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Piezoactive biomaterials are currently in the forefront of the worldwide research due to the multitude
of applications ranging from implantable biosensors to biocompatible energy harvesters. Among them,
biomolecular piezoelectrics based on amino acids and dipeptides (as exemplified by diphenylalanine, FF)
are the most studied. Major problem is an inability to control the self-assembly process to produce dense
films with controlled orientation and thickness. To overcome this, we propose a novel method of the

Keywords: formation of crystalline piezoactive FF films via solid phase crystallization directly from the amorphous
Piezoelectrics phase. The process starts from the spin-coating of FF monomers in an organic solution. These layers are
Thin films then exposed to a controlled humidity that triggers nucleation and growth of highly oriented piezoactive

Diphenylalanine

areas (domains). The crystallization process proceeds without changing the morphology and results in
Solid-state crystallization

dense films with controlled thickness. Large ferroelectric-like domains possess uniform piezoresponse
of about 30 pm/V with the in-plane polarization. The growth kinetics is controlled by the temperature
and humidity, suggesting that fully in-plane oriented films can be obtained. It is hypothetized that the
solid-phase crystallization can be applied to other bioorganic piezoelectrics and thus open an avenue for
further use of these materials in implantable piezotronics and beyond.

© 2021 Elsevier Ltd. All rights reserved.

Piezoelectric materials are widely used in a variety of different
applications ranging from microelectromechanical systems (MEMS)
to sonars for submarine detection [1]. Recently, the focus of the
worldwide research has shifted to biocompatible, implantable and
easily recyclable piezomaterials that are prerequisite for the de-
velopment of wearable, implantable, and digestable microdevices
that could serve to both generate charges upon mechanical load
or to deform in response to applied voltage. Both effects are be-
coming increasingly important in biomedicine, e.g. for neurostim-
ulation [2], tissue regeneration [3] or electrical energy harvesting
to power implantable devices [4]. During the last decade it has
been found that some amino acids [5] and self-assembled dipep-

* Corresponding author.
E-mail address: kholkin@ua.pt (A. Kholkin).
1 Equal contributions

https://doi.org/10.1016/j.apmt.2021.101261
2352-9407/© 2021 Elsevier Ltd. All rights reserved.

tides [6] are suitable biomaterials with high piezoelectric activ-
ity and considerable pyroelectric response. In dipeptides, these ef-
fects were assigned to anisotropic non-covalent bonding between
monomers and appearance of trapped water molecules during
self-assembly process [6-9]. This process, trigerred by the water
presence, is poorly controlled and results in most cases in ran-
domly oriented nano- and microtubes with unusually high pyro-
and piezoresponses. [10,11] These tubes are difficult to use in the
aformentioned devices due to the problems with handling and
patterning using common microelectronic processes [12]. Several
methods have been applied to fabricate thin fims of short dipep-
tides [13,14] or, at least, to orient their assemblies via substrate
treatment [15] or using gravitational force during dip-coating [16].
However, thus obtained assemblies were still poorly adapted for
the use in device applications due to high inhomogeneity, appar-
ent porosity, and loose structure.
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Fig. 1. Preparation and structural characterization of FF films. (a) Schematic of FF film preparation; (b) film thickness as a function of FF concentration in HFIP. PFM, XRD,
Raman measurements are shown for the film with the thickness of about 400 nm (Sample 3); (c) XRD and (d) Raman spectra of the film before and after water-vapor
treatment. In (d) the peaks in high-frequency range correspond to the vibrations of FF functional groups and they are identical to those observed in the spectra of FF
molecules, and the low-frequency part (below 250 cm~') relates to crystal lattice vibrations.

