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Self-assembled peptide nanotubes are unique nanoscale objects that have great potential for a

multitude of applications, including biosensors, nanotemplates, tissue engineering, biosurfactants,

etc. The discovery of strong piezoactivity and polar properties in aromatic dipeptides [A. Kholkin,

N. Amdursky, I. Bdikin, E. Gazit, and G. Rosenman, ACS Nano 4, 610 (2010)] opened up a new

perspective for their use as biocompatible nanoactuators, nanomotors, and molecular machines.

Another, as yet unexplored functional property is the ability to switch polarization and create

artificial polarization patterns useful in various electronic and optical applications. In this work, we

demonstrate that diphenylalanine peptide nanotubes are indeed electrically switchable if annealed

at a temperature of about 150 �C. The new orthorhombic antipolar structure that appears after

annealing allows for the existence of a radial polarization component, which is directly probed by

piezoresponse force microscopy (PFM) measurements. Observation of the relatively stable

polarization patterns and hysteresis loops via PFM testifies to the local reorientation of molecular

dipoles in the radial direction. The experimental results are complemented with rigorous molecular

calculations and create a solid background of electric-field induced deformation of aromatic rings

and corresponding polarization switching in this emergent material. VC 2012 American Institute of
Physics. [http://dx.doi.org/10.1063/1.3699202]

I. INTRODUCTION

The ordering of molecular dipoles and ferroelectricity in

organic materials are becoming increasingly important in view

of novel opportunities offered in the areas of microelectronics

and microelectromechanical systems, especially for ferroelec-

tric field effect transistors and non-volatile memories.1,2 Many

organic biomaterials, including proteins, peptides, amino acids,

and polysaccharides, have highly organized molecular dipole

assemblies and are frequently piezoelectric due to the presence

of polar bonds and natural asymmetry. Some biomolecules

with bias-induced conformational states also possess true

ferroelectric properties.3 These organic materials having spon-

taneous polarization created by complex supramolecular

assemblies are also important building blocks in modern

nanotechnology.4–6 Compared to inorganic ferroelectrics/pie-

zoelectrics, they are far cheaper, and their structure can be eas-

ily controlled through chemistry, which makes them highly

versatile and flexible. Although not many organic ferroelectric

materials have been identified so far, the past decade has seen

significant progress in the discovery of new organic ferroelec-

trics useful for microelectronics.1,3,7 One of the most interest-

ing materials for nanoelectronic applications belongs to the

class of self-assembled peptide nanostructures.8 Peptide-based

systems are of particular importance from a biological point of

view as models for ion channels, membranes, amyloid fibrils,

etc.9–11 In this group of materials, tube-like structures are eas-

ily formed by the stacking of aromatic rings through the for-

mation of hydrogen bonds between functional groups in the

backbone structure, related to aromatic p-p interactions.12 A

robust self-assembly process in the short aromatic dipeptide

NH2-Phe-Phe-COOH was studied in detail by Gorbitz13–15

and by Gazit’s group.8,11,12,16,17 Recently, it was demonstrated

that peptide nanotubes (PNTs) are also strongly piezoelectric

with the orientation of polarization along the tube axis.18 How-

ever, previous attempts to switch the polarization in this mate-

rial were unsuccessful due to the geometry of vertical

nanotubes and the extremely high coercive field, which did not

allow full polarization switching.19

In this paper, we report for the first time persistent polar-

ization switching and bias-induced polarization patterning in

diphenylalanine (FF) peptide nanotubes annealed at 150 �C
via piezoresponse force microscopy (PFM). We believe that

this observation adds a new functionality to this emergent

material, with potential applications in solid-state memories,

nanoactuators, and nanophotonic devices. The importance of

the demonstrated polarization switching in FF PNTs stems

also from their connection to b amyloid proteins, the crystal-

lized structures formed with Alzheimer disease.12

II. METHODS OF SAMPLE PREPARATION AND
MEASUREMENTS

PNTs were prepared by dissolving the FF building blocks

in lyophilized form in 1,1,1,3,3,3-hexafluoro-2-propanol at a
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concentration of 100 mg/ml. The stock solution was diluted to

