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The electronic structure and self-polarization of P(VDF-TrFE) Langmuir-Blodgett nanofilms were

analyzed under temperature-driven phase transitions, according to their thickness, composition,

and structural conformation. Both thermo-stimulated exoelectron emission (TSEE) spectroscopy

and computational simulation, including quantum-chemical calculations from first principles, were

carried out. PVDF and composite P(VDF-TrFE) (70:30) molecular chains as Trans and Gauche

conformers, as well as crystal cells, were modeled for these TSEE analyses. The quantum-chemical

calculations and the computational simulation were based on the density functional theory (DFT)

as well as semi-empirical (PM3) methods. It was demonstrated that the energy of electron states, as

well as the total energies of the studied P(VDF-TrFE) molecular clusters during phase

transformation, is influenced by electron work function and electron affinity. Analysis was

performed by combining TSEE experimental data with the computational data of the molecular

models, demonstrating the effectiveness of this joint approach. For the first time, TSEE was used

for contactless measurements of nanofilm polarization, and characterization of the phase transition.

The proposed new method can be widely applied in nanobiomedicine, particularly in development

of new bone bio-implants, including built-in sensors (new smart nanotechnology). VC 2012
American Institute of Physics. [http://dx.doi.org/10.1063/1.4721373]

I. INTRODUCTION

Ferroelectric Langmuir-Blodgett (LB) thin films, based

on the poly(vinylidene fluoride) (PVDF) and poly(vinylidene

fluoride-trifluoroethylene) (P(VDF-TrFE)) copolymers, have

demonstrated polarization switching phenomena on the nano-

scale, with local ferroelectric polarization reversal on the

atomic-molecular level.1–5 These LB polymer films are now

being widely explored, using various techniques, including

nanoscale characterization by piezoresponse force micros-

copy (PFM).6–11 They are of interest as novel prospective fer-

roelectric nano-materials for applications in nanotechnology

and microelectronics, data storage, and new non-volatile

memory cells.12 In biomedicine and nanomedicine, they are

promising components of various nanocomposites due to

their acoustic and piezoelectric properties, and have a high

compatibility with many organic and biological molecules

and tissues.13–18 Nevertheless, many of the important physi-

cal and structural properties of PVDF copolymer thin films

are not yet clearly understood. This is especially true for

polarization switching phenomena in various conditions and

compositions. One promising idea is to use actuators made

from biocompatible PVDF piezoelectric materials. Such an

actuator could be placed onto a bio-implant’s surface, to

encourage bone growth by electrical and mechanical stimula-

tion of osteoblast cells,19,20 due to the high surface charge—

polarization of PVDF and P(VDF-TrFE). As such, they are

similar to recently developed highly polarized (surface

charged) hydroxyapatite (HAP).21,22 It has been showed that

the number of attached osteoblasts sharply increases on the

negatively charged HAP surface.23

It is well known that in ferroelectrics, polarization is

coupled with piezoelectric constants.24 The use of PVDF

means that the mechanical stimulation of bone growth

depends on the amount of electrical energy applied, and that

bone growth can be stimulated in different directions by

changing piezoelectric constants. This concept of smart

structures can be adapted to other active devices. In this

case, it is necessary to know the mechanisms of charging

(polarization formation) and to be able to control them. It is

important not to distort the dynamics of the behaviour of the

controlled object during analysis.

Such non-contact measurements of the surface charge

(polarization) can be performed by the method of thermo-

stimulated exoelectronic emission (TSEE),25–27 which allows

us to measure changes in work function, and determine the
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value of surface charge (polarization). For correct determina-

tion of the polarization, it is necessary to have a correspond-

ing correct molecular model for the mechanisms of the

processes occurring in the surface layers of the sample. For

this reason, computational modeling from first principles and

studies for several structures of the PVDF and P (VDF-TrFE)

molecular models at different phase conformations—trans

(T) and gauche (G)—have been performed. The appropriate

structures of the two states of the sample—in a polar ferro-

electric phase and a nonpolar paraelectric phase—were deter-

mined, corresponding to the molecular models of P(VDF-

TrFE) crystal cells in the trans and gauche conformations.