It is well known that the direct crystallization from the amor-
phous phase can be used for the development of novel materi-
als and structures. [17,18] Crystallization can be described as the
formation of a solid crystalline phase from an amorphous state,
leading to a crystalline material, in which growing crystals are
embedded in the amorphous matrix [19]. Amorphous phase ex-
ists in a metastable state and the crystallization of amorphous
materials needs an activation energy, which may be supplied by
the thermal or/and mechanical energies. Standard crystallization
of FF structures as demonstrated in a number of papers [20,21]
is due to a self-assembly of molecular building blocks in a so-
lution that includes the nucleation process and proceeds by Ost-
wald’s step rule through which a coalescence of monomers leads
to the formation of nanospheres, which then undergo ripening
and structural conversions to form final supramolecular assemblies
[20]. A rich diversity of supramolecular polymer nano- and micro-
structures includes tubes, fibres, films, plates and vesicles. [13,18]
These supramolecular materials emerge through the self-assembly
of monomeric building blocks, bound together in organized struc-
tures by non-covalent interactions [22].

In our work, we present a novel mechanism of the formation of
crystalline piezoactive FF structures via a solid phase crystalliza-
tion directly from the amorphous phase. In contrast to a common
process of self-assembly from FF solution, [14,20] proposed mecha-
nism does not require a mass transport and long-range diffusion of
FF building blocks being rather a disorder-order phase transition.
The transition starts at a certain humidity level and is followed
by the nucleation and growth of piezoactive crystalline domains
in initially amorphous matrix without notable changes in the mor-
phology and film’s thickness. Thus, it is principally different from
the self-assembly processes described above.

The preparation procedure of crystalline FF films was divided
into two major steps (Fig. 1(a)): (i) fabrication of the amorphous FF

films from the hexafluoroisopropanol (HFIP) stock solution by spin-
coating method, and (ii) controlled crystallization of the amor-
phous films in a climatic chamber at a certain level of relative hu-
midity (RH). See the details of the preparation procedure in the
Supporting Information section. FF stock solution was prepared by
dissolving commerical FF powder in HFIP with the concentration
ranging from 1 to 100 mg/mL. To avoid the formation of any kind
of aggregates, FF solution was prepared immediately prior to use.
To prepare usable amorphous films, it was important to minimize
the influence of the atmospheric water during drying and spin-
coating procedures. Low surface tension of the HFIP (16 mN/m)
[23] allowed good wetting of the used substrates (Pt/SiO,) and led
to their perfect coverage. Similar results were obtained with ITO-
coated glass and polymer (PET) substrates.

The drying/spin-coating processing (at 5000 rpm during 30 s)
was done under the RH below 50% and fast enough to avoid crys-
tallization during drying. After drying, the obtained films remained
stable in the amorphous state and under ambient conditions at the
humidity level below 60%. The thicknesses of the obtained amor-
phous FF films was measued by the optical ellipsometry (Fig. S1).
The obtained thin amorphous FF films had thickness depending
on the solution concentration and ranging from tens to hundreds
nanometers (Fig. 1(b)). The films were further examined with XRD
and Raman spectroscopy (Fig. 1 (c, d)). Only a broad halo was ob-
served in XRD diffractograms before an exposure to a humid at-
mosphere (Fig. 1(c)), thus confirming the amorphous state of the
deposited films. The Raman spectroscopy (Fig. 1(d)) also did not
reveal any peaks in the low-frequency part (below 400 cm~!) char-
acteristic of the crystal lattice vibrations [24].

The process of the crystallization was further continued in a cli-
matic chamber at high enough humidity. Instability of the amor-
phous phase of FF film is revealed in the presence of water va-
por, and during an exposure to a humid atmosphere (RH 60-90%),
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Fig. 2. The growth kinetics of lenticular crystalline domains and variation of domain density with time. (a) Polarized optical microscopy images after sequential exposure of
the amorphous FF film to the humid atmospere: domain size increases linearly with the exposure time. (b) 2D density of crystalline domains, N, vs. time. (c) Schematic of

the cross-section of the crystalline domain in an amorphous FF film.

the film spontaneously transformed into a more stable crystalline
phase. Speed of crystallization is controlled by the temperature
and humidity and, at the humidity below 60%, the crystallization
process is stopped. It means that the crystallization is directly re-
lated to the effect of water molecules on the amorphous phase of
the film. At the relative humidity 90% and temperature 30 °C the
crystallization is completed within 6 h. The subsequent stages of
the domains growth and resulting polycrystalline mosaic structure
of the film are shown in the polarized optical microscopy images
in Fig. 2.

