibrational

modes and libration) has a negative contribution. For NTE

Fig. 4 Schematic of the

perovskite structure shown as

octahedral units and 2D

representation shown as rotating

squares, indicating the rotation

mechanism

Fig. 5 Schematic of Zirconium

Tungstate structure shown by

tetrahedral and octahedral units

in 3D [58] and the RUM

mechanism in 2D
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to occur then, the geometric effects (RUMs) must dominate

those of the chemical bond expansion (longitudinal modes).

Framework flexibility

Structural flexibility is a key factor for NTE and a network

structure requires a certain degree of flexibility for the

rotations of polyhedra to occur. A crude, but useful method

for determining potential structural flexibility was derived

by J. C. Maxwell in 1864, which has been applied to dif-

ferent solids, for example on the stiffness of glass [41].

This method is ideal as an initial indicator of potentially

flexible networks but is limited, and thus to determine the

‘true’ flexibility of network structures a more detailed

analysis is required. This may be done computationally

with emphasis on the various bond angles and symmetry of

the structure. Two research groups in particular have

looked at framework flexibility, using different approaches.

Khosrovani and Sleight [42] studied several cubic network

structures with emphasis on the role of symmetry in

framework flexibility. They used structural refinements of

different space groups on different network structures,

allowing them to plot an agreement factor R against the

unit cell parameter ‘a’. It was shown that in some, but not

all cases, a lowering of the space group resulted in an

increase in lattice flexibility. In addition, lowering the

space group appeared to have more pronounced effect on

compressive rather than expansive flexibility, an example

of which was zeolite rho, which subsequently showed to

exhibit NTE [43]. This behaviour is more complex as it

involves cation relocation in addition to rotations of rigid

polyhedra. It is important to note that their analysis was

based on linked polyhedra, and has been shown to be

consistent with the RUM model. Hammonds et al. [27]

approached the problem of structure flexibility by looking

solely at the effect of RUMs on network flexibility with

particular emphasis on local RUMs and provided good

insight into their importance in framework flexibility.

Types of NTE materials

Framework or network structures encompass a large

number of crystalline solids, ranging from zeolites to

Aluminium phosphates (AlPO4s), metal oxides to metallo-

organic structures [44]. The common feature of these sol-

ids, aside from the metallo-organic structures, is the ability

to break them down structurally into simple units made up

of polyhedra. Depending on the presence of near-zero

frequency phonon modes these polyhedra may or may not

exhibit RUMs. Since the discovery of NTE, many different

structures have been investigated, where CTEs have been

predicted and experimentally measured. Noticeably, all

these structures so far identified possess the M–O–M (or

Si–O–Si) linkage. This study has been mainly carried out

on framework type ceramics, for example ZrW2O8 and

ZrV2O7, both of which have been extensively studied over

their entire stability range and whose mechanisms are

understood in detail. Study on NTE behaviour in zeolites

has only just begun and little computational study or

experimental measurements of a, have been made. There

are several groups currently working on NTE behaviour in

framework structures, Dove et al. [17, 27], have developed

a computational program to investigate RUMs, whereas

Woodcock and Lightfoot [45] have concentrated on zero

expansion NASICON solids and some zeolites. Sleight

et al. [46, 47] have mainly studied ZrW2O8 and related

structures along with J. S. O. Evans and T. A. Mary who

have also turned to A2(MoO4)3 [31] and A2(WO4)3 [36]

type structures.

Zeolites

Zeolites are increasingly being studied by many research

groups, in part, due to their wide range of applications. At

present, there are approximately 150 different zeolite

framework types, each of which has several elemental

compositions. The diversity of zeolite structures is due to

the multitude of ways in which the component tetrahedra

can be linked [48], which, in turn, is due to the flexibility of

the Si–O–Si linkages which can vary from 120� to 180�.

The siliceous faujasite network structure is of particular

interest as it has been shown to exhibit strong NTE

behaviour [5, 6, 49–55]. The channels formed by joining

sodalite cages in Faujasite network structures are depen-

dent on connectivity and thus vary dramatically in size

from very small in zeolite A, to very large in zeolite VPI-5.

The directions of these sodalite cage channels depend on

the crystal symmetry and tend to run along crystal lattice

directions. When NTE occurs, these cages and channels

effectively fold in on themselves due to the rotations of

tetrahedra. It was shown [56, 57] via simulation that zeo-

lites with only 1D channels running through them tend not

to show NTE behaviour, where as zeolites with 2D or 3D

channels do. It was concluded that thermal expansion

behaviour is, in part, dependent on the type of sodalite cage

channel system.