The data thus obtained allow us to calculate electronic spectra

and construct diagrams of energy bands for these two differ-

ent phases, as well as determine the band gap (forbidden

energy band) and its changes during phase transition. It is im-

portant to note that the variations in these parameters depend

on the internal electric field which appears on the surface, as

a function of surface charge (polarization). On the other

hand, the changes of the surface charge alter the work func-

tion measured by TSEE, and in different phases (and confor-

mations) these changes have different effects. The model thus

created, based on the energy band structures and their

changes during phase transition, allows non-contact measure-

ment of polarization through the work function data, meas-

ured by TSEE.

In this paper, we report on our studies of the polarization

properties of P(VDF-TrFE) copolymer films by the use, for

the first time for these purposes, of a novel contactless

method—TSEE analysis,25–27 coupled with molecular model-

ing from first principles. These studies continue the series of

our previous investigations of ferroelectric and nanoscale

properties of thin LB PVDF copolymer films.11,16–18 The pro-

posed new method can be widely used in bionanomedicine,

particularly in the development of new bone bio-implants,

incorporating built-in sensors (new smart nanotechnology).

II. EXPERIMENTAL DETAILS

The preparation, structure, phase transitions, and ferro-

electric properties of P(VDF-TrFE) films prepared by LB

method were described in detail in Refs. 1–3. They manifest

spontaneous polarization Ps� 0.1 C m�2 in the polar “2 mm”

orthorhombic phase (according to standard crystallographic

classification). At 80–100 �C (depending on the proportion

of VDF to TrFE), the copolymer passes into the nonpolar

“6 m” hexagonal phase via a first-order phase transition.

High-quality thin films of ferroelectric P(VDF-TrFE) (70:30)

were produced by the LB method using the horizontal Scha-

fer variation of the LB technique. The optimal surface pres-

sure on the isotherm chosen was 6 mN m�1. P(VDF-TrFE)

