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Negative Thermal Expansion Design Strategies in a Diverse
Series of Metal–Organic Frameworks
Nicholas C. Burtch,* Samuel J. Baxter, Jurn Heinen, Ashley Bird, Andreas Schneemann,
David Dubbeldam, and Angus P. Wilkinson
oxides, fluorides, cyanides, polymers,
and carbon nanotubes.[2–6] A seminal
discovery in this field was that ZrW2O8[7]
exhibits isotropic NTE (αl = (1/l)dl/dT
≈ −9 ppm K−1) over the 0.3–1050 K temperature range.[8] Since this finding, a
number of experimental and theoretical
studies have shed light on the vibrational
modes leading to this behavior and their
implications for the design of further
NTE materials.[9,10] More recently, an
increased interest has developed around
tailoring thermal expansion via chemical
modifications[11] and through the use of
phase transitions with magnetic, ferroelectric, charge-transfer and metal-insulator
origins[1] to achieve large-scale NTE. Outside of the materials science community,
however, the most ubiquitous NTE substance is water. Water
has an increasing density with temperature over the 0–4 °C
range due to the increased entropy resulting from the breaking
of its tetrahedral hydrogen bonding network.[12]
Zeolites and metal–organic frameworks (MOFs) are material classes that have been predicted to exhibit widespread
NTE,[13–17] due in part to their nanoporosity and flexible framework characteristics. MOFs, formed by the assembly of inorganic nodes and multitopic organic ligands,[18,19] are particularly
intriguing as NTE materials because of the greater design flexibility they afford relative to zeolites. The organic constituents
in MOFs also enable a larger degree of structural flexibility[20]
which may further promote their potential for exhibiting largescale NTE.
To date, isotropic NTE has been experimentally reported in
a limited number of frameworks, including in the well-known
HKUST-1 (Cu3(BTC)2, BTC = 1,3,5-benzenetricarboxylate)[21]
and IRMOF-1 (Zn4O(BDC)3, BDC = benzene-1,4-dicarboxylate)[22] materials. Beyond computational studies on Zn4O-based
IRMOF variants,[14,15] the systematic structural engineering of
MOFs as an NTE material class has not been well explored.
NTE in MOFs can also be accompanied by phase transitions,
leading to discontinuities in their lattice parameters with
temperature.[23] Controlled thermal expansion in the absence
of such phase transitions, however, is critical to the utility of
NTE materials in most applications where the PTE matrix will
change dimensions in a continuous fashion.
In this work, we demonstrate design strategies for tailoring
thermal expansion in microporous MOFs. By independently
varying the metal, ligand, topology, and guest species, we show

Negative thermal expansion materials are of interest for an array of
composite material applications whereby they can compensate for the
behavior of a positive thermal expansion matrix. In this work, various design
strategies for systematically tuning the coefficient of thermal expansion in
a diverse series of metal–organic frameworks (MOFs) are demonstrated. By
independently varying the metal, ligand, topology, and guest environment
of representative MOFs, a range of negative and positive thermal expansion
behaviors are experimentally achieved. Insights into the origin of these
behaviors are obtained through an analysis of synchrotron-radiation
total scattering and diffraction experiments, as well as complementary
molecular simulations. The implications of these findings on the prospects
for MOFs as an emergent negative thermal expansion material class are
also discussed.

1. Introduction
In condensed matter, an increase in temperature generally leads
to an increase in volume. This phenomenon, known as positive
thermal expansion (PTE), can cause significant stress or even
catastrophic device failure in applications where materials are
placed in confined environments. At material interfaces such
as coatings or films, mismatches in thermal expansion properties can also lead to cracking and peeling. The development
of tailored thermal expansion behaviors in materials would
mitigate such problems and be of significant value for a variety
of material design and engineering challenges.[1]
While PTE is the norm in most materials, negative thermal
expansion (NTE) has been observed in materials that include
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Figure 1. Overview of design strategies for thermal expansion control in nanoporous MOFs. a) Modifying the steric bulk of the ligand. b) Changing
the identity of the metal in the inorganic cluster. c) Altering the framework topology. d) Varying the guest species. e) Altering the length of the ligand.