After exposure to the climatic chamber the films were further
examined by the XRD and Raman scattering (Fig. 1 (c, d)). Peaks
identical to that of FF microtubes appeared in XRD diffractograms
and Raman spectra (Fig. 1 (¢, d)) indicating a structural transition
from the amorphous to the crystalline phase occurring in the film.
The appearance of the crystalline phase was also confirmed by
Piezoresponse Force Microscopy (PFM) and optical measurements,
as it will be discussed below. The peak positions in XRD and Ra-
man spectra of FF films and FF microtubes were almost coincident,
thus allowing us to conclude that the crystalline films possess a
typical hexagonal crystal structure with P6; symmetry characteris-
tic of FF self-assembled nanotubes [25].

The crystallization process of the amorphous FF involves two
steps: a nucleation stage and crystal growth stage. The nucleation
of crystalline domains occurs mainly at the film surface, after the
nucleation domains increase their size linearly with time and at
the end of the growth stage the crystalline domains coalescence
and form a crystalline film. The kinetics of the nucleation process
and schematics of crystalline domain embedded in the amorphous
film are shown in Figs. 2(b), and 2 (c), respectively. The kinetics of
the nucleation process (Fig. 2(a)) can be described in terms of the
classical nucleation theory adopted for the case of heterogeneous
nucleation [19]. Heterogeneous nucleation is, in general, a more
common phenomenon as compared to the homogeneous one. Spe-
cific sites such as surfaces, inclusions, impurities, and defects can
trigger the nucleation process. For example, a notable density dif-
ference between the amorphous and crystalline phases of FF can
be accompanied by a strong surface nucleation. As was observed in

the topography images (Figure (3 (a,d)), the elevated height of the
crystalline domains implies appreciably lower density for the crys-
talline phase in comparison with the amorphous one. Therefore,
the surface nucleation in FF films should be a dominating process
in the crystallization process. The rate of the surface nucleation can
be evaluated from the 2D domain density dependence, N, on time
in Fig. 2(b). In the beginning (first minutes, Fig. 2(b)), we observed
a maximal rate of nucleation occurring at the surface inclusions,
impurities and other surface defects. After depletion of the nucle-
ation centers, the rate of the nucleation is reduced (Fig. 2(b)) and
the surface nucleation can be described within the framework of
classical nucleation theory as a linear dependence of the domains
density vs. time: Ng(t) o Iict, where I is the steady state nucle-
ation rate and ¢ is the time [19].

In the crystal growth stage, we observed lenticular domains
elongated along the fastest growth direction. The observed shape
proportions were kept until domain coalescence. The linear depen-
dence of the domain size with time (Fig. 2(a)) implies that ma-
jor rate-limiting process of crystal growth is the interface reaction
mechanism which describes the probability of the attachment of a
structural unit (FF molecular) to the crystalline surface. Visualiza-
tion of the crystalline film‘s cross-section with scanning electron
microscopy does not show any topological features such as mi-
crorods, microtubes or others, like those observed in other studies
[13,14,26] (Fig. S3). Moreover, detailed analysis of the surface to-
pography (Fig. S3 (b, c¢)) does not reveal any difference between the
amorphous and crystalline regions on both micro- and nano scales.
It also indicates that the crystallization process is followed with
the minimal displacements and rotations of FF molecules at the
amorphous/crystalline interface needed to form an ordered crys-
talline structure.

Short-range displacements and rotations of FF monomers
within their own surroundings in the amorphous phase apparently
need significantly lower activation energy and shorter time than
the mass transport or long-range diffusion processes and therefore
occur primarly. As a result, the initial morphology of the film dur-
ing the solid phase crystallization remains unchanged in contrast
to the standard self-assembly in a solution or solid phase self-
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Fig. 3. Topography and PFM imaging of crystalline FF domains. (a) AFM topography of FF film with crystalline domains. (b) Amplitude and (c) phase LPFM images of the
crystalline domains. (d) Height profile across crystalline domain phase. (e) LPFM image of the “star-like” crystalline domains structure radially distributed around nucleation
point marked by white spot. (f) Angular dependence of LPFM amplitude (red line) for the lenticular crystalline domains in polar coordinates with the zero of the coordinate

system located in the nucleation point. Image size is 60 x 60 pm?.

assembling process, [14,20,26] which are characterized by the sig-
nificant mass transport of the material and morphological changes
resulting in the equilibrium crystalline shapes such as micro/nano-
tubes and others.