powder from Piezotech Inc. of concentration 0.1 g/l was

used. The samples were prepared in Saarbruecken and had

structures formed from 10, 20, 30, and 50 depositions onto

the glass substrate.4,5 For this work, we used the samples

with 10 and 30 depositions from this series. Film thickness

was determined by both ellipsometry4,5 and atomic force

microscopy (AFM) techniques.6,11 For the prepared samples,

it was determined that one transfer corresponded to one

monolayer (ML) with an average thickness of 0.5 nm.4,5

For structural characterization of the films in this work,

atomic-resolution scanning tunnelling microscopy (STM) was

used, the images showing that the films had excellent crystal-

line structure with the polymer chains parallel to each other in

the plane of the film. The structure of LB films has previously

been studied by means of x-ray and neutron diffractometry, as

well as STM.1–3 Additionally, AFM, and especially PFM, was

used for detailed structural characterization of the films’ sur-

face and width. Such PFM measurements were performed,

and both topography and piezoelectric images taken at the

University of Aveiro using a commercial scanning force

microscope (Multimode, Nanoscope IIIA, Veeco) equipped

with a function generator and lock-in amplifier.6,11 No piezo-

electric contrast or domains could be found on the piezoelec-

tric image before application of a voltage (writing), just a

weak background signal that could be due to either self-

polarization of the surface layer or an apparent signal gener-

ated by the contact potential difference between the tip and

bottom electrode.11

Thermo-stimulated exoelectron emission was recorded

with a photoelectron emission spectrometer for measure-

ments in a vacuum chamber with a pressure of 10�4 Pa. The

heating rate of the samples was 0.4 �C/s. When necessary,

additional photo-stimulation of samples was provided by

ultraviolet (UV) illumination from a deuterium source

(DDS-30 D lamp). The required photon energy was selected

by means of a SF-26 monochromator. The frequency width

did not exceed 0.08 eV. The values of measured work func-

tion U were estimated with an uncertainty that did not

exceed 60.04 eV. For measurement of the electron emission,

a very sensitive electron detector was used. The secondary

electron multiplier had a noise current of 0.1-1 electron/s.27

III. TSEE: RESULTS, ANALYSIS, AND DISCUSSION

Thermo-stimulated exoelectron emission analysis has

been employed for the measurement of polarization of

P(VDF-TrFE) specimens in a novel non-contacting mode.

TSEE is very suitable method for the characterization of the

surface electronic structure of P(VDF-TrFE) films with dif-

ferent thickness and compositions. TSEE from dielectric and

non-metallic materials is typically provided by the thermo-

electron emission mechanism,25–27 with the temperature (T)

dependent processes in the emitter being the modulation fac-

tor of the electron emission current (I). In the case of ferro-

electric PVDF or P(VDF-TrFE) films, the polarization/

depolarization follow this modulation factor. Therefore, the

features of the I(T) behavior also characterize depolarization

of the P(VDF-TrFE) film. In the case of our ferroelectric thin

films, deposited on the dielectric glass substrate (without any

metallic electrodes), the electron energy zone distributions,

their tilt and shift, are schematically presented in Fig. 1.

The TSEE spectra of P(VDF-TrFE) films, having thick-

nesses of 10 (10 ML) and 30 (30 ML) monolayers (or with

�5 nm and �15 nm thickness, respectively) deposited onto a

glass substrate, were measured. The TSEE spectra are shown

in Fig. 2(a). The 30 ML film demonstrates a maximum (at
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Tmax¼þ100 �C), in contrast to the 10 ML film. This means

that the 10 ML film does not undergo any reorganization and

polarization under heating, while the 30 ML film does.

Because both P(VDF-TrFE) and the glass substrate are insu-

lators, the electrons could escape from both P(VDF-TrFE)

and the glass local states, and so there is not enough T to pro-

vide thermo induced emission from the valance band for the

10 ML film. Taking into account the thermo electron emis-

sion mechanism of TSEE, the maximum in 30 ML could

have resulted from competition between the increased proba-

bility of thermo emission and the decreased density of the

electrons in the local states; both of these processes are being

driven by T. When T<Tmax, the emission of electrons is

influenced by the electrical field of polarization (self-polar-

ization). However, at T>Tmax, the thermally induced depo-

larization “switches off” the electrical field. In this case, the

thermo emission electron work function U should become

smaller. To verify this, the value of U was estimated using

the following equation for the thermo emission current:

ln
I

T2
¼ ln A� U

kT
; (1)

where A is the emission coefficient, and k is the Boltzman con-

stant. The plots of (1) for the 30 ML film are presented in

Fig. 2(b). The values of U calculated from Fig. 2(b) were equal

to 1.97 eV at T<Tmax, and 0.72 eV when T>Tmax. This

result (the decrease of U when T>Tmax) supports the model

proposed above. Moreover, the temperature induced depolari-

zation corresponds with the change of the potential, UP¼ 1.97

� 0.72¼ 1.25 eV. The corresponding internal electrical field,

EP, with a distance x equal to 15 nm (30 ML) can be calcu-

lated: EP¼ 1.25 eV/15 nm¼ 0.083 eV/nm¼ 8.3� 105 eV/cm

¼ 0.83 MeV/cm. This electrical field resulted from the 30 ML

P(VDF-TrFE) film’s internal self polarization.