a final concentration of 2 mg/ml in ddH2O in order for the

nanotube self-assembly process to occur. The diluted solution

was dried onto a gold coated silicon surface (150 nm Au,

15 nm Cr). The measurements were done with a commercial

AFM (Ntegra Prima, NT-MDT) equipped with an external

function generator and a lock-in amplifier (see Refs. 18 and

19 for more details). We used doped Si cantilevers with spring

constants in the range of 0.02–1 N/m driven at a frequency of

5 kHz.

III. EXPERIMENTAL RESULTS AND DISCUSSION

Fig. 1(a) represents a typical scanning electron micros-

copy (SEM) image of the horizontal PNTs self-assembled at

room temperature on a planar Si substrate coated with gold.

As has been shown in the past,18,19 they demonstrate appa-

rent tubular morphologies and spontaneously self-assemble

in a large variety of dimensions and aspect ratios during so-

lution drying. Piezoresponse force microscopy was then

applied in order to study the local piezoelectric properties

and polarization, as discussed in detail elsewhere.20 In these

measurements, the conducting PFM tip is scanned in a con-

tact mode while an ac voltage is applied between the tip and

a counter electrode. The piezoresponse contrast is acquired

in the form of the mixed signal A cos u, with A being the am-

plitude of the piezoelectric vibration and u being the phase

shift between the driving and detected signals.21 In this way,

polarizations with opposite directions exhibit contrasts of op-

posite signs. Because the vertical PFM did not reveal any ra-

dial polarization component, a lateral PFM was used to

detect shear vibrations (due to the shear piezoelectric coeffi-

cient d15) in the investigated PNTs.18 The strong shear pie-

zoactivity of FF PNTs [d15 of about 60 pm/V (Ref. 18)] is

reflected in the PFM contrast (topography with superimposed

PFM image) as shown in Fig. 1(b), in which two intergrown

tubes are presented. As the scanning was done in the direc-

tion intermediate between the polarization directions of both

tubes, different contrast is shown with domain wall-like

PFM signal reversal at the tube intersection. Piezocontrast

also exhibited electromechanical heterogeneity, revealed as

regular stripes at an angle of about 45� to the tube axis. This

fine structure of the tubes is similar to the sub-fibrillar heter-

ogeneity observed recently in collagen fibers via PFM.22 A

discussion of the internal fine structure of the contrast is

beyond the scope of this paper and is reserved for future

publications.

After the PFM imaging, the as-grown tubes were sub-

jected to heating in a tube furnace to a maximum tempera-

ture of 150 �C. The heating and cooling rates were about

1 �C/min, and the holding time was about 10 min. Figure 2 is

a representative x-ray diffraction (XRD) pattern of the

annealed PNTs (crushed into powder) after this high temper-

ature treatment. For as-grown tubes, the hexagonal structure

(a ¼ 24.071 Å, c ¼ 5.456 Å, c ¼ 120�, and P61 space group;

Cambridge Crystallographic Data Centre (CCDC) file num-

ber 163 340) was indexed in agreement with our own data

and that from the literature.13,19 The XRD pattern obtained

for annealed PNTs is different (Fig. 2), having XRD peaks

of broader width after heating. Based on the crystallographic

analysis, a new (orthorhombic) structure with a ¼ 5.210 Å, b

¼ 24.147 Å, and c ¼ 41.072 Å was identified.19 This struc-

ture corresponds to the antiparallel orientation of the dipole

moments of individual aromatic rings comprising FF PNTs.

In addition, the modified structure (having a zero net polar-

ization in the axial direction) allows for a radial polarization

component as shown below.

