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Modification of poly(vinylidene fluoride) (PVDF) directly during radiation exposure was investigated
using core level spectroscopy. The strongly non-equilibrium condition of PVDF was studied. The high-
resolved C K-edge NEXAFS spectra of poly(vinylidene fluoride) have been measured. The spectra
modification due to the polymer degradation caused by monochromatic synchrotron radiation has been
revealed. Residual fluorine content was monitored using x-ray photoelectron spectroscopy. The study has
shown a significant modification of PVDF chemical content and electronic structure in the course of
carbonization under synchrotron radiation. Gradual defluorination of the PVDF sample takes place
during irradiation with enrichment of carbon skeleton with hydrogen. In the initial stages of radiative
modification, defluorinated system is inhomogeneous and changes under the influence of two simul-
taneous processes: photochemical defluorination and diffusion of unbounded fluorine atoms to the
sample surface.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Poly(vinylidene fluoride) (PVDF) film is a promising raw mate-
rial to produce a variety of carbonized derivatives on its surface
using chemical treatment, ion and electron bombardment, and X-
ray irradiation [1-5]. Dehydrofluorination occurs in all cases
without scissions of the carbon backbone thus opening a possibility
to create ‘naked’ carbon chains. However, one could expect the
formation of not only nanoscaled one-dimensional sp'-carbon, but
also graphite- (sp?) and diamond-like (sp?) clusters due to probable
cross-linking of the chains. The proportion of each of these phases
can affect specific properties of the modified polymer surface
depending on the chemical treatment duration, peculiarities of
bombardment and radiation dose. One-dimensional carbon struc-
tures are expected to become promising materials for future ap-
plications in microelectronics, microwave and electrical
technologies, medicine, etc [1,6]. In our earlier work, it has been
shown that during deep carbonization of PVDF under X-ray
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radiation in ultrahigh vacuum the cross-linking effects are negli-
gible [7]. Process of radiative release of fluorine and hydrogen is in
general similar to photochemical reactions, namely to photodis-
sociation reactions [8]. X-ray photon absorption by carbon atoms of
PVDF chain results in transitions of electrons responsible for
binding carbon and fluorine\hydrogen atoms to antibonding orbital
in conduction band. In this case, these fluorine or hydrogen atoms
can leave polymeric chain of PVDF [9,10]. Arisen metastable state of
the chain is named carbyne-like structure [1]. Photon irradiation of
PVDF could even result in chain disruption. The rate of such radi-
ative conversion is proportional to the intensity of the electro-
magnetic radiation and the quantum yield of the reaction [8].
Synchrotron radiation (SR) has extremely high intensity, hence SR
leads to significantly fast photodissociation that the removal of the
reaction products from the sample volume is backward the gen-
eration of these products. As a result, constituents of radiative
decomposition in form of hydrogen, fluorine and their compounds
can accumulate in polymer (especially in near surface area) [11].
Elevated concentration of reagents in the bulk and on the surface
furthers reverse process of hydrogen and fluorine bonding to the
polymer chain with creation of new polymeric forms.

Near-edge absorption fine structure (NEXAFS) spectroscopy
makes possible to investigate radiative degradation of PVDF
directly during irradiation [12,13]. Though spectra showed in those
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articles had low resolution, nevertheless it has revealed a very
important feature of the degradation process: creation of double
carbon—carbon bonds into the backbone chain of PVDF due to the
effective desorption of hydrogen and fluorine induced by the irra-
diation of photons corresponding to the transition between C 1 s
core level and ¢* unoccupied states in conduction band. New peak
at photon energy of 285 eV appears in the C 1 s absorption spec-
trum of degraded PVDF sample, which is about 3 eV lower than that
of the lowest peak in the C K-edge NEXAFS spectrum of the pristine
PVDF film. The appearance of the new peak of irradiated PVDF film
is assigned to the creation of m* orbitals. A similar effect was
revealed also in Ref. [12]. On the other hand in Ref. [3] has been
shown predominant elimination of Hy as well as simultaneous
release of hydrogen and fluorine as a molecular HF from the PVDF
surface under synchrotron x-ray radiation in wide energy range
~0.5—-2.0 keV centered at ~1.2 keV. This fact may testify to
different mechanisms of PVDF radiative carbonization depending
on photon energy and gives a wide and exciting field for research
activities.

