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nalysis of a molecular
piezoelectric meta-nitroaniline

Fu Wang, a Zelin Dai,a Yu Gu,a Xiaomeng Cheng,a Yadong Jiang,a

Fangping Ouyang,b Jimmy Xuac and Xiangdong Xu *a

The piezoelectric and elastic properties of a molecular piezoelectric meta-nitroaniline (mNA) in its single-

crystal form were investigated in the framework of first-principles density functional perturbation theory

(DFPT). Results support the recent experimental findings those despite being soft and flexible, mNA's

piezoelectric coefficients are an order of magnitude greater than that of ZnO and LiNbO3. A molecular-

level insight into the piezoelectric properties of mNA is provided. These results are helpful not only for

better understanding mNA, but also for developing new piezoelectric materials.
1. Introduction

Piezoelectric materials are ideally suited for electromechanical
transductions. By producing dielectric polarization with
a mechanical strain and, conversely, a mechanical response
with an applied electric eld, they have found applications in
sensors,1 energy harvesting,2,3 actuators,4 oscillators,5,6 and
many other elds. Most recent studies have focused on inor-
ganic piezoelectric materials, such as AlN,7 ZnO,8 LiNbO3,9 and
lead zirconate titanate (PZT).10 These inorganic piezoelectric
ceramics have large piezoelectric coefficients, but are generally
stiff and brittle, and some even contain environmentally
unfriendly elements, including the champion piezoelectric
PZT.11 For many applications, exible, thin, lightweight, scal-
able, low processing temperature, and biophilic piezoelectrics
are more desirable. These are difficult challenges for conven-
tional piezoelectric ceramics, but can be met with molecular
piezoelectrics, in the form of either an organic composite lm
or crystal. On the other hand, the piezoelectricity of commonly
known organic piezoelectrics such as poly(vinylidene uoride)
(PVDF)12,13 is rather low.14 The electromechanical conversion
efficiency of the PVDF has only reached 17.8%,15 limiting its
applications. However, given the numerous possibilities of
synthesizing (engineering) highly polarizable molecules with
non-centrosymmetry, it is rational to speculate that there exist
molecular structures of greater piezoelectricity or ones that
could be specially made by informed designs. Experimentally,
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ndings are still few, but at least two16,17 have emerged as
especially promising, one of which is meta-nitroaniline (mNA).

Structurally, mNA is a relatively simple molecular species,
but still complex by the standard of piezoelectrics. It has long
been known for its large second or third optical nonlinear-
ities,18–21 in accompany with its non-centrosymmetry. The non-
centrosymmetry is also suggestive of piezoelectricity. Indeed,
piezoelectricity of mNA crystal has been experimentally
measured by Avanci,17 Bain,22 and Isakov et al.23 In fact, these
experimental reports presented rather impressive piezoelectric
coefficients, comparable to or even larger than some of the well-
known inorganic piezoelectric ceramics. Among them, some of
the measured results reported by Bain22 and Isakov23 are
similar. Therefore, the measured results of Avanci and Bain will
be mainly discussed in this work. But the numerical values
measured by Avanci17 are about one order of magnitude larger
than those by Bain,22 which could result from various experi-
mental constraints and measurement errors as pointed out in
ref. 17 and is reasonable at the early stage of discovery. One
source of uncertainty in accuracy could be in the shear force
applied to the mNA crystal in measurements and therefore in
determining the pertinent tangential components of the
piezoelectric tensor. While discrepancies in experimental nd-
ings are natural in the early phase and will narrow down as the
methods rene along with the material itself, a rst-principles
based computational model could add value by serving as
a reference framework and shedding light on the origins of
factors contributing to the piezoelectric responses and on the
complex relationships between the macroscopic properties and
the underlying molecular structure.

