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Synthesis and sample preparation
Synthesis and sample preparation procedures were performed based on previous
literature, as summarized below. For solvent wash or exchange steps, samples were
centrifuged and then dispersed in fresh solvent for an interval of between 30 minutes to
an hour, or overnight for IRMOF-1, before starting the next wash or exchange step. All
samples were washed 3 times in the initial reaction solvent, 3 times with chloroform,
unless noted otherwise, as an exchange solvent, and then moved to fresh exchange
solvent and stored until the evacuation procedures under dynamic vacuum were
performed prior to nitrogen isotherm porosity characterization measurements. After
porosity characterization, materials were stored in a nitrogen or argon glove box until
subsequent powder diffraction or total scattering experiments. Prior to powder diffraction
measurements, samples with larger crystal sizes were lightly ground using a mortar and
pestle, as needed.
M2(BDC)2(DABCO), where M = Co, Ni, Cu, or Zn, BDC = benzene-1,4-dicarboxylate,
and DABCO = 1,4-diazabicyclo[2,2,2]octane (M-DMOF) square network samples were
synthesized according to the procedure of ref. [1] and evacuated at 120 C under dynamic
vacuum. The Ni-DMOF square vs. Kagome network topology comparison involved the
synthesis of a two-phase sample by following the procedures of ref. [2], except with a
reduced (2 hour) stirring period after mixing of the reagents, and was evacuated at 110
C. The Zn2(TM-BDC)2(DABCO), where TM-BDC = 2,3,5,6-tetramethyl-BDC, ZnDMOF-TM square network sample was synthesized using the procedure of ref. [3] and
evacuated at 110 C. The Zn 2(DM-BDC)2(DABCO), where DM-BDC = 2,5-dimethylBDC, Zn-DMOF-DM square network sample was synthesized following the approach of
ref. [4] and evacuated at 110 C.
Zn 4O(BDC)3 (IRMOF-1) or MOF-5 was synthesized using the procedure of in ref. [5]
whereby a 3:1 mixture of Zn(NO3)26H2O and H2BDC is dissolved in DEF and heated at
80 C. The reaction mixture was removed from heat after 10 h and the mixture
transferred to a nitrogen atmosphere before evacuation.
UiO-66 and UiO-67 consist of Zr6-based clusters that are 12-connected by either BDC or
4, 4'-biphenyldicarboxylate ligands in their defect-free forms. To compare the effects of
ligand length and flexibility while minimizing impacts due to structural defects, which
was shown by Goodwin et al. to have a significant effect on the thermal expansion
behavior of UiO-66(Hf),[6] synthesis procedures that produce minimal defects in our
structures was chosen. For UiO-66, the "UiO-66-Ideal" procedure reported by Shearer et
al.[7] was employed using a scaled down total volume of 24mL DMF in a 45mL Teflon
lined reactor was used before evacuation at 100 C. UiO-67 was synthesized according to
the procedure of ref. [8] and evacuated at 100 C.
Micron-sized Zn(2-MeIM)2 (MeIM = 2-methylimidazolate) ZIF-8 samples were
synthesized according to the procedure of ref. [9] and evacuated at 170 C.
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Porosity characterization
The porosity of all structures was characterized using N2 sorption experiments at 77 K.
Experiments were performed using a Micrometrics ASAP 2020 surface area and porosity
analyzer. The Brunauer-Emmett-Teller (BET) area of each material was quantified over a
pressure range that satisfies the BET consistency criteria.[10–12]
Metal effects: Zn-DMOF, Co-DMOF, Cu-DMOF, Ni-DMOF