Besides there are no papers dealing with analysis of the C K edge
spectrum modifications during degradation in connection with the
residual fluorine content. The last parameter could be necessary to
monitor a degree of the surface carbonization before and after each
absorption spectrum recording. Therefore, the goal of the present
study was to investigate the modification of poly(vinylidene fluo-
ride) directly during radiation exposure using core level spectros-
copy. The strongly non-equilibrium condition of PVDF was studied.
One of the aim was to obtain high-resolved C K-edge NEXAFS
spectra of PVDF and to reveal spectra modification due to the
polymer degradation caused by monochromatic synchrotron radi-
ation with monitoring of the current residual fluorine content using
x-ray photoelectron spectroscopy (XPS).

2. Materials and methods

The PVDF samples studied were partially (~50%) crystalline
Kynar films (Atofina, France).

All the measurements have been done in Helmholtz Zentrum
Berlin fuer Materialien und Energie at the Russian-German beam-
line of the electron storage ring BESSY Il (Berlin, Germany) [ 14]. The
samples for x-ray absorption and photoelectron measurements
were prepared in air. The PVDF samples were 50 um thick and
10 x 10 mm? in size. The films were fixed on cupper sample holders
to prevent the charging effect.

The NEXAFS spectra were obtained by recording the TEY of the
x-ray photoemission in the mode of measurement of the drain
current of the sample by varying the energy of incident photons. All
x-ray absorption and photoelectron spectra were measured under
ultrahigh vacuum ~2 x 1072 Torr. The sample was adjusted to the
synchrotron-radiation beam with the use of visible light reflected
from the diffraction grating of the monochromator in the Oth
diffraction order. The samples were located at an angle of ~45°
with respect to the incident beam of monochromatic radiation. The
size of the focused spot on the sample was ~0.2 x 0.1 mm?.

The energy resolutions AE of the monochromator in the range of
the C 1s x-ray absorption edge (hv ~ 285 eV) was equal to 70 meV.
The x-ray absorption spectra were normalized with respect to the
incident photon flux, which was monitored by recording the TEY
from the clean surface of a gold crystal mounted on the manipu-
lator holder. The hv in the range of the fine structure of the C x-ray
absorption spectra was calibrated against the energy position of the
C 1s x-ray absorption spectrum of HOPG (285.45 eV) [15].

In recording x-ray photoelectron spectra, hv was fixed at
1030 eV. Energy resolution AE of the monochromator with the
200 pm exit slit was 680 meV. Photoelectron spectra of the samples

were measured in the normal photoemission registration mode by
using the Phoibos 150 spherical analyzer from Specs whose reso-
lution in recording the spectra remained equal to 200 meV. The
analyzer was calibrated against energy based on photoelectron
spectra of Au atom 4f75/> electrons. The monochromator was
calibrated by recording the basic photoelectron lines of C 1s spectra
excited by radiation reflected from the diffraction grating in the
first and second diffraction orders.

To control compositions of the samples, survey photoelectron
spectra at hv = 1030 eV within the binding energy (BE) range of
BE = 0—900 eV were measured for all of them. They did not show
the presence of the different chemical contaminations in the
samples. Several samples of each type were prepared; spectra of
each sample were measured with good statistics at several different
points of a sample. In repeating the measurements, we observed
good reproducibility of measurements and high homogeneity of
the samples.

XPS spectra necessary for residual fluorine content measure-
ments were scanned before and after each NEXAFS spectrum
registration. Relative fluorine atomic content F/(C + F) has been
measured from a ratio of integral XPS F 1s and C 1s intensities
taking into account ionization cross sections, the analyzer trans-
mission function and different mean escape depths of these two
groups of photoelectrons:

I
F Tons Ir1sfris-0cis (1)

C+F  lagtas g Il Icys-fors-0r1s + Ip1s-fris-ocis
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where [ is integrated intensity, f is transmission function and ¢ is
ionization cross section. In our case, it was taken:

fp]s 51845~1 3 OF1s

feis  3.3839 Oc1s

Investigation of electron structure modifications of PVDF surface
under photon radiation was made by continuous x-ray photoelec-
tron spectra recording (hv = 1030 eV) during 50 min. It was possible
to record 19 spectra with interval 2.5 min. One scan for each
spectrum was taken.