In this paper, the piezoelectric and elastic properties of
organic mNA crystal were modeled in the framework of the
density functional perturbation theory (DFPT). Results support
the experimental ndings that the piezoelectric coefficients of
mNA d33 is about one order of magnitude larger than that of
RSC Adv., 2018, 8, 16991–16996 | 16991
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Table 1 Comparison of the calculated lattice constants ofmNA crystal
and the data previously reported. Numbers in parentheses are the
relative errors (in percent) with respect to the calculated lattice
constants

Authors a(Å) b(Å) c(Å)

Avanci et al.a 6.501(�2.98) 19.330(+3.20) 5.082(+6.25)
Kanoun et al.b 6.499(�3.01) 19.369(+3.41) 5.084(+6.29)
Goeta et al.c 6.484(�3.24) 18.905(+0.93) 5.016(+4.87)
This work 6.701 18.731 4.783
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View Article Online
some well-known conventional inorganic piezoelectric ceramics
such as ZnO8 and LiNbO3,9 and comparable to the poled BaTiO3.
As it is conventionally dened, d33 is a measure of the material's
response in terms of surface charge density to a normal strain,
its value depends on both the molecular orbital charge density
redistribution, dipolar reorientation, and the elastic deforma-
tion of the material. In the case of a molecular piezoelectric
both are much more complex than in an inorganic piezoelectric
and more difficult to compute.
a Ref. 17. b Ref. 30. c Ref. 31.
2. Computational model

The piezoelectric and elastic constants of mNA crystals were
calculated based on the DFPT24 together with the generalized
gradient approximation revised Perdew–Burke–Ernzerhof
(GGA-rPBE) functional implemented in the Vienna Ab-initio
Simulation Package (VASP).25 The PBE pseudopotential le
was used in this work, PREC is set to accurate mode, and the
accuracy of the calculation are set as EDIFF ¼ 2 � 10�6 and
EDIFFG ¼ �1 � 10�3. The Brillouin zone integration is ob-
tained by a 1 � 3 � 3 Monkhorst–Pack k-points mesh and the
energy cutoff was set to 800 eV. In our calculations, the DFT-
D3 method proposed by Grimme and co-workers26 was
employed to introduce the dispersion correction term into
the calculations, in which the van der Waals interactions
were described via a pair-wise force eld. The DFPT method
is known as an efficient way for calculating various physical
response properties of insulating crystals, including elastic,
dielectric, Born charge, and piezoelectric tensors. It has been
successfully applied to calculations of piezoelectricity of
many materials, such as BaTiO3 (ref. 27) and poly(lactic acid)
(PLA) polymorphs.28 Compared with the alternative popular
Berry phase method, the DFPT method can avoid the so-
called “improper piezoelectricity”,29 and automatically
produce the proper piezoelectric constants. The initial mNA
crystal structure for geometry optimization was determined
by Kanoun et al.30 at room temperature.
Fig. 1 The optimized structure of mNA: (a) single isolated mNA
molecule, (b) the unit cell of mNA crystal.

16992 | RSC Adv., 2018, 8, 16991–16996
3. Results and discussion

The mNA crystal belongs to the orthorhombic space group
Pbc21, point group mm2 with a unit cell containing four mNA
molecules. The molecule of the mNA unit cell is drawn with
atom label in Fig. 1a and the crystal conguration is displayed
in Fig. 1b. Considering that the piezoelectric properties are
ground-state properties, a full relaxation or optimization of the
molecular structure is needed. The optimized lattice parame-
ters by our set-up are summarized in Table 1, and are compared
with those experimentally measured.17,30,31 They are in good
agreement with each other. The maximum deviation of the
optimized structural parameters is 6.29% in comparison with
those previously reported.17,30,31

The piezoelectric coefficients of materials can be described
in two forms: one is the piezoelectric stress coefficient eaj,
another is the piezoelectric strain coefficient dai. The piezo-
electric stress coefficient eaj is dened as:32,33

eaj ¼ vPa

v3j
(1)

where Pa is the polarization in the direction a, 3j is the applied
stress along the direction j. Similarly, the piezoelectric strain
coefficient dai is dened as:32

dai ¼ vPa

vsi

(2)

where Pa again is the polarization in the direction a, but si is the
strain along the direction i. The stress constants eaj and strain
constants dai are related by:

eaj ¼ daiCij (3)

where Cij is the elastic coefficients that are dened as the second
derivative of the total energy (U) to the strain (3i and 3j):34

Cij ¼ 1

V

�
v2U

v3iv3j

�
(4)

which represents the mechanical hardness of a material relative
to its deformation.