The particularity of the obtained polycrystalline films is an ar-
bitrary in-plane orientation of the polarization of the crystalline
domains, so the orientation of crystallographic directions relative
to the normal of the film’s plane is the same for all domains. It
is confirmed by the identical shape of growing 2D domains (be-
fore their coalescence) and very close piezoresponse amplitudes.
We suggest that the observed crystallographic orientation within
domains is defined by the surface nucleation process, i.e. it is the
film's surface that serves as an orienting factor at the moment of
the nucleation of the crystalline phase. We beleive that, at the RH
of 80 - 90%, water condensation does not occur and, therefore, no
dissolution of the amorphous FF film happens. However, the con-
centration of the water vapor at the film’s surface is high enough
to initiate the solid phase crystallization process which results in
the drastic change of functional properties in the growing domains.
In contrast to amorphous background, the crystalline regions rotate
vector of polarized light (Figure S2) and exhibit a clear PFM con-
trast (Fig. 3 (b,c,e)).

Piezoelectric properties of the films were studied by vector
PFM in both lateral (LPFM) and vertical (VPFM) signals. Angle-
dependent LPFM with piezoresponse amplitude distribution for
crystalline FF film is shown in Fig. S4.2 and Fig. 3(f). In LPFM mode
all domains exhibit close values of PFM amplitude up to 30 pmV~!
with polarization vector oriented along the fastest growth direc-
tion (Fig. 3(e-f)). (In Fig. 3(f) the polarization vector slightly devi-
ates from the fastest growth direction by ~11°). The defined po-
larization vector orientation is in agreement with the optical con-
trast data for a crystalline domain in polarized light at different
rotational angles (Fig. S2), so, based on the optical contrast de-
pendence, we conclude that the polar axis of the FF crystal should
be along the fastest growth direction of the crystalline domain. To
identify the crystal structure of the domains, orientation of crystal-

lographic directions in the domains, and components of the mea-
sured piezo tensor, we performed a detailed analysis of XRD and
Raman data. We argue that the molecular structure of crystalline
domains of the film is very similar to that of FF micro/nano tubes
(Fig. 4), so that the main symmetry axis Cg and polarization vector
are both lying in the plane of the film. This also agrees well with
the values of the in-plane piezoresponse coefficient di5, which are
close to the values reported previously on peptide micro/nano-
tubes (diameter ~100 nm) [6].

In order to determine the orientation of the nanotubular crys-
tal structure in the crystalline domains, polarized Raman mapping
was performed in the “star-like” arrays of the domains with joint
center (Fig. 4(a)). This structure allows obtaining several polariza-
tion geometries in one Raman map. The direction of the laser po-
larization was parallel to the analyzer and oriented horizontally
(yellow and blue arrows in Fig. 4(a)).

The Raman map presented in Fig. 4(a) corresponds to the spa-
tial distribution of the intensity of the spectral line located around
120 cm~! and demonstrates the crystallinity of the domains in
contrast to the amorphous layer around [24] . Angles between
the domains axes and laser polarization are also presented in
Fig. 4(a). The middle frequency region of Raman spectra mea-
sured within the domain is shown in Fig. 4(b). This region contains
lines corresponding to the vibrations of various functional groups
of FF molecule [24]. The most important lines here are located
at 487 cm~! (NH3 group torsion vibrations), 1003 cm~! (in-plane
breathing vibrations of phenyl rings), 1251 cm~! (amide III line -
combination of N--H in-plane-bending and C-N stretching vibra-
tions), 1467 cm~! (symmetric stretching vibrations of COO), and
1689 cm~! (amide I line - mainly associated with the C=0 stretch-
ing vibrations) [24,27,28]. To determine the spatial orientation of
the nanotubular crystal structure in the domains the intensities of
abovementioned lines were analyzed.