Figure S1. M-DMOF (M=Zn, Co, Cu or Ni) N2 adsorption (closed symbols) and
desorption (open symbols) at 77 K. BET surface area 1940 m2/g for Zn-DMOF, 1830
m2/g for Ni-DMOF, 1830 m2/g for Cu-DMOF and 1930 m2/g for Co-DMOF.
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Ligand steric effects: Zn-DMOF, Zn-DMOF-DM, and Zn-DMOF-TM
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Figure S2. Zn-DMOF variations with different ligand substituents N2 adsorption (closed
symbols) and desorption (open symbols) at 77 K. BET surface area 1940 m2/g for ZnDMOF, 1210 m2/g for Zn-DMOF-DM, and 1005 m2/g for Zn-DMOF-TM.
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Ni-DMOF two-phase (square and Kagome networks)
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Figure S3. Ni-DMOF two-phase (square and Kagome network) N2 adsorption (closed
symbols) and desorption (open symbols) at 77 K. BET surface area is 2030 m2/g. This
BET surface area is between the reported BET surface area of the pure Kagome phase
(2130 m2/g)[2] and what we obtain for the Ni-DMOF square network (1830 m2/g, Figure
S1) material. A composition of 0.25:0.75 Kagome:square phase was obtained from
Rietveld analysis of the sample’s powder X-ray diffraction data.
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IRMOF-1

Figure S4. IRMOF-1 N2 adsorption (closed symbols) and desorption (open symbols) at
77 K. BET surface area 3460 m2/g.
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UiO-66 and UiO-67

Figure S5. UiO-66 and UiO-67 N2 adsorption (closed symbols) and desorption (open
symbols) at 77 K. BET surface area 1230 m2/g for UiO-66 and 2450 m2/g for UiO-67.
The UiO-67 isotherm shape is consistent with what is reported in the work of Farha et
al.[13] and can be attributed to its tetrahedral and octahedral pores. Work by Shafir et al.[14]
suggests that such porosity characteristics can also be attributed to missing ligand or
cluster defects.
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ZIF-8
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Figure S6. ZIF-8 N2 adsorption (closed symbols) and desorption (open symbols) at 77 K.
BET surface area 1750 m2/g.

9

X-ray characterization
Synchrotron-radiation
Powder X-ray diffraction and total scattering data were collected at beamline 17-BM-B (λ
= 0.24119 Å) or 11-ID-B (λ = 0.2114 Å) of the Advanced Photon Source (APS) at
Argonne National Laboratory. The Cu-DMOF, Ni-DMOF, UiO-66@95C, IRMOF-1,
Zn-DMOF-TM, and ZIF-8 samples were measured at beamline 17-BM-B whereas ZnDMOF, UiO-67@95C, and UiO-66@220C where measured at beamline 11-ID-B. The
Zn-DMOF-DM, Co-DMOF, and Ni-DMOF two-phase (square and Kagome network)
samples were characterized using a laboratory diffractometer.
Samples were loaded in a Kapton capillary using a previously described sample cell
environment[15] to allow the flow of gas through the capillary and temperature control.
The gas environment during these measurements was helium, with the exception of the
IRMOF-1 sample measured in the presence of CO2. A temperature calibration run was
performed using a thermocouple in the sample position in order to convert the
Cryostream setpoint temperatures into approximate sample temperatures. LaB6 was used
to calibrate the sample-to-detector distance during the diffraction experiments at ~95 cm
(11-ID-B) or ~80 cm (17-BM-B). A distance of ~20 cm was used for total scattering
measurements at both beamlines.
After mounting at the beamline, samples were heated to ~100 C for 1-2 hours under
flow of helium, unless noted otherwise, such as for UiO-66@220C. Due to its moisture
instability,[16] IRMOF-1 was loaded into a capillary while immersed in chloroform and
activated in-situ under flowing helium. Samples were cooled to a Cryostream setpoint
temperature of 100 K before heating at a constant rate of ~2 K/min. A correlation
between the diffraction and total scattering data during sample heating scans was enabled
through dynamically shifting the detector inward to a distance of 20 cm to collect total
scattering data in between diffraction measurements. Pair distribution functions (PDFs)
were obtained from the total scattering data, after background subtraction, using a Qmax of
19.76 Å-1 (17-BM-B) or 22.48 (11-ID-B) Å-1 and the xPDFsuite software.
In-house diffractometer
The Zn-DMOF-DM, Co-DMOF, and Ni-DMOF two-phase (square and Kagome
network) were loaded into a 0.7mm ID quartz capillary inside an argon glove box and
sealed with wax or epoxy glue before mounting on an Oxford diffractometer (model XX)
with Cu-K radiation ( = 1.5418 Å). Temperature was controlled using a nitrogen
cryostream with the temperature held at the setpoint temperature for at least 15 minutes
of equilibration before data was collected.
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Thermal expansion analysis

Figure S7: Diffraction patterns for the Co-DMOF ( = 1.5418 Å) sample upon heating.
For clarity, lower 2 angles are enlarged on the graph to the right.