The elastic constant Cij tensor can be expressed in a 6 � 6
square matrix, with 36 components. Given the symmetry of
the mNA crystal, there are only 9 independent elastic tensor
components, which are C11, C12, C13, C22, C23, C33, C44, C55,
This journal is © The Royal Society of Chemistry 2018
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Table 2 Comparison of the elastic constants and relaxed-ion piezoelectric stress coefficients of hexagonal ZnO calculated by DFPT and those
previously reported. Numbers in parentheses are the relative errors (in percent) with respect to our calculated results

Our results Previous calc.a Previous expt.b

Elastic constant (GPa) C11 205 226(+10.24) 209(+1.95)
C12 138 139(+0.72) 120(�13.04)
C13 122 123(+0.82) 104(�14.75)
C33 202 242(+19.80) 211(+4.46)
C44 33 40(+21.21) 44(+33.33)
C66 33 44(+33.33) —

Stress coefficients (C m�2) e15 �0.50 �0.53(+6.00) �0.37(�26.00)
e31 �0.74 �0.67(�9.46) �0.62(�16.22)
e33 1.41 1.28(�9.22) 0.96(�31.91)

a Ref. 32. b Ref. 35.

Table 3 Calculated clamped-ion and relaxed-ion elastic tensor
components of mNA. Numbers in parentheses are the relative errors
(in percent) with respect to the calculated results in this work

Elastic components
Clamped-ion
(GPa)

Relaxed-ion (GPa)

This work Experimenta

C11 295.955 16.320 10.47(�35.8)
C12 97.694 7.225 6.27(�13.2)
C13 105.091 8.874 14.07(+58.6)
C22 348.615 35.071 13.91(�60.3)
C23 84.171 19.870 9.73(�51.0)
C33 155.558 16.425 22.07(+34.4)
C44 122.356 16.264 12.17(�25.2)
C55 137.926 6.956 4.64(�33.3)
C66 157.735 3.212 4.26(+32.6)
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and C66. Similarly, of the piezoelectric stress constants and
the piezoelectric strain constants only 5 (e15, e24, e31, e32, e33)
are independent. Hence, for mNA, eqn (3) can be written as:

e15 ¼ d15C55;
e24 ¼ d24C44;

e31 ¼ d31C11 þ d32C21 þ d33C31;
e32 ¼ d31C12 þ d32C22 þ d33C32;
e33 ¼ d31C13 þ d32C23 þ d33C33:

(5)

Assume

D ¼
������
C11 C12 C13

C12 C22 C23

C13 C23 C33

������; D1 ¼
������
e31 C12 C13

e32 C22 C23

e33 C23 C33

������;

D2 ¼
������
C11 e31 C13

C12 e32 C23

C13 e33 C33

������; D3 ¼
������
C11 C12 e31
C12 C22 e32
C13 C23 e33

������ (6)

Thus,

d15 ¼ e15

C55

; d24 ¼ e24

C44

; d3i ¼ Di

D
; i ¼ 1; 2; 3: (7)

To obtain the strain tensor dij, we need to calculate the stress
tensor eij and elastic tensor Cij, which can be directly obtained
in the DFPT approach without multiple ground-state calcula-
tions as required in the Berry Phase framework.

For checking the feasibility and correctness of the DFPT
approach in calculating the piezoelectric properties of mate-
rials, we further applied the DFPT approach to calculate the
properties of the well-studied and matured piezoelectric ZnO.
As shown in Table 2, the calculated results at zero temperature
are in good agreement with those previously measured35 and
calculated.32 While the DFPT calculations are subject to several
approximates, such as the GGA-rPBE itself which is associated
with the errors of lattice parameters (Table 1), and the frozen-
core approximation originated from the use of pseudopoten-
tials, the calculated results are consistent with the experiment
data at room temperature.
This journal is © The Royal Society of Chemistry 2018
To the best of our knowledge, no prior analysis of the
piezoelectric properties of mNA crystal has been reported in
literatures, aside from the experimental ndings of the longi-
tudinal components (d31, d32, d33) of the piezoelectric tensor of
the mNA crystal17,22,23 in the past twenty years.

The calculated elastic stiffness constants of the mNA crystal
and the experimentally measured ones are summarized in
Table 3. The relaxed-ion elastic constants are of the same order
of magnitude as those experimentally measured.17 Especially,
the computed C12, C33, C44, C55, C66 are in good agreement with
the experimental values.

