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1 Theory

Piezoelectricity is mathematically described in the IEEE standard for piezoelectricity1 by a

set of four constitutive equations that describe the response of a piezoelectric material to

a mechanical load (stress/strain) and electric fields. Of relevance in this work are a set of

constitutive equations shown in equation 1.

Di = eiklSkl + εSijEk

Sij = sEijklTkl + dkijEk (1)

where D, S, ε, E, s, T represent electric displacement [C/m2] strain tensor (dimensionless),

dielectric constant [F/m], electric field [V/m], elastic compliance tensor [m2/N] and stress

tensor [N/m2] respectively. e and d are piezoelectric tensors with units [C/m2] and [pC/N]
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respectively. Note that of importance in piezoelectric applications is the value of d which

effectively links the applied electrical field to the deformation of the material (strain S),

relevant for transducers, or the applied stress (T ) to the electric displacement (D) which can

be stored as energy in piezoelectric energy harvesting. This relation between electrical and

mechanical properties is pictorially shown by Heckmann diagram in Figure S1 adapted from

the book by JF Nye.2
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Figure S1: Part of Heckmann diagram showing the relation between mechanical and electrical
properties, various variables, and their symbols. The tensor rank of the properties and
variables is shown in square brackets.

We will use Voigt notation for the fourth-order elastic (sE
ijkl) and third order piezoelectric

tensors (eikl, dkij) where the indices are given in compressed matrix notation instead of the

tensor notation. This means that the indices ij or kl where i, j, k, l = 1, 2, 3 are replaced

by p or q and pairs of contracted cartesian directions p, q = 1, 2, 3, 4, 5, 6 where 11:1; 22:2;

33:3; 23, 32:4; 13, 31:5; 12, 21:6. The piezoelectric constant dip can be computed from the

piezoelectric constant e and the elastic compliance constant s using dip = eiqs
E
qp. Computa-

tionally, the piezoelectric constant eiq is calculated as the first derivative of the magnitude
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of the polarization P induced by strain eiq =
(

∂Pi

∂εq

)
E
.

2 Geometry Optimization

Experimental structures deposited in CSD database3 were used as starting geometry for

full relaxation of ZIF structures except for ZIF-90 for which the structure was obtained

from single crystal XRD measurements of synthesized crystals in the group. We adopted a

series of five different functionals (B3LYP-D3, PBE0-D3, M06-D3, M06L-D3 & M062X) and

with all functionals geometry optimization, vibrational frequency calculation followed by a

piezoelectric calculation was done. Clamped Ion contribution to piezoelectric constant was

calculated in a separate calculation. Vibrational frequency calculation was done to ensure

the equilibrium structure is at the minima of the potential energy surface.

Note on Methyl ZIFs: ZIF-8 and CdIF-1 belong to I43m space group where the hydrogens

of methyl group are disordered due to free rotation of methyl groups.4 Hence, for modelling

purposes, the symmetry was lowered to I23 where orientation of methyl group can be present

in two orientations as shown in Figure S2. For each DFT functional, we compared the final

energies of the two equilibrium structures, the vibrational frequencies and convergence of

the piezoelectric calculations for the structures. Piezoelectric constants of the structure with

the lowest energy, absence of negative frequencies and converged piezoelectric calculation

was considered for each functional and shown in the next sections of SI. For ZIF-8, the

orientation of methyl groups shown on the left in Figure S2 was considered final for all DFT

functionals except for M062X functional. With M062X functional, the methyl orientation

on the right in Figure S2 had the lowest energy, and the piezoelectric calculation converged

well for this structure. In case of CdIF-1, with B3LYP-D3 and PBE0-D3 orientation shown

on left in Figure S2 was used and with M06L-D3 and M06-D3 functionals, structure on

the left was considered for comparison of final piezoelectric and mechanical properties. For

CdIF-1, the piezoelectric calculations did not converge with M062X DFT functional for both
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orientations even with stringent convergence criteria. Hence, this result was not considered

for comparisons and marked separately in all graphs in the next sections of SI.

Figure S2: Two possible orientations of Methyl groups highlighted for the case of ZIF-8.

Note on ZIF-90: The experimental structure of ZIF-90 published in the CSD database

belongs to space group I43m and oxygen, hydrogen of the aldehyde group are disordered

due to symmetry.5 Hence, for modelling, the symmetry was reduced to I23. On geometry

optimization of this lower symmetry structure, it converged to a structure similar to the single

crystal XRD structure we obtained from synthesis in the group. Hence, the unpublished

single crystal XRD structure was used as the starting structure for all further piezoelectric

calculations.

