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Metal —Organic Frameworks Provide Large Negative Thermal Expansion Behavior
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Using molecular dynamics (MD) simulations, we show that metagjanic frameworks (MOFs) constructed
using octahedral ZO(CO,)s clusters linked via aromatic carbon ring structures lead to negative thermal
expansion (NTE) behavior (fro 0 K to melting). We find that MOF-C22 contracts volumetrically by 1.9%

over the range of 0 to 600 K, making it one of the best NTE materials (linear expansion coefficient of
—11.05x 1078 K~ compared witho. = —9.1 x 10°¢ K~ found for ZrW,QOg, previously the champion NTE
material). Indeed, we designed a new MOF using 2-butynediodate linkers that leads to an even larger NTE
of 2.2% (from 0 to 500 K). We show that this NTE behavior arises because thermal motions in the rigid
Zn—0 clusters and the organic moieties linking them lead to tilting of the linkers by successively larger
amounts from their alignment along the unit cell axes, resulting in decreased cell parameters. The MOF
materials were developed to provide a large reversible hydrogen-storage capacity leading to as much as 73%
free volume. However, the NTE properties suggest other possible applications. Thus, their porous but
constrained three-dimensional framework provides a framework onto which other materials might blend to
form composites with negligible volume change with temperature. To illustrate this, we incorporated
polyethylene polymers into MOF-C10 and found that the volume of the composite is constant within 0.059%
over the entire range from 300 to 600 K.

1. Introduction the organic linkers successively farther from their alignment
along the unit cell axes.

On the basis of this interpretation, we designed a new MOF
system predicted to have a particularly large NTE effect. In
addition, we demonstrated an application of these NTE proper-
ties by developing a composite with nearly zero thermal
expansion.

For the vast majority of materials, the volume increases
with temperature with typical values in the range ok 11075
K~ for metals, 1x 1076 K~1 for ceramics, and k 104 K™1
for polymers! Such volumetric changes cause problems in
processes such as casting and injection moldings, where
contractions occurring upon cooling to operating temper-
atures can cause fracture or defects and change the performance. )
A few materials (water, quartz, and zeolite) have been observed?2- Simulation Methods
to contract over some range of temperatutajt materials
that contract with temperature for all temperatures up to melting D
are rare. Examples include the CuSand Zr\W,0g materials
discovered by Art Sleight,which lead to a negative thermal
expansion of-4.0 x 10® K1 from 11 to 1206 K for the
CuScQ crystal® We consider here a second class, the recent
discovered metatorganic framework (MOF-5) materials con-

To describe the dynamics of these systems, we use the
REIDING force field known to describe the organic frame-
works systems accuratelyTo eliminate boundary effects in
calculating the thermal expansion coefficient of the MOFs, we
used an infinite three-dimensionally periodic cell containing
eight (ZmO)(COy)e units. We predict that the volume change
sisting of ZnO(BDC) (BDC = 1,4-benzenedicarboxylate). of MOF-C6 (0.99%) is comparable to the experimental result

0, - -

Experimentally, MOF-5 exhibits NTE behavior, with an ob- (1.219F for N IoaQed MOF-Cé. ) o
served increase in unit cell volumes of 1% upon decreasing the ©OUr MD calculations used a MD time step of 0.001°\/e
temperature from 293 to 30 KThe MOF systems are prom- m.alntalneoll the temperature using a Neb@oyer thermostat
ising candidates for storage and separation of gases because dfith damping constant of 0.1 ps. We maintained the pressure
its large surface area and low densitfonsequently, we at 1 atm using the Andersen barostat with damping constant of
decided to determine the mechanism for NTE behavior in MOF 1 PS. (Such MD is denoted as NPT.)
systems. For each MOF, we started with the minimized structure and

Here we report molecular dynamics (MD) simulations for Nheated the system gradually at a rate of 0.5 K/ps to 600 K,
five MOF systems, all of which exhibit NTE behavior. These Which is near the melting point of MOF8.We increased the
calculations show that the NTE behavior originates from the {€mperature in increments of 50 K, equilibrating for 200 ps at
increasing amplitude with temperature in the rotations of the €ach temperature, which we found to be sufficient to attain
rigid Zn—O clusters and the concomitant increased tilting of €quilibrium.

