Bio-ferroelectric properties of glycine crystals
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Abstract

Biological ferroelectric materials have great potential in biosensing, disease di-
agnosis and treatment. Using density functional theory, we calculate the polarizations
of two phases of glycine crystals, namely the B- and y-phases, showing them to be
comparable to those of conventional inorganic ferroelectrics. Further, molecular
dynamics simulations embodying polarized crystal charges predict Curie temperature
of y-glycine to be 630 K, with a required coercive field to switch crystalline polariza-
tion states of 1 V nm™, consistent with experimental evidence. This sheds light on
the microscopic mechanism of electric dipole ordering in biomaterials, something
useful in the materials design of new bio-ferroelectrics.

Introduction

The study of ferroelectricity and piezoelectricity in bio-systems provides an ex-
citing combination of physics and biology,' starting with the discovery of piezoelec-
tric properties in wood by Fukada in the 1950s.?> Advanced experimental techniques
have allowed the discovery of piezoelectric and ferroelectric properties of many other
biomaterials, including bones, aortic walls, nails, teeth, seashells, and peptide nano-
tubes.>” However, general principles depicting mechanisms for ferroelectric switch-
ing in biomaterials are not available, perhaps owing to the complexity of bio-systems.
An example of an identified principle comes from the recent study of Hu et al. that
discussed switchable dipole long-range ordering in an important biomaterial, hydrox-
yapatite, using firsxt-principle methods. '

Recently, it was demonstarted that a basic component of biological structure,
namely glycine, presented nanoscale ferroelectricity.!! Glycine is one of the simplest
and smallest biological molecules. It therefore presents a starting point for the de-
sign of functional materials as it can be synthetically modified to optimize properties.
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Interestingly, its crystals have been shown to be ferroelectric.!! As it is a molecule
sometimes taken to represent the symbol of life,'? it also represents a paradigm for the
understanding of bio-ferroelectricity. Much is known about its crystal phases,'® but
little is known concerning how useful its bio-ferroelectric properties may be in poten-
tial applications.

Glycine mainly exists in either its a-, B- or y- phases under ambient conditions.'*
Alternative o-, - and (- phases are known but are metastable, being observable only
under special conditions.!>'® The a-glycine (symmetry group P2i/m) has an antipar-
allel layered hydrogen bond network, first reported by Albrecht and Corey,' that can
remain stable at room temperature. The B-glycine (symmetry group P2;), first report-
ed by litaka and Bernal,'” has a parallel layered hydrogen-bond network. Under am-
bient condition, it usually transforms into either the a- or y-phases, giving rise to po-
tential practical applications. y-glycine (forming in either symmetry group P31 or P3y)
is the most stable phase, and was first obtained by Iitaka.'® It has a helical hydrogen
bonding network, a feature not found in the other two phases. The three dominant
phases of glycine crystals have relative stability y > a > . Another feature of techno-
logical relevance is that phases can interconvert under certain conditions, including in
response to humidity changes,'” with only the y-phase remaining unconditionally sta-
ble in moist air.'* A phase transition from B-glycine to either a- or y-glycine is auto-
matically obtained when the humidity increases. Similarly, the o-phase can also
change to the y-phase at high humidity. When the temperature increases above 443 K,
the y-phase can change to the a-phase, but this transition temperature can be modu-
lated.'”*° The polymorphism observed between the known phases of glycine is sum-
marized in the Figure 1. Since P21/m is centrosymmetric, there is no net polarization
within the a-phase, while the polar phases, B- and y-, have polarization along the
b-axis and c-axis, respectively.
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Figure 1. Ball-and-stick models of glycine phase conversion. The purple arrow represents the molecular dipole
moment. Since the a-phase is centrosymmetric, there is no net polarization for this phase, while polarizations aris-
ing in B-glycine and y-glycine are directed along the b-axis and c-axis, respectively.