The temperature dependence of the tube morphology

and the lateral piezoresponse measured in situ on as-grown

horizontal tubes are presented in detail in Fig. 3. The topog-

raphy and PFM signal were followed while the tube sample

was slowly heated in the PFM setup. We found that the to-

pography of the tubes does not change until 100 �C, and only

at temperatures close to 150 �C do the tubes contract by

about 10% to 12% relative to their initial height. This finding

confirms the occurrence of some structural changes; how-

ever, no collapsing of the tubes or integrity loss were docu-

mented in our experimental conditions, in contrast to a

recent study by Sedman et al.16 The data are more consistent

with the published results of SEM and differential thermal

gravimetry (DTG) observations of nanotubes heated in an

autoclave.23 These measurements have shown that FF PNTs

exhibit DTG peaks (corresponding to a small weight loss of

about 15%) at temperatures of �50 �C and 140 �C, with the

former being due to the evaporation of crystallization water

and the latter to the irreversible degradation resulting from

diphenylalanine loss. Our measurements also revealed an

FIG. 1. (a) Representative SEM image of horizontal as-grown peptide nano-

tubes deposited from the solution. (b) PFM in-plane contrast of intergrown

tubes.

FIG. 2. X-ray diffraction pattern of the crushed PNT powder after annealing

at 150 �C for 1 h.
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irreversible loss of the piezoresponse contrast that is fully

consistent with previous results.19 The gradual decrease of

the piezoresponse signal is attributed to the irreversible

structural phase transition from the hexagonal to the ortho-

rhombic anti-polar phase allowing a radial component of

polarization. It should be mentioned that our data are differ-

ent from those in the recent report by Ryu and Park,24 who

observed linear-to-cyclic phase transformation with a conse-

quent transition from tube to fiber nanostructure. This hap-

pened in an aniline vapor atmosphere via the loss of one

molecule of water per one FF.

Following the topography and PFM imaging, the piezor-

esponse force microscopy was switched from imaging to

switching spectroscopy mode so that the PFM signal was

acquired at fixed positions under dc bias voltage pulses

swept in the range of �100 V<V<þ100 V. The measure-

ment configuration is schematically shown in Fig. 4(a). No

vertical piezoresponse was observed in the as-grown tubes

[Fig. 4(b)], even for the high voltage (�90 V) applied in the

radial direction. This is expected in a hexagonal structure,

which allows the polarization component to exist only along

the axial direction. Surprisingly, annealed tubes demonstrate

completely different behavior: clear hysteresis with a

threshold-like dependence of the radial piezoresponse at

about 30 V. After the first hysteresis, the closed loops were

repeatedly acquired, pointing to the robust polarization

switching in this material. The loop was quite symmetric,

with coercive and nucleation biases of about 60 and 25 to

30 V, respectively. No changes in the PFM signal and topog-

raphy degradation were observed after the multiple loop ac-

quisition (not shown). The existence of two switchable

polarization states is thus confirmed by the PFM measure-

ments in a dynamic regime in which the bias is continuously

swept between positive and negative values (i.e., in non-

equilibrium conditions25). As is well known from the study

of ferroelectrics, a high intensity of the inhomogeneous elec-

tric field created near the PFM tip strongly reduces the poten-

tial barrier and causes domain nucleation and subsequent

FIG. 3. Temperature dependence of AFM and PFM signals. (a) Topography at 25 �C. (b)–(d) In-plane PFM contrast at 25 �C, 100 �C, and 150 �C, respectively.

(e) Comparison of topography cross sections at different temperatures. (f) Comparison of PFM cross sections at different temperatures.

FIG. 4. (a) Schematic of the switching

experiment in the radial direction by

PFM. (b) Piezoresponse hysteresis of lat-

eral signal in as-grown state and after

annealing at 150 �C.
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growth of the ellipsoidal domain into the sample bulk.26 In