Metal oxides

AM2O8-type structures

Other framework structures of particular interest are those

of the ZrW2O8 family (AM2O8, where ‘A’ = any cation

capable of octahedral coordination and M = W or Mo),

which have been the subject of much investigation due to
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their strong NTE properties. Similar to zeolites, their

framework not only comprises tetrahedral units but also

includes octahedral units, which are arranged as corner

sharing polyhedra with all the six oxygen atoms on the

ZrO6 being shared with WO4 tetrahedra, Fig. 1.10a [58].

The WO4 tetrahedra have one terminal oxygen which is

important in the phase transition at approximately 450 K.

These tetrahedra are aligned along the body diagonal [1 1 1],

with the terminal oxygen atoms pointing along the diago-

nal. During the phase transition, these oxygen atoms

change orientation and react with their nearest neighbour

tetrahedra, resulting in oxygen migration [19]. The conse-

quence of the free terminal oxygen is the unusual effect in

the solid state of increasing the degree of freedom. With

the ‘active’ RUMs in ZrW2O8 under heating, and due to

ZrW2O8 having a cubic crystal structure, the interesting

phenomenon of isotropic contraction occurs. This reduces

the likelihood of microcracking and is of particular interest

for use in composites [59]. If the 2D perovskite type

rotating squares mechanism is considered for ZrW2O8, then

rotating squares are interlinked by triangles, causing area

and volume contraction as shown by Fig. 5. ZrW2O8 has an

average linear coefficient of negative thermal expansion of

al = -9.07 9 10-6 K-1 [4, 18, 19] over the temperature

range of T = 0–350 K, which represents a degree of con-

traction comparable to the degree of positive thermal

expansion seen in most solids. Interestingly, ZrW2O8 is one

of the few structures that exhibits NTE over its entire

stability range. In comparison, cubic ZrMo2O8 has a lower

average linear al = -6.9 9 10-6 K-1 and al = -5.0 9

10-6 K-1 (below and above the phase transition, respec-

tively) over the temperature ranges 2–200 K and 250–

502 K [60]. This reduction in NTE effect is due to the

presence of the smaller Mo cation in comparison to W.

Zirconium Vanadate ZrV2O7

Zirconium Vanadate, ZrV2O7, is structurally related to

ZrW2O8, where two WO4 tetrahedra are replaced by V2O7

(M2O7) itself comprising two corner-linked VO4 tetrahe-

dra. This changes the crystallographic symmetry, but the

overall cubic crystal structure and an isotropic NTE

behaviour are retained. In the average unit cell, four of the

six crystallographically unique V2O7 have, according to the

symmetry, linear V–O–V linkages, which at high temper-

atures bend away from 180� and pull the structure in on

itself. It is suggested that this is a high energy form and

that, in reality, any two linked VO4 tetrahedra rotate rela-

tive to one another to reduce the angle [23]. However, it

has been shown that no RUMs exist in ZrV2O7, but instead

QRUMs, where coupled rotations of the VO4 tetrahedra are

accompanied by slight distortions of the ZrO6 octahedra,

resulting in a balance between the stiffness of ZrO6 and the

energy gain from V–O–V bending [24]. The NTE effect is

smaller, if the tetrahedra are smaller, and in the case of

ZrP2O7, a is positive. Unlike ZrW2O8, ZrV2O7 has a phase

change which changes a from low-temperature expansion

to high-temperature contraction.

A2W3O12

The A2W3O12-type structure is particularly interesting as it

clearly demonstrates the effect of changing cation size on

NTE behaviour. As with most metal oxides, the only

constraints on cation ‘A’ is that it must be able to adopt the

octahedral coordination and be trivalent, for example Al,

Sc, Y, Lu, Ho. The A2W3O12 structure is formed by corner-

linked AO6 and WO4 polyhedra, forming M–O–M and

A–O–M linkages. It was suggested [24] that in the Sc2W3O12

structure rocking of the polyhedra could only occur if slight

changes, e.g. distortions, took place in the polyhedra.