Raman spectra show that intensities of the Amide I line and
the line corresponding to COO- group are stronger at low an-
gles and became weak at higher angles. This means that C=0 and
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Fig. 4. Angular-resolved Raman spectroscopy of the lenticular crystalline domains. (a) Raman map constructed by the intensity of spectral line at around 120 cm~'. (b)
Raman spectra measured in lenticular crystalline domains with the different orientation relative to laser polarization. (c) Suggested orientation of the FF molecule in the
horizontal domains relative to the laser light polarization. (d) Suggested orientation of the P6; crystal in the horizontal domains relative to the laser polarization. The
direction of the laser polarization was parallel to the analyzer and was oriented horizontally (yellow and blue arrows in (a)).

COO- groups are mainly oriented horizontally, i.e. along the direc-
tion of laser polarization. At the same time, Amide III line is very
strong at higher angles with maximum intensity at 90° thus show-
ing that C--N bonds are oriented vertically relative to the laser
polarization. The intensity of NH3 torsional vibrations weakly de-
pends on the angle. Therefore, the axis of this vibration should
mostly coincide with the laser beam propagation. The most inten-
sive line at 1003 cm~! corresponding to breathing vibrations of
phenyl rings has a maximum at about 60° thus allowing to sug-
gest that the planes of the rings are oriented at 60° to the di-
rection of laser polarization. All these observations allowed us to
suggest the most probable orientation of FF molecules in the crys-
talline domains (Fig. 4(c)). Such molecule orientation is character-
istic of FF micro/nanotubes oriented by its c-axis mostly along the
polar (0°) direction of the domains (Fig. 4(d)). This fact is compat-
ible with the preferential growth direction along the polar direc-
tion. Temperature stability of the grown films was confirmed by
the temperature-dependent Raman scattering (Fig. S5.1). It follows
that the structural changes in FF films occur at the temperature
120° (very similar to self-assembled FF micro/nanotubes) suggest-
ing that the variations of the piezoelectric properties with temper-
ature should be similar to those reported in Ref. 7,11 and 29.
Since the piezoelectric reponse of the FF films is inherited from
the piezoelectric properties of the individual nanotubes, we hypo-
thetize that FF films possess not only shear (dy5), but also trans-
verse d3; = d3; and longitudinal ds; piezocoefficients (d33 = 17.9
pm/V, [6]) which make them a versatile piezoelectric material for

different applications. The choice of the possible structure for sen-
sor or actuator element depends on the configuration of the film
and electrodes, as well as on the mode of its excitation. If the shear
piezoelectric coefficient is used (provided the grown domain is suf-
ficiently large) the cantilever or membrane structure can be made
as shown in Figs. S6.1 and S6.2. Surface acoustic waves (SAW) can
be detected based on high shear piezoelectric coefficients piezo-
electric laminates [30]. Because of their fully biocomaptible and
biodegradable nature, FF film sensors/harvesters (or actuators) can
be used in transient implantable electromechanical devices as re-
cently demonstrated in glycine-PVA films in [31].

In conclusion, a novel mechanism of the formation of piezoac-
tive crystalline FF structures via solid phase crystallization from the
amorphous FF phase is presented. The approach is validated by the
formation of the piezoactive FF films via a two-stage process: first,
spin-coating of the amorphous films and then their crystallization
under the action of water-vapor treatment in a climatic chamber.
The demonstrated mechanism is well reproducible, simple in re-
alization, and promising for practical applications. The structure
and orientation of the crystalline films were identified with X-
ray diffraction and angle-dependent Raman spectroscopy. Both are
compatible with the structure of FF micro/nano tubes of the sym-
metry Cg with the symmetry axis and polarization vector lying in
the plane of the film. The obtained crystalline films demonstrate
strong lateral piezoresponse of about 30 pm/V within the domains
and thus can be used as templates for further patterning and de-
vice fabrication. We believe that implementation of the solid phase
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crystallization method validated for model diphenylalanine can be
used for the synthesis of other biomolecular materials prone to
crystallization in the water vapor atmosphere. With their natu-
ral biocompatibility, flexibility, and reproducibility combined with
strong piezoelectricity such films can find multiple applications in
implantable and wearable electronics.
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