Using the volume obtained at each temperature from the NPT

* To whom correspondence should be addressed. E-mail: wag@wag. MD. We fixed the cubic lattice parameters at each temperature

caltech.edu. and carried out simulations at this fixed volume (NVT) for 100
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Figure 1. Atomistic structures of MOFs considered in this work. In each case, th®@0,)s connector couples to six aromatic linkers through
the O—C—0O moiety common to each linker. The MOFs are named according to the number of aromatic carbon atoms. Here, gray, white, and red

atoms indicate carbon, hydrogen, and oxygen, respectively.
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Figure 2. Temperature dependence of MOF-C6 (the lowest thermal expansion) and C22 (the highest) calculated from MD simulations (filled

symbols). (a) Lattice parameters; (b) volumes. HarandV, correspond to values at 300 K. The experimental data (open symbols)-foatied
MOF-C6 are from ref 4.

TABLE 1: Volumetric Thermal Expansion Coefficient () of decreasing the temperature from 293 to 30* Rhis is
MOFs Calculated from MD Simulations, Averaged over the comparable to the value of 0.99% for evacuated MOF-C6
Range from 10 to 600 K obtained in our simulations (from 300 to 10 K). We calculate
MOF types B(x107°K™) a linear expansion coefficient at 300 K for MOF-C6 @f=
MOF-C6 —23.91 —7.97x 106 K1,
MOF-C10 —32.46 We predict that the highest NTE is for MOF-C22, with=
mgg'g%g :gg'ig —11.05x 10°¢ K. This leads to a negative volume thermal
MOE-C30 —29.19 expansion coefficient 39% larger than that for MOF-C6. This
MOF with 2-butynediodate linkers —42.21 value for MOF-C22 is larger than the result @f= —9.1 x
10°% K1 found for Zrw,Os previously a champion NTE
material??
ps to calculate the elastic stiffnesSi{, Ci2, and Ca4) of the Because the MOF materials are porous, we expect that they
MOFs at each temperature. are quite suitable for forming composites in which the matrix
is adjusted so that the net material would have zero thermal
3. Results expansion as discussed in Section 4.2.
3.1. Volume Contraction. The predicted thermal expansion 3.2. Mechanism.To investigate the mechanism of NTE for
of several MOFs is shown in Figure 1. The&{CQ;)s metal MOF, we analyzed the radial distribution functions for various

oxide cluster serves as a metal oxide node that links six organicatom pairs as a function of temperature (see Figure S1 of the
aromatics (such as benzene or dibenzocoronene) to form a cubidupporting Information). We found that the-C bonds remains
cage structure. unchanged with increased temperature while theOCand
All MOFs considered here have NTE properties as indicated Zn—O bonds increased only slightly-0.004 A for C-O and
in Figure 2, which shows the changes in the lattice parameter ~0.010 A for Zn-O as the temperature increases from 10 to
and volume of each MOF with temperature. The coefficients 600 K).
of linear thermal expansion, = (1/L,)(dL/dT), and volumetric However, we find substantial cooperative rotational motion
thermal expansiorf = (1/\V,)(dV/dT), obtained from the slopes  of the (ZnO)(CQy)s Nodes of the structure. These rigid-Z®
of each line are tabulated in Table 1. (The lattice parametersclusters rotate by amounts that increase with temperature,
and volumes of all MOFs considered here are tabulated in the causing the linkers to tilt ever-increasing amounts from their
Supporting Information as a function of temperature.) equilibrium alignment along the unit cell axes. This increasing
Experimentally it was observed that the volume gflbaded tilt of the organic linker bridges forces the distances between
MOF-5 (same as our MOF-C6) expands by 1.21% upon the Zn clusters to decrease by increasing amounts as the
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(b)
Figure 3. (a) Atomistic structure for MOF-C22. Left: the initial minimized structure. Right: snapshot from the MD simulation after equilibration
at 600 K for 200 ps. Note that the instantaneous structure has rather random correlations between the tilting of the linkers, but the average structure
leads to high symmetry. (b) Schematic for the NTE mechanism of MOFs deduced from the MD trajectory (snapshot in a). Here squares represent
Zn—0—C clusters and sticks represent the aromatic organic linkers.
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Figure 4. Temperature dependence of the average linker tilting angles averaged over 200 ps of MD simulattar(§]Cal.C, of Figure 1) (b)