0.1525
= 0037 412

3. Results and discussion

C 1s NEXAFS spectra for several doses of irradiation are shown in
Fig. 1. Corresponding F/(C + F) values are inserted into the figure
space. For comparison, total DOS in PVDF conduction band ac-
cording the calculations is shown at the bottom of the figure [16].

The NEXAFS shape of the sample after its x-ray exposition dif-
fers from those of HOPG, polyethylene and diamond known from
various sources [see, for example [17—21],]. Nevertheless the
NEXAFS spectra are qualitatively consistent with the lower-
resolved data from Refs. [12,13].

According calculations [16], it is possible to attribute the main
features in the C 1 s absorption spectra as following (see Fig. 1).
Peak A corresponds to electron transitions from 1 s states to 7
states near Fermi level. Features B and C reflect the transitions C1s
electrons to C—H hybridized states in conduction band of hydro-
genated carbon chain [22]. Besides, peaks D and E characterize
electron transitions from 1 s states to C—F hybridized states in
conduction band.

The comparison of x-ray absorption spectra on Fig. 1 allows
making several conclusions. First, the contribution of 7 states in the
spectra (peak A) increases significantly with decreasing of con-
centration of fluorine atoms connected to carbon atoms in chain.
Second, intensity increasing and broadening of peak C corre-
sponding to C—H bonds takes place during the sample irradiation.



178 M.M. Brzhezinskaya et al. / Polymer Degradation and Stability 99 (2014) 176—179

D g ‘C 1s absorption spectra

Absorption (Total Electron Yield)

123 456 7 8 9 101112

Energy (V)

280 285 290 295 300 305 310 315
Photon Energy (eV)

Fig. 1. C 1 s NEXAFS spectra of partially carbonized PVDF film (curves 1-6). All the
spectra are normalized to the intensity of continuous absorption at the photon energy
of 317 eV. Numbers in the right of the curves indicate a consequent relative atomic
ratio F/(C + F). For comparison, total DOS in PVDF conduction band according the
calculations [17] is shown at the bottom of the figure.

Third, intensity of peak D decreases. All these changes in the
spectrum shape could be explained using results of our previous
studies [1]. It implies that breaking of C—F bonds in the PVDF chains
can lead to two alternative results: creating of 7 orbitals or fluorine
substitution for hydrogen.

The measured C 1 s photoelectron spectra are displayed in Fig. 2.
Numbers near curves correspond to defluorination time taken in

Intensity (arb.units)

T ¥ T % T £ T
280 285 290 295
Binding Energy (eV)

Fig. 2. C1s x-ray photoelectron spectra of PVDF film during x-ray irradiation. The
spectra were measured at the photon energy of 1030 eV. Numbers near curves
correspond to defluorination time taken in minutes. The spectrum 1 demonstrates the
example of the fitting.

minutes. Indeed, initial stages of PVDF dehalogenation under x-ray
radiation were investigated. The PVDF C 1 s spectrum has major
broad peak at binding energy BE = 285 eV (A and A’) and two
peaks A1 and B which accompanied the peak A on the higher BE
side. The peaks A1 and B correspond to CF—bonds (peak A1) and
CF,—bonds (peak B). Furthermore, relative contribution of CF states
(peak A1) in the photoelectron spectra increases with increasing of
sample irradiation time according Fig. 2. Using the C 1 s spectrum
fitting, the relative concentration of fluorine atoms bonded to car-
bon atoms in the chain was estimated as:

F . Ing +1p
F+C  Ia+lg+Ia+1g°

(2)

The sum in the numerator is actually proportional to the con-
centration of fluorine attached to the chain. The relative contribu-
tion of CF bonds increases with the time of the sample irradiation.
Note that this partial concentration of fluorine in fact corresponds
to the total concentration, because the weight contribution of
hydrogen is small.

It is interesting to observe time-dependent changes in the
fluorine concentration on the early stages of defluorination. The
experimental results are shown in Fig. 3 (circles). They were ob-
tained using the equation (2). The dotted line represents an expo-
nential function corresponding to the laws of photochemical
reactions under the influence of photon irradiation.

ng = 0.59-exp(—t/tp), (3)

where n}-‘:HLC, tp is a constant of defluorination process
(to ~ 45 min) and coefficient 0.59 means maximal possible con-
centration of fluorine atoms in the ideal PVDF molecule F,C—CH,.