how MOF thermal expansion characteristics can be adjusted
in the positive or negative direction. For promising MOF
NTE material candidates possessing Zr6O8-based secondary
building units, we also analyze synchrotron-radiation pair distribution functions (PDFs) from total scattering experiments
to investigate the impact of thermal history on their thermal
expansion behavior. These insights, combined with molecular
simulation analysis, are used to highlight the prospects and
challenges towards the use of MOFs as an emergent NTE
material class.

The coefficients of thermal expansion in these systems
were analyzed upon heating using variable-temperature synchrotron or laboratory powder diffraction experiments over a
≈10–100 °C temperature range. This temperature range is relevant to NTE applications where MOFs would be most suitable
from a mechanical and thermal properties standpoint, such as
fillers in organic matrices (e.g., polymers, epoxies, and resins),
and also yielded near-linear behavior that enabled comparison
of average coefficient of thermal expansion (CTE) values.

2.1. Ligand Steric Effects

2. Results
We demonstrate various design strategies for achieving thermal
expansion control in MOFs using the structures shown in
Figure 1. M2L2(DABCO) MOFs containing the 1,4-diazabicyclo[2,2,2]octane (DABCO) pillaring ligand (Figure 1a–c)
enabled us to isolate the impact of the metal (M), topology,
and steric bulk of functional groups on the linear dicarboxylate ligand (L) in the 2D M2L2 layered direction while keeping
other structural features constant. IRMOF-1 (Figure 1d) is a
prototypical MOF based on Zn4O(CO2)6 clusters and benzene1,4-dicarboxylate (BDC) ligands that has previously been shown
to exhibit isotropic NTE.[14,15,22] Here, we experimentally show
that the identity of its incorporated guest species can be used as
a strategy to tune the magnitude of its NTE. Lastly, the dependence of thermal expansion on the thermal history and length of
the dicarboxylate ligand in Zr6O8-based MOFs (Figure 1e) with
minimal structural defects is presented.

Adv. Funct. Mater. 2019, 29, 1904669

Ligand design is an emerging strategy for altering the adsorption, chemical stability, and flexible framework dynamics of
pillared MOFs.[24–26] Applying this design principle towards isostructural DABCO-based MOFs possessing a Zn2(CO2)4 cluster
(Figure 1a), we observe an increase in the magnitude of NTE
in the layered direction with decreasing steric hindrance on the
dicarboxylate ligand. As shown in Figure 2a, by switching from
BDC to its functionalized variants with an increasing number
of methyl groups on the phenyl ring, we obtain average linear
CTE values in the layered direction of αl = −9.6(9) ppm K−1
(BDC), −5.4(5) ppm K−1 (2,5-dimethyl-BDC, DM-BDC), and
4.2(2) ppm K−1 (2,3,5,6-tetramethyl-BDC, TM-BDC).
The experimental results are consistent with the computed
average CTE values obtained from molecular dynamics simulations on the BDC, DM-BDC, and TM-BDC models of these
structures (αl = −6.7, −6.4, and 4.1 ppm K−1, respectively).
The primary structural differences among these variants arise
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Figure 2. Thermal expansion and structural dynamics due to varying ligand steric effects. a) Average linear CTE from ≈10 to 100 °C in DABCO-based,
Zn2(CO2)4 MOFs with the square network motif and varying degrees of steric hindrance on their linear dicarboxylate ligand. Error estimates given as
asymptotic standard error. Red values in parentheses were obtained from molecular dynamics simulations. b) Depiction of the dihedral vibrational
mode of the aromatic ring (hydrogens and ligand substituents omitted for clarity) and c) corresponding normalized dihedral angle distribution profile
for the BDC (left) and TM-BDC (right) structures as a function of temperature.