6, (180 — 6, — OC:C,Cs). Shown are the changes in the tilting angles from the reference values at@,Q; KO(0O* for MOF-C6, C16, and C30;

6.0 for MOF-C10; and 9.1 for MOF-C23,.. 0.0 for MOF-C6, C16, and C30; 2.2 for MOF-C10; and 3.1 for MOF-C22). The increase in these
angles with increased temperature leads to an “apparent” decrease in bond length along unit cell axis 2+ diinker to X' = 2dc COS 61 +

diinker COS 02, whered. is the length of G—C; anddinker is the length of G—C; of Figure 1.

temperature increases (Figure 3). We find that the tilting between coordination bond® Thus adjacent linkers along the same axis
the ZnO octahedral is dynamic and independent, leading to need not be be linedrThe X-ray diffraction experiments see
instantaneous structures that lose the symmetry between thehe only time-averaged structures that retain the symmetry.
linkers (see right part of Figure 3a). However, the average Our results on MOF are similar to those for the Prussian blue
structure remains symmetric. The rotation of;@noctahedral (M"PtV(CN)s, M = Mn, Fe, Co, Ni, Cu, Zn, Cd) architecture
nodes allows the organic linkers to bend, deform, or shear (a metat-cyanide-metal, M—CN—M" framework), which
between the ZiO clusters because of the relatively weak incorporates stiff octahedral units with strong metzrbon and
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Figure 5. Temperature-dependent elastic constants of MOFs calculated from MD simulations: (a) bulk ni®eulGs; + 2C;2)/3, (b) dilatational
shear modulu€' = (Cy1 — C12)/2, (c) C1a, (d) shear modulu€ss. Here diamond for MOF-C6, inverted triangle for MOF-C10, regular triangle for

MOF-C16, circle for MOF-C22, and square for MOF-30. This data is
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Figure 6. Temperature dependence of the Poisson rajiof{ MOFs.

Calculated from the bulk and shear modulivas= (3B — 2C')/2(3B
+ C).

metal-nitrogen bonds joined linearly by the relatively loose
cyanide bridges. Here the rotational modes of the rigid units
are responsible for the anomalous thermal expariSion.

The magnitude of tilt angle of the organic linker (due to
transverse displacement) is expressed in terms ofthend
0, angles shown in Figure 4. The equilibrium angle for
symmetric organic linkers is zero so that larger angles
imply increases transverse vibration amplitude of the-2h
(organic linker of Figure }Zn' bridges. Both#: and 6-

tabulated in the Supporting Information.

TABLE 2: Density (g/cm?3) and Free Volume (cn¥/g) of
MOFs at 300 K@

MOF types density free volurhe
MOF-C6 0.64 0.90
MOF-C10 0.47 1.37
MOF-C16 0.40 1.74
MOF-C22 0.33 221
MOF-C30 0.29 2.59
MOF with 2-butynediodate 0.87 0.61

linkers

2 The larger aromatic carbon atoms in MOFs make the lower density.
b Solvent accessible free volume. This was calculated with a probe
radius of 1.2 A in the Ceridgprogram.

3.3. Elastic ConstantsA cubic crystal has three independent
elastic stiffness constant€i;, Cis, and Cusl! These are
calculated easily from the minimized structure at 0 K, and they
can be calculated as a function of temperature through MD
simulations. We find it convenient to recast the elastic constant
in terms of the bulk moduluB = (C;1 + 2C;,)/3, the dilatational
shear modulu€’ = (C;1 — Cy2)/2 (corresponding to tetragonal
deformation shear, (110}{110]), andCa4, the (100)[&I] shear
modulus. We extracted these constants from NVT dynamics
by applying finite deformations in the lattice parameters. Thus,
for B we changed all three lattice parameters by the same
amounts, forC;, we expanded the axis by an amoun®
simultaneous with contraction of the and c axes by—d/2,

increase with temperature, leading to decreases in the latticeand for C44 we calculated thexy shear strain energy. Each of

parameters.

these deformations was done as a function of temperature.
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Figure 7. (a) Temperature dependence of the lattice parameters of MOFs with 2-butynediodate linker&EC—CO,) calculated from MD
simulations. Heré, = 21.08011 A indicates the value at 300 K. (b) The optimized MOF structure.