Let us explain this. Density of electronic states of molecules and
polymers is proportional to the material density. Taking into ac-
count the first statement, it is necessary to consider atomic (mo-
lecular) mass of atom, molecule, molecular fragment or whole
molecule “m” for estimation of relative concentration of fluorine in
the sample. According the Periodic table of the elements,
my =1 a.u, mg= 19 a.u. and mc = 12 a.u. Then, m = 64 a.u. for PVDF
molecule and F/(F + C + H) = 0.59375. Therefore, this number is
given in equation (3) as initial one. We note only that it is not
important taking into account hydrogen here or not: F/
(F+ C+H) = F/(F + C).

In Fig. 3 clearly shows that the model dotted line corresponds to
the experiment only since defluorination time ¢ > 20 min. In the
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Fig. 3. Dependence of fluorine concentration on time of photon irradiation.
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first, initial stage of irradiation, the measured concentration values
are much lower than predicted by the photochemical theory.
Growth of fluorine concentration is observed at the beginning and
then the sample surface saturates by fluorine. Explanation of the
observed effect is the simultaneous action of two opposing pro-
cesses on the measured value of F/(C + F). The first and major
process is defluorination which takes place simultaneously in the
bulk and on the surface of the PVDF sample under investigation. The
sample surface almost immediately depletes fluorine under photon
irradiation. The second process consists in fluorine diffusion from
the sample bulk to its surface. As a result of the second process, the
sample surface is enriched by fluorine. After t ~20 min, both pro-
cesses proceed to saturation. At the same time, the first process
starts dominating that means progressive surface defluorination.

4. Conclusions

NEXAFS and XPS study of partially crystalline PVDF film has
shown a significant modification of its chemical content and elec-
tronic structure in the course of carbonization under synchrotron
radiation. The experiment established that:

1. NEXAFS spectroscopy is a sensitive method for investigation of
electron structure modifications of PVDF surface under photon
radiation. The essence of this modification is gradual defluori-
nation of the PVDF sample with enrichment of carbon skeleton
with hydrogen.

2. In the initial stages, defluorination system is an inhomogeneous
and changes under the influence of two simultaneous pro-
cesses: photochemical defluorination and diffusion of un-
bounded fluorine atoms to the sample surface. Both these
processes play an important role in the formation properties of
the irradiated polymer surface. The equilibrium between them
is reached only after some time from the exposure beginning.
This time interval was equal to 20 min in our experiment. If the
intensity of such radiation exposure reduces this time interval
should be increased. This effect enables the purposeful forma-
tion of the active surface of a strongly nonequilibrium PVDF for
practical applications.

Thus, it was shown in the paper that the surface of the material,
which is formed in the first minutes after the start of PVDF expo-
sure by synchrotron radiation, is clearly not uniform. It contains
both, the unmodified PVDF clusters and carbynelike component.
The latter probably is enriched with hydrogen (Fig. 1). This surface
usually is bioactive [23]. Thus irradiation of PVDF by synchrotron
radiation for brief intervals of time can be used as a method for
creation (fabrication) of bioactive surface PVDEF. In this case, the
bulk of the material remains fully unique thermo-mechanical
properties of PVDF, and the surface is suitable, for example, for
storage of living tissues.

Acknowledgments

This work was performed within the framework of the “Russian-
German Laboratory at BESSY” bilateral Program and with financial

support of Chelyabinsk State Pedagogical University (grants A2 UG-
20/11/A, N2 UG-05/12/A). We would like to thank O.Yu. Vilkov
(Technische Universitit Dresden) for technical support during
experiments.

References

(1]
[2

[3

[4

[5

[6

(7

(8]
(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

Heimann RB, Evsyukov SE, Kavan L, editors. Carbyne and carbynoid structures.
Dordrecht: Kluwer Academic Publishers; 1999.

LeMoel A, Duraud JP, Balanzat E. Modifications of polyvinylidene fluoride
(PVDF) under high energy heavy ion. Nucl Instrum Meth Phys Res 1986;18:
59—-63.

Morikawa E, Choi ], Manohara HM, Ishii H, Seki K, Okudaira KK, et al.
Photoemission study of direct photomicromachining in poly(vinylidene
fluoride). ] Appl Phys 2000;87(8):4010—6.

Duca MD, Plosceanu CL, Pop T. Effect of X-rays on poly(vinylidene fluoride) in
X-ray photoelectron spectroscopy. ] Appl Polym Sci 1998;67(13):2125-9.
Voinkova 1V, Ginchitskii NN, Gribov 1V, Klebanov II, Kuznetsov VL,
Moskvina NA, et al. A model of radiation-induced degradation of the poly(-
vinylidene fluoride) surface during XPS measurements. Polym Degrad Stab
2005;89(3):471-17.