This polarization in P(VDF-TrFE) films shifts the elec-

tron energy zones and the thermo-electron work function, U,

as well electron affinity, v, for the case of a plane model of

thin P(VDF-TrFE) film with thickness x, as represented in

Fig. 1. The resultant change of the electron potential energy,

/(EP), could be written as the following:

/ðEPÞ ¼ �EP � x ¼ �
P

2ee0

� x; (2)

where e is the dielectric relative permittivity, and e0¼
8.8541878� 10�12 C/Vm (permittivity of free space). There-

fore, the spontaneous polarization, P, inside this P(VDF-TrFE)

FIG. 1. Schematic of energy zones, and their shift

under the influence of an electric field, from polar-

ization of PVDF or P(VDF-TrFE) thin films depos-

ited on a glass substrate: U, thermo-electronic

emission work function; v and veff, affinity and the

effective affinity of an electron; /, energy of elec-

tric field EP inside of PVDF or P(VDF-TrFE) film

with polarization P and thickness x; EF, energy of

Fermi level; Ec and Ev, energies of the conductance

and the valence bands in the PVDF or P(VDF-

TrFE) film.

FIG. 2. TSEE spectra of the P(VDF-TrFE) films deposited on the glass sub-

strate: (a) the P(VDF-TrFE) films with a thickness of 10 (10 ML) and 30

(30 ML) monolayers; (b) the fitted lines of Eq. (1) for the 30 ML film.
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film could be expressed in absolute values as P¼ 2ee0EP.

For 30 ML P(VDF-TrFE) films having a thickness of

x¼ 15 nm, the polarization value, estimated for e� 10 (see,

for example, e data from Refs. 1, 2, and 28–32 for P(VDF-

TrFE)), is P¼ 0.0147 C/m2� 1.5 lC/cm2. From4,5 data (for

a similar 30 ML P(VDF-TrFE) (70:30) sample with a

thickness of d¼ 16.3 nm (at T¼ 273 K)), polarization was

�5–7 lC/cm2. However, these data were directly after

polarization in an applied electrical field, while in our case

we have data without an applied electrical field (self-polar-

ized), and after a long relaxation time. It is known that in

similar PVDF films, with a relaxation time of � 1 h the

polarization value decays by 40%–50%,3,4 so these

reported values could be expected to lower to �2–3 lC/

cm2 after 1 h, and after long storage periods P may

decrease to �1 lC/cm2, which is close to the value in our

case.

An attempt was also made to polarize the 10 ML film,

by radiating the specimen with UV light. Simultaneously, an

uncoated glass substrate was radiated and tested by photo-

electron emission analysis, to estimate an increment of the

induced electrical field, the photoemission work function,

Upe, being the index of this. Upe was derived using the photo-

emission current, Ipe, equation:

Ipe ¼ ðEp � UpeÞm; (3)

where Ep is the energy of the photon, and m is a power

index.

UV radiation increased the value of Upe from 5.1 eV to

5.2 eV, meaning that the surface of the glass substrate had

been charged negatively (see Fig. 1). After this UV radiation,

the TSEE of this P(VDF-TrFE) sample demonstrated a maxi-

mum at Tmax¼þ120 �C (Fig. 3(a)). The lines (1) for the 10

ML film are shown in Fig. 3(b). The values of U calculated

from Fig. 3(b) were equal to 1.34 eV at T<Tmax and 0.08 eV

for T>Tmax. Again, the result (decrease U when T>Tmax) is

in favor of the TSEE model above. Because UV radiation pro-

vided the potential by 5.2 – 5.1¼ 0.1 eV, the true potential

from the P(VDF-TrFE) film is equal to 1.34� 0.1¼ 1.24 eV.

Therefore, the temperature depolarized the film from 1.24 eV

to 0.08 eV, i.e., UP¼ 1.16 eV, corresponding to the electrical

field of polarization, EP, for a distance of x¼ 5 nm (10 ML),

giving EP¼ 1.16 eV/5 nm¼ 0.232 eV/nm¼ 23.2� 105 eV/cm

¼ 2.32 MeV/cm. As result, the P(VDF-TrFE) sample with

10 ML, which had no initial P, demonstrated a polarization

with EP� 23.2� 105 V/cm from TSEE measurements, after

UV radiation.