Figure S8: Diffraction patterns for the Ni-DMOF (λ = 0.24119 Å) sample upon heating.
For clarity, lower 2 angles are enlarged on the graph to the right.

Figure S9: Diffraction patterns for the Cu-DMOF (λ = 0.24119 Å) sample upon heating.
For clarity, lower 2 angles are enlarged on the graph to the right.
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Figure S10: Diffraction patterns for the Zn-DMOF (λ = 0.2114 Å) sample upon heating.
For clarity, lower 2 angles are enlarged on the graph to the right.

Figure S11: Diffraction patterns for the Zn-DMOF-DM ( = 1.5418 Å) sample upon
heating. For clarity, lower 2 angles are enlarged on the graph to the right.

Figure S12: Diffraction patterns for the Zn-DMOF-TM (λ = 0.24119 Å) sample upon
heating. For clarity, lower 2 angles are enlarged on the graph to the right.
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Figure S13: Diffraction patterns for the Ni-DMOF two-phase square and Kagome
network ( = 1.5418 Å) sample upon heating. For clarity, lower 2 angles are enlarged
on the graph to the right.

Figure S14: Diffraction pattern for the Ni-DMOF two-phase square and Kagome
network sample and simulated patterns for the square and Kagome phase ( = 1.5418 Å).

Figure S15: Diffraction patterns for the UiO-66@95C (λ = 0.24119 Å) sample upon
heating. For clarity, lower 2 angles are enlarged on the graph to the right.
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Figure S16: Diffraction patterns for the UiO-66@220C (λ = 0.2114 Å) sample upon
heating. For clarity, lower 2 angles are enlarged on the graph to the right.

Figure S17: Diffraction patterns for the UiO-67@95C (λ = 0.2114 Å) sample upon
heating. For clarity, lower 2 angles are enlarged on the graph to the right.

Figure S18: Diffraction patterns for the IRMOF-1 He (λ = 0.24119 Å) sample upon
heating. For clarity, lower 2 angles are enlarged on the graph to the right.
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Figure S19: Diffraction patterns for the IRMOF-1 CO2 (λ = 0.24119 Å) sample upon
heating. For clarity, lower 2 angles are enlarged on the graph to the right.

Figure S20: Diffraction patterns for the ZIF-8 (λ = 0.24119 Å) sample upon heating. For
clarity, lower 2 angles are enlarged on the graph to the right
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Average coefficients of thermal expansion
Average coefficients of thermal expansion (CTE) values were obtained by linear
regression of the lattice parameters obtained from Pawley analysis[17] using the GSAS-II
software[18] upon heating. To enable comparison of CTE values across samples, average
CTE values were analyzed over a ~10 to 100 C temperature range where the lattice
parameter vs. temperature behavior was mostly linear for all of the samples. The refined
lattice parameters, percent changes in crystallographic dimensions upon heating, and
derived CTE values from linear regression analysis of the data are shown in the graphs
below. This temperature range was also chosen because it 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). For
IRMOF-1, structural data could be analyzed in the presence of helium or carbon dioxide
from a starting temperature of ~ -30 C. CTE errors estimates are reported as the
asymptotic standard error from the regression analysis. These estimated errors do not take
into account errors in the cell parameters because, as noted elsewhere, the scatter in the
data is often the main contributor to the experimental error in the CTE.[19]
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Figure S21. Evolution of lattice parameters (top) and percent change in lattice
parameters (bottom) with temperature upon heating in Co-DMOF. Pawley analysis
performed using the P4/mmm space group.
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Figure S22. Evolution of lattice parameters (top) and percent change in lattice
parameters (bottom) with temperature upon heating in Ni-DMOF (square network).
Pawley analysis performed using the P4/mmm space group.
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Figure S23. Evolution of lattice parameters (top) and percent change in lattice
parameters (bottom) with temperature upon heating in Cu-DMOF. Pawley analysis
performed using the P4/mmm space group.
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Figure S24. Evolution of lattice parameters (top) and percent change in lattice
parameters (bottom) with temperature upon heating in Zn-DMOF. Pawley analysis
performed using the P4/mmm space group.
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Figure S25. Evolution of lattice parameters (top) and percent change in lattice
parameters (bottom) with temperature upon heating in Zn-DMOF-DM. Pawley analysis
performed using the I41/acd space group.
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Figure S26. Evolution of lattice parameters (top) and percent change in lattice
parameters (bottom) with temperature upon heating in Zn-DMOF-TM. Pawley analysis
performed using the P4/mmm space group.
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Figure S27. Evolution of lattice parameters (top) and percent change in lattice
parameters (bottom) with temperature upon heating in Ni-DMOF two phase (square
network). Pawley analysis performed using the P4/mmm space group.
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Figure S28. Evolution of lattice parameters (top) and percent change in lattice
parameters (bottom) with temperature upon heating in Ni-DMOF two phase (Kagome
network). Pawley analysis performed using the P-3m1 space group.