Hence, it was implied that the rigidity of polyhedra inhibits

NTE. Rigidity of the polyhedra is an effect of anion–anion

repulsion, in this case O–O repulsions, which are stronger

in smaller polyhedra as the oxygen atoms are closer toge-

ther. Thus, by increasing polyhedral size, replacing Sc with

a larger cation, will increase their ability to deform, and

hence, to increase the NTE effect. This was confirmed [24]

by experimental results on Lu2W3O12 which had a con-

siderably stronger contraction, a = -6.8 9 10-6 K-1, as

opposed to Sc2W3O12 a = -2.2 9 10-6 K-1. This cation

size effect was confirmed [25] by an experimental study on

A2W3O12, Sc2W3O12 and Y2W3O12, where a clear pro-

gression from increasing cation size caused greater thermal

contraction. They also showed that this trend correlates to

changes in M–O6–W2 angle, which expands the most as

temperature increases, where the smaller the cation the

smaller this angle, thus allowing for greater opening of this

angle as temperature rises.

A2M4O15 and AOMO4

The structures A2M4O15 and AOMO4 are similar to the

other metal oxides described before, having corner linked

octahedra and tetrahedra, by A–O–M and M–O–M link-

ages. A study on Ln2Mo4O15 (Ln = Y, Dy, Ho, Tm) [61]

suggested that NTE occurred over a large temperature

range, and was shown to have structural elements similar to

ZrW2O8 and ZrV2O7, e.g. MoO4 and Mo2O7 units.

Dy2Mo4O15 showed no large change in a over the tem-

perature range from 30 to 200 �C, and suggests that no

first-order phase transition occurs in this range. However, it

was suggested that a second-order phase transition as seen

in ZrW2O8 may occur. The negative thermal expansion in
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these structures is not as large as that seen in ZrW2O8 and

Sc2W3O12, and there is no evidence of increasing cation

size increasing the NTE effect, in fact the opposite occurs.

These structures and AOMO4 have not been studied much,

and more detailed analysis is needed to understand their

NTE behaviour. AOMO4 structures show anisotropic

negative thermal expansion above a phase transition at

200 �C and anisotropic positive expansion below, which

has been attributed to rocking of the rigid polyhedra about

weak A–O–M linkages [62, 63].

AlPOs

AlPO4 structures are very similar to those of zeolites and

have been shown experimentally and by predictive meth-

ods to have either PTE or NTE behaviour [6, 7]. However,

in either case, the thermal expansion behaviour is shown to

be anisotropic in nature. AlPO4-5 is a typical example

made up of four and six membered rings, such as those

found in zeolites, which combine to form large twelve

membered channels running along the z-axis of the struc-

ture. There are two different types of tetrahedra those of

AlO4 and PO4, where the AlO4 tetrahedra are larger than

the PO4 tetrahedra [64]. As in zeolites, rotations about

Al–O–P angles result in a collapse of the channels and

NTE.

NASICON

The NASICON structure is based on NaZr2(PO4)3, and is of

interest due to its approximately zero thermal expansion.

NASICON structures possess anisotropic CTE, with

expansion in two axial directions but a decrease in the third.

The general structure of NaTi2(PO4)3 [65] is a 3D lattice of

vertex-linked TiO6 octahedra and PO4 tetrahedra. In the

complex thermal expansion of NASICON structures, the

CTE behaviour is governed by different factors in each

variant, for example LiT i2(PO4)3 shows a migration of the Li

cation from MI to MII sites [45], whereas in Sr0.5Ti2(PO4)3,

it is due to the combining effects of polyhedra rotating and

vacant sites.

Carbon nanotubes

Recently [66–69], it has been found that carbon nanotubes

may exhibit negative thermal expansion over certain tem-

perature ranges. Although the magnitude of the coefficients

of thermal expansion in carbon nanotubes are not as great

as in zeolites and metal oxides, they are still a significant

effect. The NTE mechanism is not fully understood;

therefore, it may be a perceived effect and not a true

thermal contraction as seen in zeolites and metal oxides.

Metal organic frameworks (MOFs)

Recent studies [8, 70] have identified the new class of

nanoporous solids called metal organic frameworks

(MOFs) which can exhibit very large negative (but highly

anisotropic) thermal expansion, of a magnitude signifi-

cantly greater than that for metal oxides and zeolites. These

MOFs consist of rigid polyhedra connected by relatively

under-constrained linkers to form large cavities. Anisot-

ropy in the thermal expansion of the crystal structure drives

a structural reorganisation resulting in the collapse of the

cavities in a similar manner to that described by Miller

et al. [37]. The MOFs studied showed that these structures

have strong volumetric NTE which becomes larger as the

length of linker is increased. These structures are promising

candidates for applications in catalysis, storage/release and

separations, due to their large tailorable voids and NTE,

linked with good stability.