Comparing this number with the 8.3� 105 V/cm

obtained for the 30 ML P(VDF-TrFE) film, one can conclude

that

1. The 30 ML P(VDF-TrFE) film, in contrast to the 10 ML

one, is self polarized.

2. The 10 ML P(VDF-TrFE) film has a capacity for polariza-

tion induced by UV radiation with an induced polarization

2.8 times higher than that of the 30 ML self polarized film.

The corresponding value of polarization for the10 ML

film (for e¼ 10) is P¼ 0.0418 C/m2¼ 4.2 lC/cm2. This

value agrees with the previously reported measured polariza-

tion data for similar samples of �4–6 lC/cm2.4,5

This also explains why these values of induced P for 10

ML films are larger than our data for a 30 ML self polarized

sample, while usually the sample with more MLs would be

expected to have the greater polarization. The radiation

excites electrons to a conductance band in the glass substrate

(charging the glass surface with negative potential), and also

from the P(VDF-TrFE) valence band, because for PVDF and

P(VDF-TrFE) the energy gap, Eg, �5.1–5.6 eV,31–37 close to

the energy of the photons used (Epe � 5.2–5.3 eV). However,

data on various glass types show an energy in the order of

Epe � 6–12 eV,38 and only in the case of glass with a Fe2O3

admixture does Epe � 5.3–5.4 eV. This suggests that the

excited electrons which occupied conductance bands were

mainly from the region of the thin P(VDF-TrFE) film.

Another possibility connected to the existence of trapped

levels close to the bottom of the conductive band (i.e.,

P(VDF-TrFE) as a n-type semiconductor) is discussed in

Sec. IV.

However, it must be emphasized that our direct experi-

ments with an uncoated glass substrate showed that its sur-

face was negatively charged after UV illumination.

Therefore, excited charges from the glass also contribute

negative surface charges to some degree. Because the

P(VDF-TrFE) films are very thin, photons could easily pass

through, and so it may be that a large part of the contributed

charge arises from the glass. On the negatively charged glass

substrate, the P(VDF-TrFE) chains are immediately oriented

perpendicular to the substrate when an electric field it

applied—with the positively charged hydrogen atoms

attached to the glass substrate, and the negatively charged

FIG. 3. TSEE spectra of the 10 ML P(VDF-TrFE) films deposited on the

glass substrate: (a) the 10 ML P(VDF-TrFE) films before and after radiation;

(b) the fitted lines of Eq. (1) for the 10 ML film.
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fluorine atoms repelled from the glass. As a result, stable

spontaneous polarization arises within P(VDF-TrFE) films,

which can be detected by the TSEE spectroscopy method.

IV. MOLECULAR MODELING, COMPUTATIONAL
ANALYSIS, AND DISCUSSION

To explain these measured data and understand better

the peculiarities of the PVDF and P(VDF-TrFE) copolymer

molecular structures with regard to the different phase con-

formations, we performed molecular modeling and simula-

tions using HypeChem 7.52 (Ref. 39) as well 8.0. We

studied the dependences of the PVDF and P(VDF-TrFE)

electrical properties (dipole momentum, polarization, ener-

gies of electron subsystem, as well as total energy of sys-

tems), both with and without applied electrical field, for

molecular models of PVDF and P(VDF-TrFE) ferroelectrics

with different lengths of the molecular chains and various

conformations. The various computational methods were

used, including first principles density functional theory

(DFT) and semi-empirical calculations (such as PM3), as in

restricted Hartree-Fock (RHF), as well in unrestricted

Hartree-Fock (UHF) approximations. To obtain a better

proof of results, we used various DFT methods, which are

accessible in the HyperChem package, such as many-

parameter exchange-correlation functional method HCTH98

(by Handy et al.40), Becke-88 functional41 with Lee-Yang-

Parr (LYP) correlation functional,42 and Perdew-Wang-91

exchange functional43 in combination with the fastest and

most suitable PM3 semi-empirical method.39 We used all of

these for comparison of data. Both DFT approaches and the

semi-empirical methods are widely used now, and have

developed very rapidly,44,45 but each have their own

strengths and weaknesses. Because of this, it is an important

practice to consider the most effective combinations of these

different approaches.