The simulated parameters of final optimized structures and deviation from experimental

parameters for each DFT functional is shown in Table S1.
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Table S1: Experimental and Optimized lattice parameter ‘a’ along with deviation (∆%) for
all five different DFT functionals in each ZIF

DFT Functional Lattice
Parameter

ZIF-8 CdIF-1 ZIF-90 ZIF-Cl ZIF-65 CdIF-8

Experimental a (Å) 17.0096 18.1217 17.060§ 17.0378 17.0009 18.0777

M06L-D3 a (Å) 16.877 17.953 17.148 17.041 17.152 18.035
∆(%) -0.78 -0.92 0.52 0.03 0.90 -0.23

B3LYP-D3 a (Å) 17.078 18.126 17.261 17.116 17.294 18.127
∆(%) 0.40 0.03 1.18 0.46 1.73 0.27

PBE0-D3 a (Å) 17.007 18.037 17.043 17.053 17.212 18.045
∆(%) -0.01 -0.46 -0.10 0.09 1.25 -0.18

M06-D3 a (Å) 16.819 17.870 17.077 16.941 17.184 17.962
∆(%) -1.12 -1.39 0.10 -0.56 1.08 -0.64

M062X a (Å) 16.927 18.045 17.006 17.182 17.212 18.019
∆(%) -0.48 -0.42 -0.32 0.85 1.25 -0.32

3 Variation of Piezoelectric constant ‘e’ and its compo-

nents with DFT functional

Variation of piezoelectric constant ‘e’ is inconsistent across all types of ZIF, meaning the

variation with functional is large for some ZIFs, and it is small for others, as shown in

Figure S3. In e014 (clamped ion) calculations, we found that the ratio of standard deviation

(SD) to average e014 with DFT functionals ranges between 1 – 14% for all ZIFs. This is the

same for eint
14 (internal strain) except for ZIF-90 and CdIF-8 a large deviation of 24% and

27% is observed. Similar variation of piezoelectric constants of about 40% was observed

in inorganics based on the choice of LDA or GGA approximation to exchange-correlation

energy, even though change in lattice constants is 1-2%.10 In the case of ZIF8, CdIF-1 and

ZIF-65 for all DFT functionals, the sign of e14 follows the sign of eint
14 indicating eint

14 > e014 i.e.,

internal strain values are larger than the clamped ion values for these ZIFs. For CdIF-8, we

see that for all functionals eint
14 < e014, thus e14 has the same sign as e014. For ZIF-90 and ZIF-Cl

§Structure taken from unpublished single crystal XRD data with a spacegroup of I23
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the sign of e14 differs based on the choice of functional. In the case of B3LYP and PBE0

for ZIF-Cl eint
14 = e014, so e14 is zero. In Figure S3, internal strain eint

14 and e14 are marked in

the graph for CdIF-1 with M062X functional and for ZIF-65 with M06-D3 functional. These

specific piezoelectric calculations did not converge properly even with stringent convergence

criteria on energy, hence these results were excluded for conclusions obtained in the main

paper.

Figure S3: Clamped ion e014, Internal Strain contributions eint
14 and total piezoelectric constant

e14 with five different DFT functionals for the considered ZIFs.
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4 Different parts of Internal Strain Contribution eint
14

4.1 Bond lengths

For all ZIFs we see that the highest change in bond length occurs in the Metal-N bonds,

ranging from 0.24% for ZIF-65 to 0.06% for ZIF8 (see Table S2). In methyl ZIFs (ZIF-8 and

CdIF-1), the second-largest change in bond length was in the C-N bonds of the imidazolate

ring, with the C bonded to the methyl substituent. In the other 4 ZIFs, substituted with -Cl,

CHO and -NO2, we find that apart from the Metal–N bonds, the largest changes in bond

length occur in a) the carbon–substituent bonds, b) bonds within the substituent itself and

c) for ZIF-90 and ZIF-65, the C–N bond within the imidazolate ring with C not bonded to

the substituent , and for ZIF-Cl and CdIF-8 the C–N bond with C bonded to the substituent.

4.2 Born effective Charges (Z∗)

The labelling of the different atom types in the organic linker can be found in Figure S4.