The computed results also naturally satisfy the Born
mechanical stability criteria:22

Cii . 0; ði ¼ 1; 2; 3; 4; 5; 6Þ
C22C33 .C23

2; C11C22 .C12
2; C11C33 .C13

2;
ðC11C22C33 þ 2C23C31C12Þ.

�
C11C23

2 þ C22C13
2 þ C33C12

2
�
:

(8)

This indirectly reconrms that the optimized lattice struc-
ture of the mNA crystal generated from the computational
optimization process described earlier is stable.
a Ref. 17.

RSC Adv., 2018, 8, 16991–16996 | 16993
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Table 4 Calculated clamped-ion and relaxed-ion piezoelectric stress
coefficients of mNA

Stress constant
Clamped-ion
(C m�2)

Relaxed-ion
(C m�2)

e15 0.001 �0.059
e24 �0.048 �0.022
e31 0.046 �0.339
e32 0.164 �0.257
e33 0.083 0.168
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It is also worth noting that the elastic constants of mNA are
approximately one order of magnitude smaller than that of
inorganic piezoelectric materials such as GaN36 and AlN,37,38

providing a relative measure of the exibility of mNA crystal.
The piezoelectric stress coefficients of the mNA crystal, as

dened in eqn (1), were calculated and are shown in Table 4.
The piezoelectric strain coefficients were calculated accord-

ing to eqn (3) and listed in Table 5. As can be seen from the
Table 5, the piezoelectric strain coefficients are of the same
order of magnitude as those experimentally measured by
Avanci.17 In particular, the calculated and experimental results
of d31 and d33 are very close, of which d33 is frequently cited as
a primary measure of piezoelectricity of the material.

It is noteworthy that the piezoelectric strain constants d33
measured by Bain22 and Isakov23 are about one twentieth of that
by Avanci.17 A possible reason for the large difference in the two
experiments is that molecular rotation, vibration, and defor-
mation require different times and energies, and the energy
coupled into the crystal from external forces also depends on
sample shapes and congurations. Consequently, it is reason-
able to expect the vibration frequency of the applied stress
would affect the results in direct piezoelectric measurements. In
Bain's experiment, a brass was placed on the top of the crystal,
and the changes in charge produced by the application and
removal of the weights were recorded. The averages of 20–30
measurements were taken to obtain the piezoelectric
coefficients.

As Table 5 reveals, the piezoelectric coefficient d33 of mNA is
impressively large and promising for future applications. It
could be understood from the molecular structure features of
mNA, as illustrated in Fig. 1. The mNA molecule contains
a benzene ring, a nitro group (–NO2) and an amino group
(–NH2). The –NO2 and –NH2 are attached to the benzene ring in
the meta positions, forming a push–pull electronic structure.
Table 5 Calculated clamped-ion and relaxed-ion piezoelectric coefficie
in parentheses are the relative errors (in percent) with respect to the cal

Strain constant
Clamped-ion
(pC/N)

Relaxed-ion (pC/N)

This work E

d15 0.010 �8.488 —
d24 �0.395 �1.359 —
d31 �0.061 �64.950 7
d32 0.493 �49.949 1
d33 0.232 115.757 1

a Ref. 17. b Ref. 22. c Ref. 23.

16994 | RSC Adv., 2018, 8, 16991–16996
The –NO2 behaves as an electron-acceptor negatively charged,
while the –NH2 behaves as an electron-donor positively charged.
Thus, the dipole moment of the mNA molecule is directed from
the –NO2 group towards the –NH2 group,39 as illustrated in
Fig. 1a, providing a strong dipole moment of 4.9 debye.40 It can
be seen from Fig. 1b that the dipole moments of the four
molecules in one unit cell vary in orientations, but generally
point to the same direction (i.e. along the reverse direction of
the c-axis). Accordingly, if the strain occurs in the c-axis direc-
tion, the change in the polarization along the c-axis direction is
larger than those along the a-axis and b-axis directions in an
elastic material. From eqn (2), the piezoelectric strain coeffi-
cient dij is the derivative of the polarization of the direction i to
the strain in the direction j. If a compressive stress is applied in
the c-axis direction, the thickness of themNA crystal along the c-
axis will be decreased. Such a thickness decrease leads to an
increase of the dipole density and decrease of the dipole
moment of a single mNA molecule along the c-axis direction,
thus resulting in a signicant decrease of the macroscopic
dipole moment. Therefore, d33 that is dened as the measure-
ment of the surface charge on the (001) plane produced by the
longitudinal strain along the c-axis direction is large and posi-
tive. In contrast, the thickness of the mNA crystal along the c-
axis slightly decreases if a tensile stress is applied to the mNA
crystal along the a-axis or the b-axis, due to the slight decrease of
the dipole moment along the c-axis, thus resulting in negative
d31 and d32 (Table 5). These suggest that from the microcosmic
point of view, larger d33 of mNA is mainly attributed to its large
dipole moment. Thus, we provide a molecular-level insight into
the piezoelectric properties of mNA crystal. Based on this, one
can easily deduce that for seeking new piezoelectric materials,
the materials with large dipole moments are likely to exhibit
excellent piezoelectric properties.