We constructed and explored several minimal structural

building blocks containing the two main (P¼ 2) PVDF

copolymers –CH2–CF2–, or monomer units with TrFE varia-

tions, and for different conformation phases—trans (T) and

gauche (G). We studied models with various lengths, and

corresponding monomer number, P, variation, of the VDF

copolymer units, including TrFE components (used to model

P(VDF-TrFE) at a 70:30 ratio), and different conformations

(T and G). We used, compared and analyzed both computa-

tional approaches. The details of these studies are prepared

now for separate publication, but it was clearly shown that

all computed data had a good agreement with those previ-

ously published,16,17,31–37 which confirmed the validity of

our computational approaches.

However, the main result, essential for the computational

analysis of the TSEE experimental data in this paper, was the

following: The computed energies of lower unoccupied mo-

lecular orbital (E LUMO) and electron affinities (EA, which

corresponds to measured v), especially their changes, are

very close both for semi-empirical PM3 calculations and for

DFT approaches (see Fig. 4). The energies of the highest

occupied molecular orbital (E HOMO) and forbidden energy

gap (Eg¼E LUMO � E HOMO), computed by these two

methods, are not in such good agreement, but their trends

with increase in the number of monomer units in the PVDF

and P(VDF-TrFE) polymer molecular chains are very similar,

and have a good accordance with other published data. The

results of DFT HCTH98 as well PM3 calculations are shown

in Fig. 4 for E LUMO data, Fig. 5(a) for Eg, and Fig. 5(b) for

E HOMO data. It can be seen that in an increase in the num-

ber of main polymer units leads to a decrease of energies for

both E LUMO and Eg (Figs. 4 and 5(a)), corresponding to

known data.16,17 It is true for both methods used (PM3 and

DFT), but while the E HOMO for PM3 is approximately

twice the magnitude of that for DFT (Fig. 5(b)), the E LUMO

energies are very similar for both methods (Fig. 4). From the

data, we can conclude that for large chains (with numbers of

units �5–10) there is little change in energy with increasing

number, and for E LUMO there is little difference between

the PM3 and DFT methods, although this is clearly not true

for Eg or E HOMO (Figs. 4 and 5). In both E LUMO and

E HOMO, the energy for various conformations is greater for

T than for G, and is greater for PVDF than for P(VDF-TrFE).

E LUMO reaches values of �0.5 eV for �10 chain units.

Moreover, for large chains of P(VDF-TrFE)-T, the E LUMO

values reach zero and even have a negative value for the G

confirmation of the largest P(VDF-TrFE) chains (Fig. 4).

Based on these modeling data, by looking at Eg in

Fig. 5(a), we can conclude that the greatest influence on the

P(VDF-TrFE) chains of number >2 is due to the phase tran-

sition from T to G through additional thermo-excitation of

the electron subsystem. This is connected directly with the

E LUMO energies, corresponding to the bottom of the con-

ductance band Ec and to the energy of EA (or v in Fig. 1).

Because the electron affinity and corresponding E LUMO

energies are the most essential for the TSEE method used

(i.e., the thermally excited electrons are emitted from the

bottom of the conductive band or from the E LUMO level),

we will focus on these points for the rest of this paper, using

from now on the PM3 method, as was the fastest for these

calculations.