Glycine crystals have been previously simulated,?! but issues such as the poten-
tial usefulness of its bio-ferroelectricity were not addressed. In this work, we perform
first-principle density functional theory (DFT) molecular dynamics (MD) simulations,
elucidating key ferroelectric properties of glycine. In particular, we consider the -
(monoclinic, P21) and y-phases (triangular, P3; and P3,) phases using Modern Polari-
zation Theory (MPT).?? Furthermore, we employ MD simulations embodying a new
charge method to study polarization switching of the y-phase. We simulate the hyste-
resis loop and the y-phase transition as a function of the temperature, reproducing the
reduction of the polarization that occurs as the paraelectric phase is approached.

Methods

The structure used to calculate the ferroelectric polarization of glycine is derived
from the observed crystal structure!® *?* obtained from the Cambridge Crystallo-
graphic Data Centre (CCDC).* The structure of a-glycine refined at T=294 K (sym-
metry group P21/m, Z =4) is centrosymmetric, with lattice parameters of: a = 5.105 A,
b=11.972 A and c =5.463 A. Alternatively, the B-glycine and y-glycine crystals are
both polar. The lattice parameters for B-glycine (symmetry group P2, Z =2) are: a =
5.093 A, b=6.272 A and ¢ = 5.385 A. For y-glycine in symmetry group P3i, Z =3,
the lattice parameters are: a = b = 7.038 A and ¢ =5.481 A, while alternatively for
symmetry group P3», Z =3 they are: a=b=7.037 A and ¢ =5.481 A.

All first-principles electronic-structure calculations were performed using the
Vienna ab-initio Simulation Package (VASP),?® using the projector-augmented-wave
(PAW) method to treat the interactoions between the valence-electrons and their inner
core.?’? Most calculations were performed using the Perdew-Burke-Ernzerhof (PBE)
exchange correlation functional, but in test studies the LDA,* PBE (including D2 and
D3 correction),?®3%! PBEsol (PBE for solids),>> SCAN*? and the latest SCAN+rvv10
functionals®* are also used. The energy cutoff is set to 400 eV. The Brillouin zone was
sampled with Monkhorst—Pack k-points mesh of 6 X 6 X 6 for B-glycine, while 6 X
4 x 6 were used for the y-glycine calculations. The convergence of the Hell-
mann-Feynman force and the total energy is set to 0.01 eVA™! and 10 eV, respec-
tively. VESTA is used to draw crystal structure graphics.>

Based on the first-principles calculations, MPT is used to deduce crystal polari-
zations. This approach expresses ferroelectric polarization as AP = AP;,, + APgje.
Here, the electronic contribution (APg.) is evaluated by the Berry phase approach.
This method correctly accounts for quantum electronic effects associated with moving
charges across unit-cell boundaries.**3” We evaluated AP, simply using VASP.
For AP;,,, however, the MPT method relies on the conception of some paraelectric
phase (PE) that can be continuously morphed into the ferroelectric phase (FE) of in-
terest. We follow the detailed description of how to construct a proper PE reference
state described recently by Hu et al..® A dimensionless parameter A is introduced to
describe the path. It represents a correlated atomic displacement field whose ampli-
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tude is normalized to 1. Along the path, A varies from O for the case of the reference
centrosymmetric structure to A= 1 for the ferroelectric structure. A linear interpolation
of the atomic positions between the two reference structures is employed. The use of
such a path allows smooth evolution of polarization to be ensured, guaranteeing that
no quantum of polarization has been erroneously included in the final result.

In this work, two potential ferroelectric phases of glycine crystals are considered:
the B-phase and y-phase. The reference phases for B-glycine and y-glycine are con-
structed using the tools Bilbao Crystallographic Server, such as PSEUDO* and AM-
PLIMODES.**!

