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ABSTRACT

The paper presents the results of the combined investigation of changes in the
poly(vinylidene fluoride) (PVDF) structure caused by chemical carbonization and subsequent
long-term ageing, as one of the most promising ways to synthesize the 1D modification of
chemically pure carbon, carbyne. For the first time, the ageing process of PVDF was monitored
during extremely wide time-frame from 19 to 500000 minutes. The evolution of PVDF
molecular structure was investigated experimentally by infrared and X-ray absorption
spectroscopies. As a result, non-monotonic variation of triple carbon-carbon bonds infrared
absorption in the course of long-term ageing was revealed, as well as new aspects of PVDF
carbonization. The series of appropriate molecular complexes were modeled, for which
characteristic frequencies and absorbance intensities in the IR spectra were simulated by the

DFT-LDA method and applied to interpret the results of the experimental study.
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1. Introduction

During recent decades one can notice an increasing number of papers devoted to the
synthesis and study of new materials based on carbon (graphene, carbon nanotubes, fullerenes).
Interest in carbon materials is due to their unique physical and chemical properties, promising for
technical applications. Synthesis and investigation of low-dimensional carbon structures
containing chain fragments [1-10] still persists to be an actual scientific problem. In this aspect,
the hypothesis of the possibility of one-dimensional modification of chemically pure carbon
(carbyne) is intriguing [1]. The ideal carbyne is assumed to consist of linear carbon chains in
which neighboring atoms are connected by either double or alternating triple and single bonds
(accordingly cumulene or polyyne types of arrangement). Chains should be packed in crystals
due to van der Waals forces. The band gap for infinite carbyne in vacuum is calculated, and a
wide variety of values ranging from 0.2 to 8.5 eV have been reported [11], but the most of
experimental studies reveal that carbyne-like structures have semiconducting properties [1, 12,
13]. There are different and often contradictory structural models of carbyne chains and their
mutual ordering [1, 2, 4]. The discovery of crystalline carbyne in natural minerals [3] gives hope
to its artificial synthesis in laboratories and open new venue in its wide industrial application.

However, up to now the ideal crystals of carbyne could not be synthesized. In the
products of synthesis, coined as “carbynoids”, there are not only nanoscaled fragments of
linearly polymerized carbon, but also a large number of defects (non-carbonic inclusions,
interchain crosslinking, etc.) [1, 2, 4]. This type of carbon was first synthesized at Nesmeyanov
Institute of the USSR Academy of Sciences in 1960s [1].

One of the route of chain-like carbon nanostructures synthesis is carbonization of chain
polymers having a carbon backbone, for example, poly(vinylidene fluoride) (PVDF). PVDF
itself has a number of useful properties, due to which it is widely used in membrane technologies
[14], electronics, medicine, acoustics, etc. [15, 16]. Its molecules are carbon chains to each atom
of which two atoms of fluorine and hydrogen are alternately attached. There are three main types
of chain conformation: o, f and y [17]. During industrial production it is not possible to obtain
PVDF with purely unique type of conformation. Depending on the prevailing conformational

type, the polymer material may have different properties. For example, when B-type chains



(plane zig-zag) dominate, the polymer has piezoelectric properties. As a rule crystalline and
amorphous regions coexist in PVVDF.

There are two main routes of PVDF carbonization: radiative (irradiation with photons and
bombardment with microparticles of different masses and energies) [18-27] and chemical [1, 28-
34] ones. PVDF contains the equal number of fluorine and hydrogen atoms which are able to
separate from the carbon backbone in the form of hydrogen fluoride as a result of radiative or
chemical effect. This presumably allows deep but not exhaustive [26] carbonization of PVDF
without destroying carbon chain-like arrangement. Adjacent carbon atoms, released from
fluorine and hydrogen, can connect to each other with single and multiple bonds to form
cumulene or polyyne structures [1]. Naturally interchain crosslinking becomes probable as well.
But incompleteness of carbonization leaves residual CF, (CH.) or/and CF (CH) species within a
partially “naked” chain. These moieties may play a stabilizing role by keeping the carbonized
fragments of neighboring chains apart from each other thus preventing linear carbon from an
immediate collapse.