For a deeper understanding of this process, we devel-

oped a model of the crystal cell, consisting of 10 monomer

units in each polymer molecular chain, which corresponds to

known data.1–7,11,16,17 The resulting P(VDF-TrFE) double-cell

FIG. 4. Dependence of energies E LUMO vs. numbers of polymer units for

different conformations (T and G), computed by various methods.
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structure models in both the trans (T) and gauche (G) confor-

mations are shown in Fig. 6. We used the known cell parame-

ters of a¼ 0.858 nm, b¼ 0.491 nm.1–6,16,28,29 E LUMO,

computed by the PM3 method, was ��1.568 eV (and E

HOMO ��10.51 eV) for the stable T conformation of this

model. The value of the total dipole moment, computed for

this double-cell model in T phase, preferably oriented in the

OY direction (corresponding to being perpendicular to the sur-

face of a negatively charged glass substrate in the experimen-

tal conditions described above), is Dt � Dy � 88.4 D (in

Debye units). The total volume of this double-cell molecular

cluster, VT, is �1844.42 Á̊3, and the value of the correspond-

ing polarization, P � Py � 0.16 C/m2, compares well with

known data.1–7,16–18 The phase transformation to G phase,

with a fully compensated dipole moment Dt � Dy � 0 D for

the total double-cell volume VG � 1838.17 Á̊3, gives a zero

value for the total polarization, P � 0 C/m2. Values of the

energies for G phase, computed by PM3, are the following: E

LUMO � 0.0293 eV and E HOMO � �9.334 eV. Diagrams

of these energy levels are presented in Fig. 7.

Therefore, from T to G we have a rise in E LUMO, with

D(E LUMO) � 1.597 eV, and arrive at a near-zero final value

of E LUMO, and a similar value for the electron affinity. If we

compare these data with the TSEE experimental values above,

we can see that the general order of values and the trends of

their changes are verified (e.g., for the second sample we have

a change of the work function from �1.24 eV to �0.08 eV, an

affinity rise of �1.16 eV). Because for TSEE the contributions

of the thermalized electrons are the most essential, these elec-

tron energies play the key role in the TSEE processes.26

Although the E HOMO computed by PM3 lies lower than that

from DFT, the Eg obtained by PM3 is wider than that from

DFT; nevertheless, the behavior and variation of the energies

under phase transition from the T to G state of the modeled

P(VDF-TrFE) have the correct features. That is, the energy of

forbidden zone Eg is wider and all electron energies increase.

The details of the changes of electron bands under an electric

field for the transition between T and G states are shown in

Fig. 7: E HOMO, E LUMO (¼EA), Fermi energy EF as half

of forbidden zone Eg, as well the thermo-electron work func-

tion energy as sum of EF and EA (or E LUMO).

The change of the total energy of the system for the mo-

lecular cluster in Fig. 6, consisting of 280 atoms (for the

FIG. 6. Model of the P(VDF-TrFE) cell in two conformations: (a) trans (T),

(b) gauche (G).

FIG. 5. Energy dependence vs. numbers of polymers units: (a) energies of

the forbidden zone Eg; (b) energies of the E HOMO.
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model of the P(VDF-TrFE) molecular cluster with 8 chains,

C11F14H10, with (VDF:TrFE) content of 70:30, and for T and

G conformations), is DET�G � �1.97 eV, ��46.5 kcal/mol,

during phase transition. The equivalent total enthalpy change

is �58.18 J/g for the molar mass Mc¼ 3265.424 g/mol of

these modelled systems.

The total energy is going down through transformation

from T to G phase. However, because this transformation

leads to a change in the configuration of each molecular

chain and the total volume (volume in T state VT¼ 1844.42

Á̊3, while in G state volume VG¼ 1838.17 Á̊3), for a correct

comparison we must look at the change in the energies den-

sity. This gives the following: EvT¼�33.05034 eV/(Á̊3),

EvG¼�33.16379 eV/(Á̊3), DEv(T�G)¼�0.1135 eV/(Á̊3), or

DEv(T�G) � �2.62 kcal/mol per volume. These changes cor-

respond to the enthalpy of process DH � �3.35 J/g (per vol-

ume unit, for the corresponding molar mass Mc, above). All

these data compare well with many published values37,46–50

and correspond to the T-G phase transition in the P(VDF-

TrFE) (70:30) structure and crystal cell.