In a second part of the study, we use molecular dynamic (MD) simulations based
on the generalized AMBER* force field (GAFF). Especially, the partial charges for
the atoms in zwitterionic forms of glycine were derived using the scheme of a recently
developed polarized protein-specific charge (PPC).**** The method is modified
slightly to properly treat periodic crystal models, applying the polarized crystal charge
(PCC) model.[REF]| During the MD simulations, a 10x10x10 supercell with dimen-
sions of 68.91x68.91x54.03 A was used for y-glycine (symmetry group P3,), includ-
ing 3000 zwitterion molecules and 30000 atoms in total. The particle-mesh Ewald
(PME)*-*¢ method was used to treat the long-range electrostatic calculations, with a
grid spacing of 1 A; the cut-off values for the Lennard Jones and electrostatic interac-
tions were both set as 12 A.

Simulations were repeated at different temperatures, with at the temperature the
system being initially thermalized using the NPT ensemble. In order to study polar-
ization switching, an external electric field was then applied to the periodic glycine
crystals using NVT conditions at 300 K. Do you really mean this ... you ran VPT at
lots of different temps followed by NVT at 300 K?? why?? The electric field was
applied for 2 ns for each trajectory, with the polarization of each system collected af-
ter every 1 ps. To maintain constant temperature and pressure, stochastic Langevin
dynamics thermostat*’ and Nose-Hoover Langevin piston barostat***’ were used, re-
spectively, and the SHAKE algorithm®® was used for all covalence bonds involving
hydrogen atoms. similarly, how was NVT implemented? The NAMD"! program was
employed in all MD simulations.

Results and discussion

First, we performed a series of structural optimizations using different density
functionals. The results are summarized in Figure 2. We find that the experimental
and optimized structure are in best agreement in terms of lattice constants when using
the PBE functional, with a discrepancy less than 2%. The other functionals give a
larger discrepancy with respect to the experimental structure about 3% up to 5%, in-
cluding PBE-D3 at 2.8%. As PBE-D3 includes dispersion effects normally consid-
ered to be crucial to the understanding of properties of biological materials, the ap-
parent success of pure PBE indicated that other errors in its treatment of electrostatic
interactions compensated for its neglect of the critical dispersion force. While it is
unclear how universal this cancellation of errors is likely to be, PBE gives the most
realistic results for features of critical relevance to the current work and hence we
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continue using it in further studies. Table 1 shows a comparison of PBE-calculated
lattice properties with experiment, while details of the PBE electronic structure are
given in Supporting Information. This section has to be handled very carefully.
Many referees are likely to reject the paper at this point as using a method containing
severe errors in regard to the application because of some accidental cancellation like
this is usually regarded as being unacceptable — no exceptions. You really have to es-
tablish that using PBE wont be disastrous for the main results ... there would have
been no issue here at all if given Fig 2 you had chosen PBE-D3 for the remaining
studies. Really just including PBE and LDA in the list of methods that you used is
enough to imply that you don’t understand what you are doing and so does not look
good.

Table 1. Lattice parameters of glycine from experiments and optimized results from PBE calculation in our work.

Lattice parameters
a (A) b () cd) Za(® ZBO) Zy() V@A)
o(P2:/m)" 5.105 11.972 5463 90.00 111.74 90.00 310.12
p(P2)* 5.093 6.272 5385 90.00 113.19 90.00 158.13

Glycine

X Y(P3p)'3 7.038 7.038 5481 90.00 90.00 120.00 235.15
Y(P3y)% 7.037 7.037 5481 90.00 90.00 120.00 235.14
a(P2,/m) 5.036 11.602 5393 90.00 111.82 90.00 292.51
op B(P2:) 5.024 6.091 5317 90.00 113.45 90.00 149.28

Y(P3y) 6.886 6.886 5408 90.00 90.00 120.00 222.10
Y(P3y) 6.891 6.891 5403 90.00 90.00 120.00 222.19
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Figure 2. The percentage deviations of lattice constant underestimation after optimization by different functionals.
The results of the PBE functional show that the lattice parameter change is less than 2%.