The results in Figure 5 show that all elastic constants decreaseexpect very low transverse vibrational frequencies (transverse
with temperature. Generally, the elastic constants of materialsacoustic mode, TA). Moreover, th&y, decreases for all MOF
stiffen as the volume decreases, which usually corresponds toas the temperature increases (softenin@€4j, indicating that
decreasing temperature. However, for the MOF systems all the TA modes will have a negative This leads to the NTE
elastic constants stiffen upon cooling, that is, as the volume behavior of MOFs.
increases. Of course, we understand this from the stiffness of Indeed, we calculated the total thermodynamitaveraged
the linear M-OL—M bonds. A similar behavior was found in  over the modes) from the temperature derivatives of the elastic
the Zr'W,Og NTE materials? constants, @; /dT,'?@1%and find that all MOFs have negative

Table 2 shows that increasing the number of carbon atomsvalues 3.12 for MOF-C6,—4.19 for MOF-C10,—4.63 for
in the aromatic rings of the MOF (increased length of the organic MOF-C16,—3.32 for MOF-C22, and-3.10 for MOF-C30).
linkers) leads to decreased density. Figure 5 shows that this 3.5 Poisson Ratio.Some studies have concluded that the

leads to dramatic decreases in the elastic constants. NTE of network structures will lead to a negative Poisson ratio
The bulk moduli of the MOF compounds are 4 to 17 GPa at (that is, the girth expands as the material is stretched).

300 K while the shear moduli are 6 to 14 GPa. This can be However, our calculations of the bulk and shear mddiind

compared to typical values of 10 and 1 GPa for typical polymers a positive Poisson ratio 0f~0.15 at 10 K for all MOFs

and 160 and 70 GPa for cerami€8:3This softness of the  considered. This is much smaller than the Poisson ratio of

MOFs results from the ability to accommodate external stressesnormal metals (0.3), ceramics (6:2.4), or polymers (0.4

by rotations in the metal clusters. 0.5). Indeed, it just barely exceeds the value for cork (0.0).
The Cy4 is exceedingly small for MOFs, only 1.8 GPa for  Except for MOF-C6, we find that the Poisson ratios of MOFs

MOF-C6 at 10 K. This shows the compliance as due to tilting decrease with increased temperature. However, the Poisson ratio

of the organic linkers. Previous density functional theory never goes negative even at temperatures near melting, 600 K.

calculations using the local density approximation le€Cip= Thus, the lowest Poisson ratio we calculated is 0.05 for MOF-

1.4 GPa for MOF-C6 at 0 K4 in good agreement with our  C30 at 600 K.

result of 1.8GPa. _ _ To obtain a negative Poisson ratio, we would expect the
3.4. Phonons According to Gimeisen theory? the mode-  ransverse velocities to be faster than the longitudinal ones for

dependent Gmeisen parametery(= —d In w/d In V) is a the acoustic waves propagating along the [100] direcfion.

measure of the sensitivity of the phonon frequenciego However, the exceedingly smak, of MOFs leads to very slow

changes in the system volume. Whether a solid expands oryansyerse velocity relative to longitudinal veloci§x(), leading
contracts upon heating depends on the balance between phonog, |ow, but positive, Poisson ratios.

modes with positive and negative ‘@risen parameters. For

longitudinal acoustic and optical phonomss typically positive 4 piscussion

so that these modes tend to promote thermal expansion. This

results from anharmonicity in the bonding potentials, which  4.1. Prediction of Improved NTE Material. On the basis
leads to increased average bond lengths with increasing tem-of the mechanism (Figure 3) deduced for the MOF systems,
perature!®> In contrast, transverse vibrations may exhibit a we expected that the largest NTE affect might be for 2-bu-
negativey related to the increase of the restoring forces with tynediodate linkers, gL—C=C—COQ,. Hence, we tested this

increased tension. material and foundx = —14.07 x 1078 K1, which is 26%

In a cubic crystal, the stiffness for propagation of elastic higher than that for MOF-C22+11.05x 10°¢ K~1) and 55%
waves in the [100] direction is determined By; for longitu- higher than the previous champion NTE materials, 20/
dinal waves and by{Z44 for transverse waved.As mentioned, These results are in Figure 7.