Both our calculated and previously experimental results17

similarly reveal that mNA is superior in its piezoelectric
responses, even if its properties are compared with those
measured results of the bulk piezoelectric materials of GaN,36

AlN,7 ZnO,8 PVDF14 and LiNbO3.9 As a visual comparison, the
relative piezoelectric responses are displayed in Fig. 2. It is
worth noting that the experimentally-measured results reect
the combined effects of electrons and ions in the materials, so
the relaxed-ion piezoelectric coefficient is generally chosen
when the calculated piezoelectric properties of a material are
compared with those of others. Compared with the well-known
nts of mNA, compared with those experimentally measured. Numbers
culated results in this work

xpt.a Expt.b Expt.c

— —
— —

3.1(+12.5) 30.79(�52.6) 20(�69.2)
65.7/149.5(+231.7/+199.3) 2.55(�94.9) —
03.8(�10.3) 6.81(�94.1) 4.0(�95.5)

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 A visual comparison of d33 of some well-known piezoelectric
materials and mNA. The piezoelectric coefficient of GaN,36 AlN,7 ZnO,8

PVDF14 and LiNbO3 (ref. 9) were obtained from experiments.
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inorganic piezoelectric material of AlN (C33 ¼ 373 GPa, e33 ¼
1.55 C m�2),41,42 the piezoelectric stress coefficient e33 (0.168 C
m�2 as shown in Table 4) of mNA calculated in this work is
about one ninth of AlN, while the elastic coefficient C33 of the
latter (16.425 GPa as shown in Table 3) is much more smaller,
just about one twentieth of the former. This suggests that from
the macroscopic view, the larger d33 for mNA crystal can be
mainly attributed to its smaller elastic coefficient C33, rather
than to a large piezoelectric stress coefficient e33.

Based on the results presented in this work, one can deduce
that the theoretical calculations can provide valuable informa-
tion beyond the experiments. First, the calculation results can
provide effective supplements to the experimental results and
verify the correctness of the latter if the calculation conditions
are well considered. Second, the theoretical calculations can
efficiently avoid some unwanted errors caused by the experi-
mental measurements and/or instruments. Third, the theoret-
ical calculations can be used specially as an independent
criterion for predicting the piezoelectric properties before
experiments. This is critical in seeking new high-performance
piezoelectric materials.
4. Conclusions

In summary, the elasticity and piezoelectric properties of the
mNA crystal were analyzed through numerical modeling based
on the rst-principles density functional perturbation theory
(DFPT). The calculated results conrm the experimental
ndings that the relatively simple molecular material of mNA
is capable of superior piezoelectric responses. While experi-
mental ndings are still few and varied, which is natural in an
early phase of discovery, the theoretical modeling analysis
provides an independent framework of reference and assess-
ment. It also offers molecular structural insights to the highly
anisotropic piezoelectric and elastic properties of the mNA
crystal. The DFPT method as an efficient method for predict-
ing the piezoelectricity and elastic properties of molecular
This journal is © The Royal Society of Chemistry 2018
piezoelectrics is extendable to more complex organic mate-
rials. While the theoretical analysis is in general agreement
with the experimental ndings, however still few and varied, it
also can provide a more complete assessment in details and
guidance for possible molecular modications. In the case of
a simpler and well-established piezoelectric material such as
ZnO, the calculated results are in excellent agreement with the
experimental data.
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