24

25.84
25.835

Lattice Parameter (Å)

25.83
25.825

25.82
25.815

25.81

25.805
25.8

25.795
260

280

300

320

340

360

380

Temperature (K)

Figure S29. Evolution of lattice parameters (top) and percent change in lattice
parameters (bottom) with temperature upon heating in IRMOF-1 (He). Pawley analysis
performed using the Fm-3m space group.
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Figure S30. Evolution of lattice parameters (top) and percent change in lattice
parameters (bottom) with temperature upon heating in IRMOF-1 (CO2). Pawley analysis
performed using the Fm-3m space group.
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Figure S31. Evolution of lattice parameters (top) and percent change in lattice
parameters (bottom) with temperature upon heating in UiO-66@95C. Pawley analysis
performed using the Fm-3m space group.
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Figure S32. Evolution of lattice parameters (top) and percent change in lattice
parameters (bottom) with temperature upon heating in UiO-66@220C. Pawley analysis
performed using the Fm-3m space group.
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Figure S33. Evolution of lattice parameters (top) and percent change in lattice
parameters (bottom) with temperature upon heating in UiO-67@95C. Pawley analysis
performed using the Fm-3m space group.
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Figure S34. Evolution of lattice parameters (top) and percent change in lattice
parameters (bottom) with temperature upon heating in ZIF-8. Pawley analysis performed
using the I-43m space group.
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Molecular simulation
Simulation methodology and force fields