The most simple and productive method of deep carbonization of PVDF, which allows
modification of sufficiently large amount of polymer, is chemical treatment. According to the
known model of chemical carbonization, under the influence of a liquid dehydrofluorinating
mixture fluorine and hydrogen in equal amounts are detached from the carbon backbone [1]. To
date some characteristic features of a large number of chemically obtained derivatives of PVDF
have been revealed [34]. For instance, the penetration depth of a dehydrofluorinating mixture in
partially crystalline PVDF film is estimated and increase in the proportion of the carbon-enriched
layer with the duration of dehydrofluorination is shown. The conductivity of the carbonized layer
is higher than that of its polymer precursor [35], which has prospects for the synthesis of
conductive and/or semiconducting nanofilms on an elastic and transparent dielectric substrate for
opto- and acoustoelectronic nanodevices.

The study of the products of chemical carbonization of PVDF by NMR and IR
spectroscopy showed that the increase in the duration of treatment in the dehydrofluorinating
mixture elevates a ratio of the protons number to that of fluorine nuclei, despite the synchronous
and monotonic decrease in the number of CH, and CF> groups [34]. This is due to the intense
reaction of nucleophilic substitution of fluorine atoms by hydroxyl groups contained in the
components of the mixture and atmospheric air. This effect prevents the formation of multiple
carbon-carbon bonds inherent in carbynoid structures.

The paper presents the results of the combined investigation of changes in the
poly(vinylidene fluoride) (PVDF) structure caused by chemical carbonization and subsequent

long-term ageing, as one of the most promising ways to synthesize the 1D modification of



chemically pure carbon, carbyne. We succeeded to reduce joining OH groups to the carbon
backbone by final rinsing a carbonized sample in ethanol. The evolution of its molecular
structure was investigated experimentally by infrared and X-ray absorption spectroscopies. A
study of long-term IR spectra shape variation during the sample ageing has shown not
monotonous absorbance of the triple carbon-carbon bonds. Characteristic frequencies and
absorbance intensities in the IR spectra of several model molecular complexes were simulated by

the DFT-LDA method and applied to interpret the results of the experimental study.

2. Material and experimental methods

IR spectroscopy has been used to study the kinetics of ageing of a chemically modified
PVDF (F-2M 20 um film, Plastpolymer, Russia), partially carbonized for 30 minutes in a
dehydrofluorinating mixture (9 parts of acetone and 1 part of a saturated KOH solution in
ethanol [30]). The carbonization treatment was carried out at room temperature. The initially
transparent film darkens after chemical treatment, acquiring a brown color. After washing
(preliminary with acetone and final with ethanol) and drying routines [34] a partially
dehydrofluorinated sample has been strictly fixed in a holder with a rectangular window.
Therefore during any measurement the same region of the sample was exposed to IR radiation.

IR spectra were systematically measured using Fourier IR spectrometer Shimadzu
IRAffinity-1 in a transmission mode from 19 to 501641 min. after chemical treatment. Thus
overall 73 spectra have been obtained in the range 400-4000 cm™. Besides we have provided for
19 extra measurements within several minutes just after registration of spectra 48 and 52
(228035 and 268296 minutes) to estimate errors in spectra parameters evaluation. These proved
to be negligibly small (<0.5%).

The X-ray absorption spectra were measured at the Russian-German beamline of the
BESSY |l storage ring facility at Helmholtz-Zentrum Berlin (Berlin, Germany) [37]. The
samples for X-ray absorption measurements were prepared in air. The PVDF samples were 50
um thick and 10x10 mm? in size. The films were fixed on steel sample holders to prevent the
charging effect. The NEXAFS spectra were obtained by recording the total electron yield (TEY)
in the mode of the drain current measurement and were measured in ultrahigh vacuum (~5x101°
Torr). The samples were mounted at the angle of ~ 45° to the incident beam. The size of the
focused spot on the sample was ~200 x 100 pm.