Born effective charges Z∗ of all the atoms in the organic linker C1, C2/C3,N, H and X are

shown in Figure S5. Within the imidazolate ring, the Z∗ values vary between ±1 for C1,

±0.6 for C2/C3 and −1.00 to + 0.75 for N. This varied distribution of charges in the atoms

of the linkers ranging from +1 to -1 for different types of C and N atoms indicates a covalent

nature of bonds between them. Unlike non-substituent linker atoms, the BEC of different

elements in the substituent (X) for each ZIF show distinct values, as seen in Figure S5(e).

In ZIF-8 and CdIF-1 i.e. -CH3 ZIFs, all BEC’s of C and H are in ±0.15. For ZIF-Cl, all

Cl atoms have BECs in +0.25 to − 0.4, in ZIF-90, ZIF-65 and CdIF-8 most BEC values of

C, H, N, O fall in the range −0.8 to + 1.0. In ZIF-90, the BEC value of C and O of some

linkers is higher than other linkers with a value as high as ±1.5. A similar trend is seen in

ZIF-65 and CdIF-8 with N and O having higher BEC values of +2.2 and − 1.6 respectively.
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Table S2: Variation due to external shear in bond lengths and bond angles above for all ZIF
structures. A cutoff of 0.05% for bond lengths and 1◦ change for bond angles was chosen
and values higher are shown in the table

MOF Atoms Involved Relative Bond
length change

(%)

Atoms Involved Bond angle
change (◦)

ZIF-8 Zn-N 0.06 N-Zn-N 3.12
C-N (where C is bonded to -CH3

substituent)
0.04 Zn-N-C 0.89

CdIF-1 Cd-N 0.10 N-Cd-N 3.41
C-N (where C is bonded to -CH3

substituent)
0.03 Cd-N-C 0.80

ZIF-90

Zn-N 0.14 N-Zn-N 3.48
C-C (where C is bonded to -CHO

substituent)
0.10 Zn-N-C 1.44

C-O (Bond in the -CHO substituent) 0.08
C-H (Bond in the -CHO substituent) 0.08
C-N (where C is not bonded to -CHO

substituent)
0.07

ZIF-Cl
Zn-N 0.06 N-Zn-N 3.27

C-N (where C is bonded to -Cl
substituent)

0.05 Zn-N-C 0.69

Cl-C (where C is bonded to -Cl
substituent)

0.05

ZIF-65

Zn-N 0.24 N-Zn-N 2.90
C-N (where C is bonded to -NO2

substituent)
0.09 Zn-N-C 1.18

C-N (where C is not bonded to -NO2

substituent)
0.08

N-O (Bond in the -NO2 substituent) 0.07

CdIF-8

Cd-N 0.10 N-Cd-N 3.23
N-O (Bond in the -NO2 substituent) 0.06 Cd-N-C 1.13

C-N (where C is bonded to -NO2

substituent)
0.04

Figure S4: Atoms in
the organic unit la-
belled according to the
asymmetric unit of the
ZIF system

4.3 Combined contribution of Born effective

charges and relaxation coefficients ‘A’ =
(
Z∗
s,1j ∗

∂xsj

∂ε4

)
to eint

14

As eint
14 is defined by the product of the BEC’s and relaxation coef-

ficients (equation 5 in main paper), we identified the atoms which

have the highest magnitude for this product ‘A’ =
(
Z∗

s,1j ∗
∂xsj

∂ε4

)
to eint

14 in all ZIFs. For each ZIF, a cutoff value of 5% of |eint
14 | was

chosen to consider the product ‘A’ =
∣∣∣∣Z∗

s,1j ∗
∂xsj

∂ε4

∣∣∣∣ for all atoms.

All atoms with absolute contributions greater than this value are
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highlighted in Figure S6, where green indicates a positive contribution and red indicates

a negative contribution to internal strain contribution eint
14 . In ZIF-Cl (Figure S6(b)), C1,

C2/C3 and H atoms of the imidazolate have product greater than cutoff and metal atoms

have low contribution than the cutoff. However, in ZIF-90, ZIF-65 and CdIF-8, (Figure S6(a,

c, d)) metal atoms (Cd or Zn) have both positive and negative product ‘A’> cutoff. In the

organic part for these 3 ZIFs, C1, some C2/C3 carbons, some N atoms, and atoms in the

substituent groups i.e., C, O of -CHO and N, O of -NO2 all of them have higher contributions

than the cutoff. For the same cutoff on the product ‘A’ for all ZIFs, a clear difference in the

number of atoms that have ‘A’ > cutoff is seen in ZIF-90, Nitro ZIFs vs methyl ZIFs and

ZIF-Cl.