from the bulkiness of their functional groups and the torsion
angle of their aromatic rings (Figure 2b). The importance of
these structural differences on the resulting thermal expansion behavior was investigated using molecular simulation
analysis.
While the temperature-dependent distribution of torsion
angles (Figure 2c) remain Gaussian with temperature, the profiles of the bell-shaped curves in Zn-DMOF are wider than those
observed in Zn-DMOF-TM for a given temperature, indicating
an inhibition of the linker movement in Zn-DMOF-TM due to
its methyl groups. We also observe that imposing the dihedral
angle of the phenyl ring that is found in Zn-DMOF-TM on the
Zn-DMOF structure, in the absence of any increased steric
effects due to methyl groups, does not significantly inhibit its
NTE (Figure S38, Supporting Information). However, as one
gradually reduces the bulkiness of the methyl groups in the ZnDMOF-TM framework, we observe an appreciable increase in
the structure’s NTE (Figures S39 and S40, Supporting Information), suggesting that the degree of steric repulsion due to the
methyl groups in TM-BDC is a primary reason for the structure’s observed PTE.

Adv. Funct. Mater. 2019, 29, 1904669

2.2. Topological and Metal Effects
DABCO-based MOFs possessing Ni2(CO2)4 clusters with
BDC in either a square or Kagome layered network motif
(Figure 1c) were characterized to explore the impact of framework topology on their thermal expansion behavior. In the
tetragonal framework, there is a single pore size in the layered
direction with a 90° angle between each of the ligands at the
metal cluster whereas the trigonal Kagome network contains
two distinct pore openings. The Kagome network phase is
kinetically favored over the square phase in the presence of
Ni/BDC/DABCO mixtures[27] and we obtained a two-phase
sample containing both the square and Kagome motifs for
analysis. Given the geometries of the two polymorphs, a lowenergy interface that would enable intergrown crystals of the
two phases seems unlikely, and we thus assume that there is
no significant mechanical coupling whereby the thermal expansion of one phase would affect the other. The diffraction pattern
exhibits well-distinguished Bragg peaks for the two phases
(Figure S14, Supporting Information) and revealed NTE in the
layered direction of both of these variants, with an increased
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Figure 3. Thermal expansion behavior due to varying framework topology, metal, guest incorporation, and ligand length effects. a) Effect of topology in
a DABCO-based Ni2(CO2)4 two-phase square and Kagome network sample. b) Effect of the metal identity in DABCO-based square network frameworks
with the inorganic cluster M2(CO2)4 (M = Co, Ni, Cu, or Zn). c) Effect of guest species (helium or carbon dioxide) of IRMOF-1 at 1 atm gas pressure.
d) Effect of ligand length in the Zr6O8-based UiO-66 and UiO-67 structures in the absence of significant node distortion.