From other side, it is known that P(VDF-TrFE) has

n-type semiconducting properties with corresponding energy

of the Fermi level EFn, which is different from EF in the mid-

dle of Eg, and is closest to the upper conductance band’s

lowest energy, Ec, or E LUMO3,5,51,52: EFn � 0.8–0.4 eV <
EF � 2–4 eV (Fig. 7), shifted to the bottom of the conduct-

ance band (Ec and corresponding E LUMO energy). In this

case, it is evident that after UV irradiation (with photon of

energy Epe � 5.2 eV–5.3 eV, close to the energy Eg �
5.1–5.6 eV31–37) these n-type levels would be excited and

trapped as well. Consequently, the second irradiated P(VDF-

TrFE) sample must manifest photo-ferroelectric53 properties

in this case.

This fact has real evidence here. If we analyze in more

detail the TSEE spectrum data, compared with calculated

energy levels (see Figs. 1, 2, 3, and 7), we can see that for the

second sample, the thermo-emission electron work function

energies U are shifted by the value of /Q � 0.64 eV (in com-

parison to the first non-irradiated sample). Looking at the

TSEE peak, after Tmax the shift is �0.72 � 0.08¼ 0.64 eV,

and before Tmax the shift is �1.97 � 1.34¼ 0.63 eV. These

are equal values if we ignore the 0.1 eV change on the glass

surface, as mentioned above. This means that in these both

cases (before Tmax¼ in T state and after Tmax¼ in G state),

for the second sample, an additional electric field exists inside

the sample (from trapped charges in the surface levels) and

has shifted all energy levels of system down in comparison to

the “pure” ideal system without these additional levels (see

Fig. 7). This field corresponds to the following estimated den-

sity of the surface charges: NQ� 7� 1012 1/cm2, which is

very reasonable value53 for common photo-ferroelectric mate-

rials. Therefore, our proposed model can also explain very

well the photo-ferroelectric phenomenon, and this is an addi-

tional justification for the proof and validity of the computa-

tional approach developed for TSEE data analysis.

V. CONCLUSIONS

New developed computational molecular models of the

PVDF and P(VDF-TrFE) ferroelectric polymers, especially

the double-cell cluster model, are very useful for studies of

the physical properties of this material at the nanoscale, and

give us new data on the total energies, as well as for impor-

tant electronic orbitals. The essential feature of the proposed

model is that it can describe the phase transformation of

these ferroelectric polymers from trans to gauche conforma-

tions and obtain the actual changes of the electronic energies

and polarization. These data also compare well with experi-

mental data. Most importantly, with this method and con-

structed model we can use a new application for the TSEE

technique.

This new TSEE technique, in conjunction with these

molecular modeling approaches, allows us to obtain the

value of polarization, as well the data about electron affinity

FIG. 7. Schematic of energies zones and their

shift under influence of the electric field during

phase transition between trans and gauche confor-

mations. EA, electron affinity; E HOMO and E

LUMO, highest occupied and lowest unoccupied

molecular orbital, respectively; Eg, forbidden en-

ergy gap (E HOMO � E LUMO); Ef0¼Eg/2; U,

the energy level of the thermo emission electron

work function (U � Eg/2 þ EA � Eg/2 � E

LUMO).
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and work function, of P(VDF-TrFE) samples undergoing the

phase transition from T to G conformation when heated. The

main advantage of this TSEE method is that it is a non-

contact measurement, with no electrodes required, which can

be very important and necessary for some applications. For

example, in nondestructive in situ monitoring of a bone

implant, especially with built-in sensors, it could give new

information very necessary for control and further manipula-

tions. Novel, smart nanobiotechnologies such as this could

have wide ranging applications in contemporary and future

nanobiomedicine.
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