5 Variation of Mechanical Properties and Piezoelectric

constant ‘d’ with DFT functional

In Figures S7a, S7b, S8, S9 and S10, c44, s44, bulk properties and d14 are marked in the graph

for CdIF-1 with M062X functional and for ZIF-65 with M06-D3 functional. These specific

piezoelectric calculations did not converge properly even with stringent convergence criteria

on energy, hence these results were excluded for conclusions obtained in the main paper.

5.1 Shear constant c44 and Compliance constant s44

For mechanical properties c44 and s44, the ratio of the standard deviation to the average varies

from 0.1 – 18% except for CdIF-1 and CdIF-8 a deviation of 30% is observed. Although c44

and s44 vary with the choice of DFT functionals for each ZIF, variation between different

ZIFs is consistent in most cases.
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5.2 Bulk properties

From the complete elastic tensor obtained in the calculations, mechanical properties like

Young’s modulus, Bulk modulus and Poisson ratio are also computed using Voigt-Reuss-

Hill(VRH) approximation. Hence, we show in Figure S8 these properties for all ZIFs calcu-

lated with different DFT functionals. Bulk moduli for all ZIFs in this work are less than 13

GPa. They are much smaller than Bulk moduli of inorganic perovskite BaTiO3 (162 GPa),

PbTiO3 (144 GPa).11 Young’s moduli of ZIFs are all below 5 GPa which are the same order

of magnitude as PVDF (4.18 GPa) and PVDF-TrFE ( 1.5 GPa), but lower than piezoelectric

ceramics like PZT and BaTiO3.12

5.3 Piezoelectric constant ’d’

As shown in Figure S10, there is a lot of variation of d14 with the choice of DFT functional,

due to the variability of both e14 (Figure S3) and s44 (Figure S7b) with choice of functional.

6 Acoustic Properties of ZIFs

The acoustic velocities are obtained as a part of the calculations, by solving the Christoffel

equations based on the elastic constants and densities.

Table S3: Acoustic properties of all six ZIFs

Properties ZIF-8 CdIF-1 ZIF-90 ZIF-Cl ZIF-65 CdIF-8
Density (kg/m3) 904 923 984 1057 1109 1131

Minimum velocities (km/s)
Longitudinal 3.373 2.524 3.151 3.140 3.590 2.957

Transverse (v1) 0.920 0.442 1.011 0.929 1.102 0.810
Transverse (v2) 0.920 0.442 1.011 0.929 1.008 0.787

Maximum velocities (km/s)
Longitudinal 3.427 2.602 3.289 3.198 3.699 2.982

Transverse (v1) 1.015 0.705 1.298 1.066 1.270 0.854
Transverse (v2) 1.015 0.629 1.210 1.022 1.270 0.854

Acoustic Impedance (Longitudinal)(MRayl)
Minimum 3.05 2.33 3.10 3.32 3.98 3.34
Maximum 3.10 2.40 3.24 3.38 4.10 3.37
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Figure S5: Born effective charges Z∗ in relevant directions (11,12,13) for a) C1 carbon b)
C2/C3 carbon c) N atoms d) H atoms e) substituent atoms in X
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Figure S6: ZIF structures highlighting the atoms with contribution ‘A’ =

∣∣∣∣Z∗
s,1j ∗

∂xsj

∂ε4

∣∣∣∣
greater than 5% of eint

14 a) ZIF-90 b) ZIF-Cl c) ZIF-65 and d) CdIF-8. The positive contri-
bution of ‘A’is indicated with green color and negative contribution in red colour.
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(a) (b)

Figure S7: Bar plots of (a)Shear elastic constant (c44)and (b) Compliance constant (s44) for
all ZIFs with five DFT functionals

(a) (b)

Figure S8: Bar plots of (a)Young’s Modulus and (b) Bulk Modulus for all ZIFs with five
DFT functionals
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Figure S9: Poisson’s ratio, obtained with five different DFT functionals for all ZIFs

Figure S10: Piezoelectric constant d14 obtained with five different DFT functionals for all
ZIFs
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(a)

(b)

Figure S11: Structures of a) ZIF-8 and b) ZIF-65 showing the (100) plane with the distance
between H–H of -CH3 groups and O–O of -NO2 groups in the pore indicated.
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