All molecular dynamics simulations were performed using RASPA-2.0,[20] a software
package that includes algorithms for modeling the adsorption and diffusion properties of
flexible nanoporous materials. A timestep of 0.5 fs was used and a chained Nose-Hoover
thermostat (5 chains) combined with the Parinello-Rahman barostat was employed.
Simulations utilized a 1x2x1 (for DABCO-based frameworks, where b = DABCO
direction) or 2x2x2 unit cell with periodic boundary conditions. The Ewald summation
technique was used to treat all electrostatics. A description of the force field parameters
used for flexible framework models is given below.
Square network, DABCO-based MOFs
The Zn-DMOF, Zn-DMOF-DM, Zn-DMOF-TM structures’ flexible force field
parameters were obtained from our previous work.[21] This model utilizes OPLS
parameters to describe the ligand behavior and parameters derived by Grosch and
Paesani[22] for the parent Zn-DMOF for the metal interactions. The CTE value reported
in them main text for the Zn-DMOF-DM is an average of the two configurations shown
in the below Thermal Expansion Analysis section.
Kagome network, DABCO-based MOF
A Zn-DMOF Kagome flexible force field model was created and compared to the
behavior of the square network Zn-DMOF framework model described above. These
results could then be qualitatively compared to the Ni-DMOF and Ni-DMOF-Kagome
structures studied experimentally, under the assumption that the difference in topology
(square vs. Kagome) plays a more dominant role than the identity of the metal in the
cluster (Ni vs. Zn) in determining the material’s thermal expansion behavior. The
Kagome model employed the same flexible force field parameters as the square network
Zn-DMOF framework. To verify the structural properties of the developed Kagome
framework model, nitrogen and hydrogen isotherms were simulated in the GrandCanonical Monte Carlo ensemble and compared to previous experimental results[23] (see
Figure S35). An energetic minimization of the Zn-DMOF Kagome framework, obtained
using an application of Baker’s method optimized for use in periodic systems,[24] yielded
lattice parameters of a=b=21.6822 Å, c=19.2638 Å, γ = 119.9959 for a 1x1x2 simulation
cell (at 0 K). The experimentally determined lattice parameters obtained from single
crystal diffraction experiments by Chun et al.[23] for the hexagonal space group P-3m1
(No. 164) were a=b=21.620(1) Å, c=9.628(1) Å at a temperature of 173 K.
UiO-66 and UiO-67
The UiO-66 and UiO-67 force fields are based on work from Van Speybroeck et al.,[25]
with the partial charges of UiO-67 taken from the work of Maurin et al.[26] and the partial
charge of Zr in UiO-66 modified from 2.370 to 2.372 to obtain charge neutrality in the
framework.
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Figure S35: Nitrogen and hydrogen adsorption isotherm at 78 K (a) from the
experimental work of Chun et al.[23] and (b) from simulations using the Zn-DMOF
Kagome force field model in this work.
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Zn-DMOF vs. Zn-DMOF-TM structural analysis
In order to understand the impact of ligand steric effects on the thermal expansion
behaviors of the square network, DABCO-based zinc MOFs a structural analysis of the
Zn-DMOF and Zn-DMOF-TM frameworks was performed. Based on previous studies
on IRMOF-1 and HKUST-1, the proposed vibrational modes that are most likely to be
responsible for NTE in our materials are shown in Figure S36.[27],[28] For the Zn-DMOF
and Zn-DMOF-TM structures, the primary structural differences between the two
variants are the bulkiness of the groups on their aromatic rings (methyl vs. hydrogen) and
the degree of torsion that is imposed on the aromatic rings within the structures. Thus, to
elucidate the impact of these two structural features on the observed thermal expansion
behavior, the effect of torsion and steric bulk on the aromatic ring were analyzed using
molecular simulation.

Figure S36: Vibrational modes previously proposed to be responsible for NTE, depicted
in terms of the Zn-DMOF family of MOFs. a) dihedral and translation  of the
aromatic ring. b) twisting  of the Zn-paddlewheel node.
The temperature-dependent distribution profiles of the  and  angles show a similar,
non-Gaussian-type behavior in both frameworks (Figure S37). In the Zn-DMOF
structure there is a dihedral angle of 0 in its 0 K state whereas, for the Zn-DMOF-TM
framework, the average absolute value of this angle is ~62.6. To understand the impact
of this torsion angle on the thermal expansion behavior, we imposed a angle of 90 in
the Zn-DMOF flexible framework, as shown in Figure S38. This was achieved by
modifying the dihedral force field potential for the relevant atoms (O1-C1-C2-C3) in the
Zn-DMOF forcefield to be p0 = 2717.38472 K, p 1 = 1 and p2 = -90 degrees using the
following force field potential:
( )=

[1 +

(

−

)]

As shown in Figure S38d, NTE is still observed in this framework model, suggesting that
the primary mechanism for the inhibition of NTE in DMOF-TM is likely not due to the
interference of its NTE vibrational modes due to the twisting of its phenyl ring.
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Figure S37: Normalized, temperature-dependent angle distribution profiles for the  and
 angles shown in Figure S36 for Zn-DMOF (left) and Zn-DMOF-TM (right)

Figure S38: (a,b) Atomistic representation of the energy-minimized DMOF structure
without (left, = 0) and with (right, = 90) a modified dihedral torsion imposed on
the framework. (c), dihedral distribution profile from MD-NPT of the BDC-linker in
DMOF with the modified dihedral potential imposed. (d) Lattice constants as a function
of temperature in DMOF with the modified dihedral potential imposed.
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To understand the impact of steric bulk of the ligands on the thermal expansion behavior,
scaling parameters for the Lennard-Jones parameter on methyl group (C and H atoms, see
Figure S39) on the phenyl ring of the Zn-DMOF-TM framework were varied while
keeping other force field parameters constant. A scaling parameter of 1 corresponds to
the unmodified framework model and, as shown in Figure S40, we observe negative
thermal expansion to occur at sigma values of 0.25 and 0.5, suggesting that the degree of
steric repulsion by the methyl groups in TM-BDC has a direct bearing on this structure’s
observed PTE.