As described in the Methods section, as paraelectric phases corresponding to ei-
ther B-glycine and y-glycine are not known, suitable reference structures for the MPT
calculations must be artificially constructed. Encompassing the internal structures of
glycine crystals, the paths from the observed phases to suitable reference structures
are divided into two parts: a pure atomic translation (i.e. displacive distortion field)
and a coherent rotation of the molecules (rotational distortion field). We use a fine in-
terpolating mesh of 25 structures along each path.

The total polarization calculated for B-glycine is 11.82 pC/cm? along the b- axis.
The smooth curve shown in shown in Figure 3a indicates that the calculation is not
affected by polarization quanta. Although the evolution of polarization along the path
does not have a real physical meaning and the final value of polarization does not de-
pend on the particular path employed for the calculations®®, useful information can be
obtained by a close inspection at the final structural modifications with respect to the
paraelectric reference structure. We find that the magnitude of the polarization is
strongly affected by the improper dihedral angle between the - NHI group and the
plane formed by the carboxyl acid (-COO-). For polarization along the b-axis, the
-NHZ group undergoes a transition from the paraelectric structure to the ferroelectric
one. The molecular dipole moment components along the a-axis and the c-axis cancel
out due to symmetry.



Using the same approach, we calculated the polarization of y-glycine as a func-
tion of the dimensionless parameter A from PE (A = 0) to FE (A = 1). The final value is
quite large, 70.86 uC/cm? along the c- axis for symmetry P3; and nearly the same
value, 70.66 uC/cm?, for symmetry P3,. These values are about five times that for
B-glycine (Figure 3a). Along the transition path, the glycine molecules rotate by 180°
around an axis perpendicular to the c-axis.
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Figure 3. MPT Variation of the polarization of (a) B-glycine, (b) y-glycine (P31) and (c) y-glycine (P32), along the

path between hypothetical paraelectric (A=0) and observed ferroelectric (A=1) phases.

To gain more insights into the origin of ferroelectricity in glycine, additional MD
simulations were performed, examining the response of the crystal structure and it’s
polarization to an external electric field at 300 K. Here, we only considered the
y-phase (symmetry group P3:) as the B-phase is extremely unstable and unlikely to be
utilized in any application. During the simulation, an external electric field was ap-
plied along the c-axis, its strength initially increasing from 0 to 3 V nm™, then re-
versed to -3 V nm™', and then finally returned to 0. The results are shown in Figure 4.
Increasing the magnitude of the applied field |E| induced switching form one fully
aligned ferroelectric molecular arrangement to another. This switching occurred
throughout the range 1 V nm” < |E| < 2 V nm’, creating a hysteresis loop. While
switching field strengths of this magnitude are large, they are not outside the range
achievable in Stark experiments and inside functioning electrical devices. The MD
results are consistent with the experimental observation!! that y-glycine shows a pie-
zoelectric response at field strengths of 1 V nm™.
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Figure 4. Hysteresis loop showing polarization switching of y-glycine as controlled by an external applied
electric field, at 300 K, obtained from MD simulations. The figure needs V nm! as its label, E is used as the symbol

for field in the text, the unit should be pC cm

At the individual molecular level, Figure 5 depicts the spontaneous switching of
a y-glycine crystal from one ferroelectric orientation to the other, at 300 K and con-
stant volume, under a driving electric field of 1.5 V nm"'. Molecules containing
molecular dipoles with opposite orientations are displayed in green and red colors re-
spectively, for the domains having polarizations along the +¢ and —c directions. The
sample is first brought to equilibrium using the NVT does not the methods section say
NPT 77?7 ensemble to 300 K until the system was stable, and then we applied an elec-
tric field of 1.5 V nm™! for 10 ns to drive polarization switching. Figure 5 shows that
product domains begin to nucleate after 0.5 ns, with ferroelectric switching complete
after 1.5 ns.