equilibrium, the size of the domain depends only on the

value of the maximum applied voltage and can be analyzed

via phenomenological models.25 In order to directly visual-

ize the switched polarization and investigate its stability, the

positive voltage pulses were applied to fixed locations on the

tube surface. Figure 5 shows an example of such a study in

which the topography (vertical scale) and piezoresponse

(color scale) were obtained before and after the application

of a voltage pulse. The topography image demonstrates the

full mechanical integrity of the structure (even after poling

with high voltage) and the practically vanishing piezores-

ponse before poling. Local poling resulted in the apparent

contrast change of an area about 2 lm in size around the

poling point [Fig. 5(b)]. The size of the switched area

strongly depended on the poling voltage and poling time, as

is typically observed in local switching experiments involv-

ing PFM.27 It should be noted once again that the piezocon-

trast shown in Fig. 5(b) corresponds to a radial component of

the polarization not found in the initial structure arranged as

alternating dipoles along the tube axis19 and was induced by

the application of a high bias field, causing apparent rotation

of the aromatic rings, as is demonstrated below.

The effect of polarization relaxation after local poling

was also studied [Fig. 5(c)]. In this experiment, both negative

and positive polarization patterns were written on the same

tube for about 10 s. The piezoresponse in the center of the

poling area was then measured as a function of time immedi-

ately after the poling event. As can be seen from Fig. 5(c),

the piezoresponse decays with time by about 50% of its ini-

tial value within one time decade. This relaxation is signifi-

cantly faster than in conventional ferroelectrics28 and is

comparable to that observed in ferroelectric relaxors.29

Therefore, we used the stretched exponential dependence

(Kohlrausch–Williams–Watts-type) frequently applied for

systems with dipole–dipole interactions30 and in ferroelectric

relaxors (including local measurements)29,31: (d33)eff �
exp[�(t/t0)b], in which t is the time and b and t0 are the relax-

ation parameters (t0 ¼ 76 6 2 min and b¼ 0.50 6 0.02).

Thus the measurements demonstrate the sufficiently high sta-

bility of the written domains and the apparent slowing down

of the polarization decay at long times.

IV. RESULTS OF COMPUTATIONAL MODELING AND
DISCUSSION

In order to rationalize the experimental observations and

further understand the molecular structure of annealed tubes

enabling a radial component of polarization, we performed

molecular simulations of these structures in the virgin state

and under radially applied electrical field. Similar to our pre-

vious work,19 we used the commercial package HypeChem

7.52 (Ref. 32) comprising the quantum-chemical semiempir-

ical PM3 technique and molecular mechanical BIO CHARM

methods for molecular dynamics runs. It was found that co-

operative proton tautomerism7 and the specific properties of

individual FF molecules (e.g., highly mobile torsion

angles13,14 of amino group bonding and easy hydrogen bond

N–H…O formation between FF molecules) result in the for-

mation of a dipole moment D (and corresponding polariza-

tion P) that lies presumably along the OZ-axis of the

hexagonal (i.e., for nonannealed tubes) lattice. The value of

the dipole moment Dz is about 40 D, which corresponds to

the polarization Pz¼Dz/V � 4 lC/cm2, whereas Dx � Dy �
0 [see Fig. S1(a) of the Supplementary Material40 for more