Applications

Owing to their complex but flexible structures zeolites have

a very wide range of applications in many different

industries. Zeolites have been in use primarily in the

petroleum industry for many years now and are a funda-

mental aspect of petroleum cracking. Their selective cata-

lytic activity is what makes them useful in the cracking

process. They are, however, used at high temperature, and

thus, knowledge of how they react to such temperatures is

vital to optimising the process. Many of the zeolites studied

so far show NTE behaviour, and being stable at high

temperature means they are particularly interesting for the

petroleum cracking industry. However, detailed studies of

the effect of NTE on catalytic activity are lacking, and

require a detailed understanding of NTE mechanisms in

zeolites. Their catalytic properties are also vital for various

high temperature commercial chemical reaction processes.

Zeolites, zeolite-like solids and metal oxides with NTE

are also of interest in composites particularly in the

microchip industry [47, 71]. Thermal expansion behaviour

of dental fillings has been studied, with the intention of

finding a better match between the thermal expansion of

tooth and filling under conditions of rapid changes in

temperature [72]. This is where composites of positive and

negative a solids would be of great use. They also have a

similar potential application as fillers in adhesives, where

warming of the adhesive can result in expansion and

weakening of the bond between components. Composites

with a particular a value may be tailored by including a

NTE solid in the composite, thus reducing thermal stresses

and weakening bonds as temperature rises. Essentially

this approach simply transfers the problem of a CTE
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mismatch-driven stress at the interface between two

monolithic materials, to that of a stress within a composite

adhesive layer. Whilst it is usually preferable to avoid

stresses at interfaces, one must consider the issue of

stresses acting at particle–matrix interfaces within the

composite adhesive layer. However, good particle–matrix

interface strengths are achievable [59]. It was shown [73]

how composites made from negative and positive a com-

ponents can be successfully tailored to give approximately

zero thermal expansion of the bulk composite. Zeolites

with NTE behaviour have applications in aerospace tech-

nologies [74], in electronics [47], as well as in fibre optics

[75], fuel cells and high precision optical mirrors [47].

Experimental measurements of a

The most common methods of obtaining experimental

measurements of a are temperature varying X-ray or neu-

tron diffraction. X-ray (XRD) and Neutron diffraction

(ND) patterns can be determined using powder (PXRD) or

single crystal samples and offer a precise method for

determining crystal structures [45, 76]. XRD and ND

measurements can be recorded at varying temperatures and

is above all non-destructive, though diffraction data does

not always correspond to the bulk thermal expansion. From

these patterns, all the cell parameters are easily determined,

and the effect of changing temperature on them is used to

calculate the linear and volume coefficients of thermal

expansion. Dilatometry is used to measure a of bulk solid

samples such as ceramic block, or large single crystals and

involves heating the sample in a furnace where the

resulting expansion or contraction is measured by being

mechanically transmitted via ‘push rods’ to displacement

sensors. The disadvantages of this method are that only one

axis at a time is measured, and the accuracy is dependent

on the expansion of the push rods, which are made of

different solids depending on the temperature range of the

measurements, e.g. fused silica for up to 700 �C, Alumina

up to 1600 �C and for higher temperatures graphite. Dila-

tometry measurements tend to give smaller a values, as

seen in Sc2W3O12 [36, 77], which has been attributed to

microcracks in the ceramic blocks or large crystals; how-

ever, the exact mechanisms are not fully understood.

Design of supramolecular NTE structures

There have been several studies of design NTE structures

[78–86] at the supramolecular size scale; perhaps, one

could consider this as going beyond the realm of chemis-

try into that of materials science or engineering. The

mechanisms used in the design of Supramolecular struc-

tures are, by definition, structural and therefore are not

bounded in the same way that materials properties might

be, as shown by Rosen and Hashin [87]. Therefore it is

possible to design structures with extremal thermal prop-

erties without sacrificing other important considerations,

such as stiffness. These studies can be broadly divided into

two mechanisms: those which use positive thermal

expansion of one material to generate a Poisson’s ratio

contraction in another; those which use thermal expansion

in one solid to drive angle changes of internal structures to

effect NTE, in a similar manner to the mechanism for NTE

materials. Both approaches assume small (linear) defor-

mation theory throughout. The former category consists of

studies by Landert and Ito [78, 79] who developed com-

posite fibre shearing mechanisms, Lim [80] who proposed

a re-entrant structure similar to structures used to give a

negative Poisson’s ratio and Kelly [81, 82] who proposed a

direct competition between thermal expansion and trans-

verse strain. The latter category contains studies by Aboudi

and Qi [83, 84], Sigmund and Torquato [85] and Lakes

[86] who proposed multi-solid structures where differing

thermal expansivities of components drive rotating, hing-

ing or flexing beams. All of these present specific examples

of structures with NTE behaviour, but until recently what

was missing was a generalised set of underlying principles

for CTE in such supramolecular structures, providing a

framework for rational design of NTE or indeed extreme

positive CTE structures. Miller et al. [37] provided such an

underlying framework that can be shown to fully describe

the specific NTE mechanisms in all of the previous studies.