Figure S39: Depiction of the scaling in LJ parameters that were used in adjusting the
degree of bulk of the methyl groups in Zn-DMOF-TM.

Figure S40: Simulated lattice parameters vs. temperature for Zn-DMOF-TM with C and
H methyl group scaling parameters of 1 (parent structure), 0.5, and 0.25.
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Attempts at elucidating the origin of the differing thermal expansion behaviors of the ZnDMOF and Zn-DMOF-TM structures were made via an analysis of their experimental
PDFs. For these experiments, PDFs were extracted over a broader temperature range than
what was used for the CTE analysis. While we were unable to obtain any meaningful
mechanistic insight from the refinements of our structural models to the data, we present
the PDFs below for reference.

Figure S41. Comparison of variable-temperature PDFs for the Zn-DMOF and ZnDMOF-TM structures.
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Thermal expansion analysis
Molecular dynamics simulations were performed in the isothermal-isobaric NPT
(Parinello-Rahman) thermodynamic ensemble, using the reversible measure-preserving
integrator method of Martyna et al[29] to compute the thermal expansion properties of the
flexible framework models. The I4/mcm space group used for the Zn-DMOF simulation
cell results has the framework ligands being on the diagonal of the crystal lattice vectors.
To consistently compare the simulation results with the experimental values obtained on
a unit cell with ligands oriented parallel to the crystal lattice vectors, a basis
transformation of the simulated thermal expansion tensor was performed. A basis
transformation was achieved via a change of basis on a tensor that transforms the elastic
constant in the experimental space group to the one used in the simulation cell.[30,31]
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Zn-DMOF

Figure S42. Evolution of lattice parameters (top) and percent change in lattice
parameters (bottom) with temperature upon heating in Zn-DMOF. The linear CTE
values, after basis transformation of the simulated cell parameters for comparison to
experiment, are -6.7 ppm/K (BDC direction) and 6.5 ppm/K (DABCO direction).
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Zn-DMOF-DM (methyl group configuration 1)

Figure S43. Illustration of the orientation of the methyl groups on the DM-BDC ligand
in the Zn-DMOF-DM (configuration 1) structure.
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Figure S44. Evolution of lattice parameters (top) and percent change in lattice
parameters (bottom) with temperature upon heating in Zn-DMOF-DM (methyl group
configuration 1). The linear CTE values, after basis transformation of the simulated cell
parameters for comparison to experiment values, are -5.7 ppm/K (DM-BDC direction)
and 8.6 ppm/K (DABCO direction).
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Zn-DMOF-DM (methyl group configuration 2)

Figure S45. Illustration of the orientation of the methyl groups on the DM-BDC ligand
in the Zn-DMOF-DM (configuration 2) structure.
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Figure S46. Evolution of lattice parameters (top) and percent change in lattice
parameters (bottom) with temperature upon heating in Zn-DMOF-DM (configuration 2).
The linear CTE values, after basis transformation of the simulated cell parameters for
comparison to experiment values, are -7.1 ppm/K (DM-BDC direction) and 6.5 ppm/K
(DABCO direction).
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Zn-DMOF-TM

Figure S47. Evolution of lattice parameters (top) and percent change in lattice
parameters (bottom) with temperature upon heating in Zn-DMOF-TM. The linear CTE
values, after basis transformation of the simulated cell parameters for comparison to
experiment values, are 4.1 ppm/K (TM-BDC direction) and 7.9 ppm/K (DABCO
direction).
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Zn-DMOF Kagome network

Figure S48. Evolution of lattice parameters (top) and percent change in lattice
parameters (bottom) with temperature upon heating in Zn-DMOF Kagome. The linear
CTE values are -7.0 ppm/K (BDC direction) and 0.4 ppm/K (DABCO direction).
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UiO-66

Figure S49. Evolution of lattice parameters (top) and percent change in lattice
parameters (bottom) with temperature upon heating in UiO-66. The average linear CTE
value is -5.5 ppm/K.
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UiO-67

Figure S50. Evolution of lattice parameters (top) and percent change in lattice
parameters (bottom) with temperature upon heating in UiO-67. The average linear CTE
value is -10.9 ppm/K.
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