magnitude of areal contraction upon heating for the Kagome
material (Figure 3a) that is consistent with molecular modeling
predictions from the square and Kagome layered analogs constructed using a Zn2(CO2)4 cluster (Supporting Information).
The identity of the metal in the M2(CO2)4 (M = Co, Ni, Cu,
or Zn) cluster of DABCO-based MOFs possessing BDC as their
square layered ligand affects the thermal expansion behavior in
the manner shown in Figure 3b. Similar to the Zn2(CO2)4-based
structure, each of the variants exhibit NTE in their layered direction over the 10–100 °C temperature range. Relative to the other
structures, the Zn-based material exhibits the highest magnitude
of NTE. As the distance between adjacent paddlewheels in the
a–b plane increases, as indicated by the room temperature lattice
constants, the magnitude of NTE in the a–b plane also increases.
This may be due to decreased steric interactions. In contrast, the
PTE parallel to the c-axis generally decreases on moving from
left to right across the periodic table, with the exception of zinc
and copper where the experimentally determined CTEs are
indistinguishable. The origin of this trend is unclear.
2.3. Guest Effects
The mechanism of isotropic NTE in the cubic IRMOF-1
material has been studied both experimentally[22,28,29] and
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computationally.[14,15,30] Its NTE behavior is generally attri
buted to the ability of its octahedral Zn4O(CO2)6 clusters and
connecting ligands to tilt via transverse displacements to
greater degrees upon increasing temperature. By varying the
gas environment of IRMOF-1 from carbon dioxide to helium
at 1 atm total pressure, a slight increase in the magnitude
of its NTE from αV = (1/V)dV/dT = −38.2(12) to −40.8(4)
ppm K−1 is observed (Figure 3c). Such guest environment
changes are relevant to the use of MOFs in selective sensing
or adsorbent columns applications whereby a gas purge or
temperature swing takes place after saturation with the target
adsorbate. Carbon dioxide has stronger framework interactions than helium (which is often assumed non-adsorbing
in porous materials) and thus carbon dioxide adsorbs to
a higher equilibrium loading at a given temperature. One
cannot delineate the framework’s inherent NTE from guest
loading effects, however, and the loading will be non-linear
over temperature. Using a molecular model that is paramaterized to capture the CO2 adsorption behavior in MOF-5,[31]
over our experimental temperature range, we obtain approximate loadings of 4.5, 1.6, 0.8, 0.5, and 0.3 mol kg−1 at 240,
270, 300, 330, and 360 K, respectively. This general behavior
is consistent with the computationally predicted effects
of host–guest interactions on the CTE of IRMOF-1 for the
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more strongly interacting benzene, isopropanol, and propane
molecules.[30]

2.4. Ligand Length and Node Distortion Effects
The UiO-66 and UiO-67 MOFs possess Zr6O8 nodes that are
12-connected by BDC or biphenyl-4,4′-dicarboxylic acid (BPDC)
in their defect-free forms.[32] These materials are cubic and
also exhibit exceptional chemical and thermal stability properties relative to many MOFs reported in the literature.[33,34] As
such, they are attractive candidates for NTE applications. Work
by Chapman et al., however, reports that dehydroxylation of the
UiO-66 structure’s Zr6O8 node chemistry[35] at temperatures
above ≈120–130 °C can cause reversible structural distortions
that result in a volume contraction in the material.[36] These
reversible distortions were not discernable from the average
long-range structure observed from powder X-ray diffraction
measurements but were clearly captured by PDF analyses of
the total scattering data. Specifically, the disappearance of a
single Zr⋅⋅⋅Zr atomic distance in the PDF at ≈3.5 Å, characteristic of the 12 equivalent Zr⋅⋅⋅Zr distances across the edges
of a symmetric Zr6 octahedron, and the simultaneous appearance of two additional peaks at ≈3.3 and 3.7 Å, corresponding
to the Zr⋅⋅⋅Zr distances of a lower symmetry distorted octahedron, were observed.[36] Given these possible Zr6O8 distortions,
we analyzed both the local (node chemistry) and long-range
(lattice parameter) changes in these materials via synchrotron
total scattering and diffraction experiments.
The impact of thermal history on the thermal expansion
behavior was studied through a comparison of the UiO-66
material’s PDF after a heat pre-treatment of either 95 °C (UiO66@95 °C) or 220 °C (UiO-66@220 °C) under helium for 2 h.
For UiO-66@95 °C, we observe no significant splitting of the
Zr⋅⋅⋅Zr PDF peak at ≈3.5 Å immediately after heat pre-treatment
(Figure 4a) and, upon subsequent heating to ≈90 °C, we observe
a CTE of αV = −16.7(8) ppm K−1. For UiO-66@220 °C, however,