details of the structure]. The peculiarities of the dipole

moment formation in the individual FF tube used for model-

ing are schematically shown in Fig. 6 and Fig. S1(b).40 In the

hexagonal structure, four studied parallel individual FF tubes

form a rigid polar structure19 that is not switchable in either

axial or radial directions. In contrast, for the orthorhombic

structure (annealed PNTs consisting of the same four aro-

matic rings), our modeling simulations predict that all Pz’s

alternate in the antipolar fashion and compensate one

another, resulting in Pz � 0 (see details in Fig. 7(a) and the

Supplementary Material40). At the same time, under radially

applied electric field an uncompensated dipole moment

appears in the XOY plane, leading to a notable polarization

and corresponding radial (vertical) PFM signal. The aromatic

rings and corresponding polarizations under electric field are

schematically represented in Fig. 7(a) (see also Fig. S2 and

Tables S1 and S2 in the Supplementary Material40). Figure

7(b) shows the calculated remanent polarization hysteresis

loop generated by our molecular model in the presence of an

external electric field. The modeling results are in qualitative

agreement with the experimental piezoresponse versus volt-

age dependence [Fig. 4(a)]. The calculation results give only

approximate values due to a very complex potential energy

surface and odd behavior of the FF torsion angles.13,14 In

this respect, the complex transformation of the studied sys-

tem in the applied radial electric field is similar to the

unwinding of super-helical molecules (see Fig. S2 and Table

S1 of the Supplementary Material40). But, as evidenced by

the loop shape [Fig. 7(b)], the proposed model can still

reproduce the salient features of the radial polarization

FIG. 5. PFM images of the annealed

tubes before (a) and after (b) poling with

þ200 V over 10 s. (c) Time relaxation

of the PFM signal after poling. The

insets in (a) and (b) show topography

before and after poling.
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switching and thus proves the viability of the suggested

mechanism.

Using our model, we could evaluate the value of the ra-

dial piezoelectric coefficient in the following way. The rema-

nent polarization value Ps obtained via molecular modeling

of FF PNTs is about 0.8 lC/cm2. Further, the calculated

polarizability a was estimated to be about 400 Å3 �
45� 10�39 C m2/V. This value leads to the estimated dielec-

tric constant e � 4 with the use of a Clausius-Mossotti equa-

tion. Though the dielectric constant of peptide nanotubes is

still unknown, this value is consistent with the direct dielec-

tric measurements of pressed nanotube pellets.33 Optimiza-

tion of the PNT structure under the applied electric field

allowed evaluation of the volume change, and thus the elec-

trostriction coefficient relating deformation and polarization

could be also estimated in our model: Q � 33 m4/C2. Using

these values, we could roughly estimate the expected radial

piezoelectric coefficient via a simple linearized electrostric-

tion equation (neglecting the apparent anisotropy of PNTs):

dradial � 2Qee0Ps. This expression provides an approximation

of the value of the longitudinal piezoelectric coefficient in

peptide nanostructures: d � 10 to 15 pm/V. This value is in

line with the experimental data measured on vertical PNTs

(Ref. 19) and is comparable with the value extracted from

Fig. 4(a) using LiNbO3 crystal as a reference.18 Further

studies and calculations of the PFM contrast for anisotropic

case34 are currently in progress.

Using our modeling results and phenomenological

theory, we could also estimate the expected size of polariza-

tion patterns under applied electric field. According to

Molotskii,26 the length lo and lateral radius r0 of the nascent

polarization domain are determined via simple relations (see

Fig. S3 and Annex S1 of the Supplementary Material40)

involving the domain wall energy r and effective force f act-

ing on the domain wall by inhomogeneous electric field pro-

vided by a tip with radius R. For the calculations, we used

domain wall energy values of r � 0.05 to 0.2 mJ/m2 based

on the estimations from our model for the inter-tube FF con-

densation energy. In the calculations, we assumed that the

nominal tip radius value R¼ 10 nm and the dielectric con-

stant e � ea¼ ec¼ 4 (thus neglecting its anisotropy in the

first approximation). Using the already mentioned Molotskii

formalism26 and neglecting the curved geometry of the

tubes, we obtained a rough approximation of the diameter of

the nascent domain in the range of 1000–2000 nm, with the

FIG. 6. Formation of total polarization along the OZ axis in FF PNTs for a

molecular model with an initial state of 2 FF rings: (a) configuration of a sin-

gle F molecule containing single bond and double bond …C¼C�C… moi-

ety, providing the migration of protons (tautomerization). (b) FF molecule

with amino bond, providing high mobility of torsion angles (between atoms

CB7, CA3, C5, N23, CA25) and dipole DFF. (c) Formation of the molecular

rings from 6 FF molecules joined by hydrogen bonds (H-bonds) between FF

molecules. (d) Formation of tubular FF PNT structure joined by H-bonds

between FF rings. The dashed lines denote the N�H…O H-bonding. Red,

oxygen; deep blue, nitrogen; light blue, carbon; gray, hydrogen; yellow

tubes, coil of amino bonding.