0 ns : 0.5 ns

Figure 5. Molecular dynamics simulations of polarization switching when y-glycine at 300 K experiences an electric
fieldof 1.5 Vnm''. Domain patterns, showing alternatively oriented molecules shaded from red to green, are shown
at(a)t=0ns, (b) #=0.5ns, (c) t=0.8 ns, (d) #=1.0 ns, (e) £ = 1.2 ns and (f) ¢ = 1.5, revealing that the switching

process is completed within approximately 1.5 ns. The font size for the writing in the fig should be 10 or 11 point

Responses to stimuli such as that shown in Figure 6 are usually interpreted in
terms of the Kolmogorov-Avrami-Ishibashi (KAI) model.’*® This separates the
transformation process into two stages: the nucleation of product domains, followed
by the growth of these domains. In Fig. 6, these ideas are explored by plotting the
fractional conversion from one phase to the other at the different applied field
strengths of 1.5 V nm™ (from Figure 5) and 2.0 V nm™'. At both field strengths, dif-
ferent onset times associated with activated nucleation processes are revealed, fol-
lowing by a growth stage that depends quite differently on the applied field, in ac-
cordance with model expectations. In more extensive simulations, the physical pro-
cesses controlling these two responses could be determined. Of particular im-
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portance would be how these responses change with changes in external conditions
such as temperature, pressure, doping, or chemical substitution, hence defining a re-
quired direction for future device research.
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Figure 6. The time-dependent evolution of the growing domain volume fraction during the switching process
under electric field strengths of 1.5 V nm (see Fig. 5) and 2.0 Vnm. The figure needs V nm! as its label. Also, ns

is discussed in the text not ps, a consistent unit should be used.

Finally, to be useful in some application, ferroelectricity must be maintained over
the temperature range of interest. For y-glycine, MD simulations were performed over
the temperature range 100 K to 700 K and the results are shown in Figure 7. As the
temperature approaches to 630 K, the average value of the polarization gradually de-
creases and its fluctuation increases. When the temperature reaches 640 K, the polari-
zation drops sharply to 0.0 uC cm?, indicating that a ferroelectric phase transition to a
paraelectric phase has occurred. The predicted sharp variation of the polarization is
suggestive of a first-order phase transition, a result which is profoundly different to
that found for the classical ferroelectric material triglycine sulphate (TGS) which in-
stead ...... 3% The calculated order-disorder phase transition temperature
of 630 K for y-gylcene is much higher than the experimentally observed decomposi-
tion temperature of the material of about 500 K[reference] below this decomposition
temperature, the simulations indicate that glycine will display good ferroelectric
properties and hence may be suitable for device applications.
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Figure 7. Temperature dependence of polarization of y-glycine. (a) The polarization profiles from MD simu-
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¢ earlier, units should be ns, space between numbers and units eg “630 K”, and the unit should be uC cm

getting these things right in the first place always saves a lot of time

Conclusion

In conclusion, we investigated the ferroelectric polarization of B-phase (mono-
clinic, P21) and y-phases (trigonal, P3; and P3,) of glycine based on first principle
calculations and the MPT. Our results predict that y-glycine should have a sponta-
neous polarization of 71 uC cm? at 300 K. In addition, classical molecular dy-
namics simulations using PCC charges predict that the polarization of y-glycine crys-
tals will saturate completely under a sufficiently high extra electric field strength of ca.
1 Vam'. The order-disorder phase transition is predicted to occur at 630 K, a value
higher than the decomposition temperature of glycine. We also indicate that the
switching process follows the KAI model, featuring separate timescales for nucleation
of the product phase and its subsequent growth. Future studies need to explore the
factors controlling each stage to determine how devices will respond to stimuli such
as external temperature and pressure changes, doping, and chemical substitution.
Given the critical role of glycine in biology, we hope the biocompatibility and ferroe-

lectricity of glycine crystals will make them promising candidates for biomedical ap-
plications.
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