the transverse vibration mode is important for NTE behavior.  4.2. Fixed Volume CompositeThese MOF materials were
Because th&C44 values of MOFs are very smalk@ GPa) in developed to provide reversible hydrogen-storage capacity
comparison with other elastic constants (see in Figure 5), we leading to free volumes up to 73% of the total. Thus, we
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Figure 8. (a) Temperature dependence of the lattice parameters of the (MOF@di§ethylene composite calculated from MD simulation. Here
L, = 29.92181 A is the reference value at 300 K. (b) The optimized composite structure where polyethylene chains are shown in green.

considered that they could be useful frameworks for a variety of metal from near zero thermal expansion in NiPt(e{d) =

of filler matrices. In particular, we considered whether it would —1.02 x 1078 K=1) up to a maximum in CdPt(CN)(a. =

be possible to make a composite in which the normal positive —10.02 x 10°% K~1).10f The MOF systems have cubic crystal

expansion of the matrix would exactly cancel that of the MOF, structures similar to the Prussian blues but with negligible

resulting in a composite with negligible thermal expansion.  expansion of the nearest-neighbor distances (based on the RDF
To explore how the MOF could be used in forming composi- analysis), but with MOF we have considerable flexibility in

tions with temperature-independent volumes, we incorporated designing the linker to achieve larger NTE than for the Prussian

amorphous polyethylene (PE) polymer into the MOF-C10. As blue analogues. Thus, the NTE behavior of MOFs can be

an illustration, we considered a simulation box including 8 modified both by the type of organic linkers (as considered here)

polyethylene chains, each with 50 carbon atoms. These chainand by replacing the Zn cluster in the nodes.

lengths were estimated from the density of amorphous PE (0.85

g/cn?)?® and solvent accessible volume of the MOF (2084.88 5. Summary

A3 per unit cellf* to fill the void regions while allowing a full

factor of 0.7. The final equilibrated structure of the PE is shown  In summary, we use MD simulation to show that the cubic

in Figure 8b. As shown in Figure 8a, the volume of the crystalline MOFs (IRMOF types) with ZrRO—C clusters and

composite is nearly constant from 300 to 600 K, changing by aromatic carbon rings can have unusually large negative thermal

only 0.18%. The calculated of the composite is-0.14 x 1076 expansion (NTE) properties. This NTE behavior results from

K~1, which is 100 times lower than that-(0.82x 1076 K1) increased rotations with temperature of the rigid metal oxide
of pure MOF-C10. polyhedral couplers with concomitant tilting in the organic
4.3. Comparisons to Other Materials.Other NTE materials linkers. This behavior leads to a soft material with low elastic

include perovskite ferroelectriétetrahedral semiconductots, ~ constants. We show that the magnitude of the NTE effect is
ice2 quartz? zeolites? and Prussian blue structural famili®s.  sensitive to the specific types of organic linker used. We also
Such behavior typically originates from the presence of low- show that the NTE property of MOF can provide the basis for

energy transverse vibration (in ice) or volume-reducing coopera- applications to composites, leading, for example, to composites
tive rotations of rigid corner-sharing polyhedra (in MOF, With no volumetric change with temperature.

ZrW,0g, and Prussian blue analoguésy.
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linear diatomic cyanide anion bridg&in the Prussian blue  functions for C-C, C-0O, and Zr-O bonds in MOFs as a
materials, the increase in average transverse displacement ofunction of temperature, predicted lattice parameters, volumes,
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the observed contraction of lattice parameters. The NTE from NPT—MD simulations. This material is available free of
behavior of the Prussian blue analogues varies widely with types charge via the Internet at http://pubs.acs.org.
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