FIG. 7. Schematic illustration of the molecular model for individual FF tube

bundles self-assembled after annealing at 150 �C (orthorhombic phase) with

a fully compensated total dipole moment (Ps¼ 0) before poling, then during

poling ( Ps = 0 ) (a), and the resulting remanent polarization hysteresis loop

under varying radial electric field Eel calculated in our model (b).
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value being close to the experimental data shown in

Fig. 5(b).

We also estimated the expected penetration depth of the

electric field zc using well-known phenomenological equa-

tions from Molotskii26 and the minimal equilibrium size of

the nascent domain in the case of PNTs (see also Annex S2

of the Supplementary Information40). Using the parameters

set above, we calculated a zc of about 25 nm for an applied

voltage of 100 V. As the minimum external diameter of the

tubes is about 50 nm [Fig. 1(a)], the artificial domain pene-

trates through the tube wall and could then be stabilized by

the reduced depolarization field.27 Our experimental data

show that the threshold voltage for the formation of a stable

polarized pattern could be as low as 30 V (Fig. 4). For this

voltage, zc is about 11 nm, which is several times greater

than the minimal wall width estimated for the “single wall”

PNT rFF � 25 Å¼ 2.5 nm. This signifies that polarization

domains can be, in principle, stabilized on the surface of

very small nanotubes, thus making them potential candidates

for the organic version of solid-state AFM-based ferroelec-

tric memories.35 The natural advantages of PNTs are their

small diameter and absence of cross-talk in one dimension.

Parallel arrays of the PNTs can be fabricated via the electro-

deposition technique, as recently demonstrated by de la Rica

et al.36 Based on these calculations and the possible

geometry of the parallel array of peptide nanotubes, we can

theoretically access the maximum possible bit density of

PNT-based organic memory. For a pattern diameter �100

nm (poling voltage of 30 V), the memory density (per unit

length) should be close to 107 m�1. In this case, the depth of

the artificial domain l0 is in the range of 400–1000 nm and

thus should penetrate into the tube cavity for PNTs having

an external diameter of about 1000 nm.26 It thus can be con-

cluded that the possible density of a tube array consisting of

parallel individual PNTs 1 lm in diameter is about 107

m�1� 106 m�1¼ 1013 m�2¼ 109 cm�2 (i.e., 1 Gbit/cm2).

This is much less than what has been demonstrated in ferro-

electrics by Samsung37 (sub-10 nm bit size) and by Cho’s

group38 in Japan (1.50 Tbit in.�2 ) using non-linear dielectric

AFM-based detection. Apparently, the storage density can

be improved if smaller tubes are used for the fabrication of

arrays. It should be noted that the abovementioned record

storage parameters were obtained in inorganic materials con-

taining heavy metals (e.g., Pb) and having high melting

points and deposition temperatures. These are fully incom-

patible with modern organic/plastic electronics39 and a tubu-

lar nanostructure can be important for the fabrication of high

aspect ratio nanodevices. Even more prospects for the dem-

onstrated polarization switching are expected in periodically

poled optical devices in which such structures can be used,

e.g., as all-optical switching components for second har-

monic generation.

V. CONCLUSIONS

In this work, we describe local polarization switching that

was observed for the first time by means of piezoresponse

force microscopy in diphenylamine peptide nanostructures

with tubular geometry. Annealed tubes exhibit radial polariza-

tion switching with a threshold voltage of about 30 V and

polarization saturation at ca. 100 V, as evidenced by piezores-

ponse hysteresis loop acquisition. Molecular switching was

modeled via a HyperChem program, and the results were

compared with experimental data. Several important parame-

ters were derived, such as the saturation polarization, coercive

field, dielectric permittivity, electrostriction, and piezoelectric

coefficient. The diameter of the switched polarized patterns

was estimated using the Molotskii model, and the potential of

PNTs as a media for dense ferroelectric memory was assessed.

The discovered polarization switching in peptide nanotubes

could be useful for future organic electronics.
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