significant node chemistry distortions result in a splitting of
the ≈3.5 Å Zr⋅⋅⋅Zr peaks after heat pre-treatment, similar to the
results reported by Chapman et al. (Figure 4b).[36] Due to the contraction this distortion creates in the material, upon subsequent
heating to ≈90 °C, UiO-66@220 °C exhibits a positive CTE of
αV = 14.8(24) ppm K−1 as its Zr6O8 node relaxes (expands[35]) back
to its undistorted octahedron state. A comparison of the UiO66@95 °C and UiO-67@95 °C structures shows an increase in
magnitude of the volumetric CTE with the length of the organic
ligand, from αV = −16.7(8) to −20.5(10) ppm K−1 (Figure 3d), a
trend that is qualitatively consistent with our molecular dynamics
simulations reported in the Supporting Information on UiO-66
and UiO-67 (αV = −16.6 and −32.6 ppm K−1, respectively).

3. Discussion
MOFs as an Emergent Negative Thermal Expansion Material
Class: An ideal NTE material for composite material applications will have a large magnitude of NTE in order to minimize
the amount of material needed to achieve the desired CTE
reduction. Furthermore, in single-phase polycrystalline materials such as ceramics, anisotropic thermal expansion can be
problematic and lead to internal microcracking and increased
stress.[37] Figure 5 provides a selection guide for isotropic NTE
materials based on average CTE values reported for selected
materials over various temperature ranges. The highest magnitude isotropic NTE materials include various Prussian blue
analogs, metal cyanides, and metal fluorides. Depending on
the target application, MOFs can provide advantages over traditional material classes that include an extended range over
which NTE is exhibited, improved chemical, mechanical, and
thermal stability properties[33] and, due to their porosity, the
exploitation of guest environment as a thermal expansion
control strategy. On the other hand, while a lesser magnitude
of NTE has been observed in material families that encompass zirconium vanadates, zirconium tungstates, and various

Figure 4. Effect of thermal history on UiO-66 Zr6O8 node geometry and its subsequent thermal expansion behavior upon heating. a) PDF changes
after a 95 °C heat pre-treatment (UiO-66@95 °C), illustrating a scenario where no significant node distortion is initially present and NTE behavior is
observed. b) PDF changes after a 220 °C (UiO-66@220 °C) heat pre-treatment, illustrating how a contraction due to node distortion being initially
present in the structure can result in subsequent PTE.

Adv. Funct. Mater. 2019, 29, 1904669

1904669 (5 of 8)

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.advancedsciencenews.com

www.afm-journal.de

Figure 5. Selection guide for isotropic NTE crystalline materials. Average experimental volumetric CTE values reported for selected materials in various
NTE material classes. Values for MOFs, zeolites, metal cyanides, Prussian blue analogues, and zirconium tungstate and vanadate families values
are based on literature in Wells et al.[9] DUT-49 value obtained from Krause et al.[44] Selected metal fluoride values were taken from Hester et al.[45]
UiO-66(Zr) and UiO-67(Zr) values from this work are for the frameworks having undergone a 95 °C heat pre-treatment.