Prazdnikov Y. Prospects of carbyne applications in microelectronics. ] Mod
Phys 2011;2(8):845—8. http://dx.doi.org/10.4236/imp.2011.28100.

Pesin LA, Chebotaryov SS, Kuvshinov AM, Bespal’ II, Gribov IV, Moskvina NA,
et al. Electron emission features of the derivatives of radiation carbonization
of poly(vinylidene fluoride). J Surf Investig. X-ray, Synchrotron Neutron
Techniques 2010;4(2):214—20.

Wayne CE, Wayne RP. Photochemistry. Oxford: Oxford University Press; 1996.
Mueller K, Henkel K, Mandal D, Seime B, Paloumpa I, Schmeisser D. Spin-
coated organic ferroelectric films for non-volatile memories. Physica Status
Solidi A 2011;208(2):330—42.

Jung HJ, Chang ], Park Y], Kang SJ, Lotz B, Huh J, et al. Shear-induced ordering
of ferroelectric crystals in spin-coated thin poly(vinylidene fluoride-co-tri-
fluoroethylene) films. Macromolecules 2009;42(12):4148—54.

Ohta T, Seki K, Yokoyama T, Morisada I, Edamatsu K. Polarized XANES studies
of oriented polyethylene and fluorinated polyethylenes. Phys Scr 1990;41(1):
150-3.

Okudaira KK, Yamane H, Ito K, Imamura M, Hasegawa S, Ueno N. Photo-
degradation of poly(tetrafluoroethylene) and poly(vinylidene fluoride) thin
films by inner shell excitation. Surf Rev Lett 2002;9(1):335—40.

Okudaira KK, Kobayashi E, Mase K, Kera S, Ueno N. Surface photodegradation
of poly(vinylidene fluoride) by inner-shell excitation. Surf Rev Lett
2006;13(2n3):259—-63.

Molodtsov SL, Fedoseenko SI, Vyalikh DV, lossifov IE, Follath R, Gorovikov SA,
et al. High-resolution Russian—German beamline at BESSY. Appl Phys A
2009;94:501-5.

Brithwiler PA, Maxwell A], Puglia C, Nilsson A, Andersson S, Martensson N. 7
and ¢~ excitons in C 1s absorption of graphite. Phys Rev Lett 1995;74:614—7.
Duan C-G, Mei WN, Yin W-G, Liu J, Hardy JR. Theoretical study on the optical
properties of polyvinylidene fluoride crystal. ] Phys Condens Matter 2003;15:
3805—-11.

Kanda K, Shimizugawa Y, Haruyama Y, Yamada I, Matsui S, Kitagawa T, et al.
NEXAFS study on substrate temperature dependence of DLC films formed by
Ar cluster ion beam assisted deposition. Nucl Instrum Meth Phys Res B
2003;206:880-3.

Scholl A, Fink R, Umbach E, Mitchell GE, Urquhart SG, Ade H. Towards a
detailed understanding of the NEXAFS spectra of bulk polyethylene co-
polymers and related alkanes. Chem Phys Lett 2003;370(5—6):834—41.
Dhez O, Ade H, Urquhart SG. Calibrated NEXAFS spectra of some common
polymers. ] Electron Spectros Relat Phenom 2003;128(1):85—96.

Fischer DA, Wentzcovitch RM, Carr RG, Continenza A, Freeman AJ. Graphitic
interlayer states: a carbon K near-edge x-ray-absorption fine-structure study.
Phys Rev B 1991;44:1427-9.

Warszawski E, Adler ], Hoffman A, Silverman A. In: Proceedings of the 22th
workshop on computer simulation studies in condensed matter physics (CSP
2009), vol. 3; 2010. pp. 1381-5.

Voinkova 1V, Baitinger EM. Special features of valent states in one-
dimensional carbon systems with hydrogen. Russ Phys ] 2006;49(12):1314-9.
Alekhin AP, Kirilenko AG, Lapshin RV. Surface morphology of thin carbon films
deposited from plasma on polyethylene with low density. ] Surf. Roentgen,
Synchrotron Neutron Studies 2004;2:3—9 [in Russian].