The mechanism of Miller et al. is based on a simple tri-

angular unit cell with beams of dissimilar CTE. The beams

are treated as such in this article and have the specific

constitutive properties associated with pin-jointed beams as

could be found in truss structures, but in fact they could

be generalised to any type of interaction such as flex-

ing beams, phases in a fibrous or particulate composite, or

even interatomic potentials. Within a specified range of

geometries and constitutive material properties (primarily

CTEs), an increase in temperature drives an internal angle

change that dominates the inherent positive CTE of the

constituent materials and engenders the unit cell with an

overall NTE. This effect is unbounded (positive or nega-

tive) and may be achieved using conventional, i.e. positive

CTE, constituent materials. A range of unit cells are

available built from triangular subunits, providing aniso-

tropic or isotropic extreme CTEs in 2D or 3D, or even the

biomaterial strip of Lakes [86] (the internal angles are

simply set to 180� and 0�). Given the constraints of the

simplified interaction potentials used in this approach, it may

still be possible to design extreme CTEs at the molecular

scale, if the triangular mechanism is not dominated by the
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more complex range of interactions in operation at that size

scale.

Conclusions

Interest in negative thermal expansion materials has

increased greatly in the last decade, stemming from and

prompting further discovery of many new NTE materials.

This has especially concerned improved understanding of

the underlying atomistic and molecular mechanisms, as well

as the identification of a raft of new potential applications.

Of all of these applications, probably the most developed is

the use of NTE fillers to modify the overall CTE of partic-

ulate composites, especially for use in microchip packaging.

The key patent in this area proposes the use of zirconium

tungstate to reduce the CTE of microchip underfill adhesive

[88], which will lead to increased operating temperatures or

increased fatigue life [59].

Understanding of NTE materials increases the possibil-

ities for new synthetic and more extreme NTE materials

improve, such as MOFs [8, 70]. Those materials will

undoubtedly have applications in their own right as sensors

etc., as well as fillers in composites. Given the current

scientific interest in NTE and its potential for practical

application, there will be no doubt many further discoveries

concerning NTE. A more generalised understanding of

NTE in such solids has been attempted [71], and the

importance of rigid and relatively much more flexible

structural units or linkages is evident, but the question

remains as to why some solids posses NTE, and apparently

structurally similar compatriots do not. From an engi-

neering or materials point of view, there are several

interesting future directions in which NTE materials may

go. One such direction not yet exploited at all concerns the

tuned CTE components, which exactly counter-match

thermal expansion of components with differing thermal

expansivity. Truss-type structures with tuned expansivity

[78–86] may offer reductions in distortion for dimension-

critical components such as those used for telecommuni-

cations and scientific equipment. Since density is a function

of CTE and temperature, composite or monolithic materi-

als with tuned CTE would throw up the possibility of

manipulation of many other density-dependent properties.

These would include elastic wave speed and hence acoustic

refractive index, and electromagnetic properties such as

resistivity and optical refractive index.

Of all the NTE materials, perhaps, the most promising

are the MOFs with their relatively much larger NTEs. Their

NTEs seem to be large enough to make polymer matrix

composites with near-zero CTE using practically realisable

filler volume fractions via standard manufacturing routes.

Such large NTEs also promise use in MEMS and NEMS

where they could function as thermally driven actuators, or

compensators for CTE mismatch, although their other

mechanical properties make them less attractive as engi-

neering materials. Supramolecular truss-type structures, at

first, seem applicable only at the gross macro scale, since

their manufacture seems to require large-scale joining

process. However, recent advances in manufacturing pro-

cesses such as rapid prototyping/manufacturing are reduc-

ing the size scale at which they can function, the range of

usable materials, and most importantly unit cost. A rela-

tively cheap additive process with sub-millimetre resolution

does not seem too far away, and would throw up the pos-

sibility of truss-type micro structures, with bespoke CTE,

in a net-shape manufacturing process. Component redun-

dancy and weight reduction arising from compound-

ing multiple functionalities into single materials ought to

reduce total energy cost of manufacture, which becomes

especially important in transport applications, energy cost

in service etc.
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