metal oxides, their chemical and thermal stability limits can
far exceed those present in MOFs. Furthermore, one should
consider the compatibility between the mechanical properties,
such as bulk modulus and hardness, of the NTE material and
its PTE matrix. In this regard, MOFs are likely most suitable for
matrices that include foams, polymers, epoxies, and resins.[20]
Unique attributes of MOFs that make them promising as
an emergent NTE material class are their immense degree of
structural tunability[38] and the intriguing mechanical properties
endowed by their hybrid organic–inorganic chemistry.[39] The
mechanical properties of MOFs bode well from an NTE standpoint. Given that αV = (1/V )(∂V/∂T )P, thermodynamics and the
Maxwell relations show that αV = 1/BT(∂S/∂V )T (where BT = −V
(∂P/∂V )T), suggesting that a high NTE material should also be
relatively soft. In the context of other NTE materials, MOFs are
promising, with BT values from diamond anvil cell experiments
and theoretical calculations in the range of low tens of GPa.[20,39]
While NTE is anticipated to be more pervasive in MOFs than in
many other material classes, it is notably absent in prototypical
materials such as the ZIF-8 (Zn(MeIM)2, MeIM = 2-methylimidazolate) framework,[40] in which we observe PTE (αV = 19.6(9)
ppm K−1, Figure S34, Supporting Information) that is consistent
with previous computational predictions.[41]
The node distortion behavior of Zr6O8-based MOFs also suggests unique and exciting prospects for robustly compensating
for the glass transition exhibited in amorphous and semicrystalline materials that progress from a relatively brittle to a more
rubbery state upon heating. The glass transition in polymers
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often leads to a relatively large (≈3–5× of the original value)
increase in the CTE upon heating and can occur at temperatures similar to where node chemistry-induced contractions
occur in Zr6O8-based MOFs. We find that the temperature at
which these contractions occur to be structure-dependent for
UiO-66 and UiO-67, suggesting that design strategies for tailoring these contractions towards a desired temperature for
targeted epoxies or polymer matrices can be employed.
Before becoming useful in composite material applications,
studies into how the nanoscale (crystallographic) NTE found in
MOFs translates to a CTE reduction at the macroscopic (bulk)
scale must be performed. This requires thermomechanical
analysis techniques for studying the change in length of a bulk
specimen to capture important effects not evident from diffraction, such as changes to microstructure. Such characterizations
have been performed on the well-studied ZrW2O8 material[42]
and have shed light on the importance of considerations that
include particle dispersion, particle size, and appropriate surface interactions to promote adhesion between the NTE particle and its matrix. For MOFs, careful attention should also
be placed on the effect of adsorbed guest species and whether
confinement in the composite system gives rise to pressureinduced phase transitions.[43]

4. Conclusions
This work adds to previous reports of NTE in MOFs, including
those of anisotropic NTE attributed to hinge-like and
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stretching-tilting mechanisms.[46–48] Here, we have illustrated
various design strategies for tailoring MOF thermal expansion
behavior by varying their structural properties and guest environment. Through further characterization of the thousands
of already synthesized MOFs, it is clear that additional design
space in Figure 5 can be covered. A further design strategy that
merits exploration is the controlled incorporation of defects in
MOFs, such as what has been reported in the UiO-66(Hf) structure.[49] More generally, a fundamental understanding of MOF
thermal expansion is crucial to advancing their utility in a wide
range of potential applications that include coated monoliths,[50]
microcantilever sensors, and electronic devices.[51] In each of
these scenarios, changes in temperature will arise, and a mismatch in the CTE of the MOF and its substrate material will
produce residual stresses that can lead to cracking and peeling
behavior or compromise the adhesion between the MOF and
its interfaced layer.

represent the views of the U.S. Department of Energy or the United
States Government.

5. Experimental Section
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Sample synthesis and preparation details for all materials are given
in the Supporting Information. To minimize the impact of structural
defects on the thermal expansion behavior[52] of UiO-66 and UiO-67,
these materials were synthesized based on procedures reported by
Lillerud et al.[53,54] Nitrogen adsorption at 77 K was measured on each
sample to confirm porosity characteristics before their storage under an
argon environment until variable-temperature diffraction experiments
were performed. Laboratory diffraction experiments were measured in
a sealed quartz capillary using a nitrogen cyrostream for temperature
control. Synchrotron-radiation diffraction and total scattering data
were collected at beamline 17-BM-B and 11-ID-B of the Advanced
Photon Source (APS) at Argonne National Laboratory using a Kapton
capillary and a previously described sample cell environment.[55]
Lattice parameters were extracted via Pawley analysis with the GSAS-II
software.[56] Average linear CTE errors are reported with asymptotic
standard errors from linear regression analysis. Classical simulations
employed the RASPA molecular simulation software for adsorption
and diffusion in flexible nanoporous materials.[57] A description of the
molecular simulation methodology and flexible force field models is
included in the Supporting Information.
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