The monochromator energy resolution in the vicinity of the C 1s X-ray absorption edge
(photon energy ~285 eV) was ~70 meV. The X-ray absorption spectra were normalized to the

incident photon flux. The photon energy in the range of the C 1s X-ray absorption spectrum fine



structure was calibrated against the energy position of the first narrow peak in the C K-edge

spectrum of highly oriented pyrolytic graphite (285.45 eV [38]).

3. Experimental results and discussion

C 1s near-edge X-ray absorption fine structure (NEXAFS) spectra of a pristine (not
treated) PVDF film (curve 1) and those ones after chemical (curve 2) and radiative (curve 3)
treatments are shown in Fig. 1. The latter spectrum shape obviously combines features typical
for both the pristine material and that one carbonized with synchrotron radiation. Taking in mind
high photon flux density produced in multibunch regime (1=250 mA) of the BESSY Il storage
ring (1.7 GeV) one can assume a uniform radiative modification of polymer sample.
Alternatively presence of features characteristic to polymer precursor in the spectrum of

chemically treated film demonstrates just a partial carbonization.
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Fig. 1. C 1s NEXAFS spectra of a pristine PVDF film (curve 1) and those ones after
chemical and radiative treatment (curves 2 and 3, respectively).

This conclusion is supported also by CF. oscillations remaining in 400-750 cm?
frequency range (Fig. 2) though their absorption is approximately a half in comparison with a
precursor spectrum.

In the 2500-4000 cm™ range IR spectrum shape of the film ageing for 19 min. very
closely resemble to that of liquid ethanol. With further ageing of the sample between 19 and 220
minutes IR absorption in this range decreases rapidly due to the evaporation of ethanol. The
analysis of spectra shape shows that the rate of decrease of absorption within a broad band of
stretching vibrations of OH groups is significantly higher to that of the CH band (2800-3300 cm’
1), indicating the attachment of ethoxy groups (CH3CH-0-) to dehydrofluorinated fragments of
carbon chains. From 19 to 220 min. integral area of OH and CH bands becomes less to 12 and 2
times, correspondingly. The fact of ethoxy groups attachment is also evident from the shape of

CH2/CHs bands in IR spectra which persist to remain quite resemble to that of ethanol. During
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ageing between 220 and 400000 min absorption of CH2/CHs bands monotonously diminishes

from 50 to 40% of an initial value with a tendency for saturation from 400000 to 500000 min.
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Fig. 2. Fragments of IR spectra of a pristine PVDF film and a dehydrofluorinated sample

obtained at 19 and 500000 minutes after chemical treatment.
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Fig. 3. Fragments of IR spectra of a pristine PVDF film, ethanol and a dehydrofluorinated
sample at 80 minutes after chemical treatment.

Chemical dehydrofluorination significantly changed IR spectra in 1900-2300 cm™ range.
IR spectra of a pristine PVDF film, ethanol and of a dehydrofluorinated sample obtained at 80
min. after chemical treatment are shown in Fig. 3. Wave-like features seen in the first of them
appear most probably due to interference. The latter one consists of a dominant peak at
approximately 2180 cm™ (peak C) and two and three weak shoulders consequently from higher
and lower side of wave numbers. Some of these weak features are observed in IR spectra of
liquid ethanol. Only three of them (near 2050, 2090 and 2220 cm™, consequently A, B and D)
can be related to triple bonds oscillations. Two features in 1950-2000 cm™ region can be
attributed to IR absorption due to asymmetrical stretch oscillations of conjuncted double carbon-

carbon bonds in polycumulene-like fragments of dehydrofluorinated chains [36] and will be



discussed elsewhere in the next paper. A feature with a maximum close to ~1925 cm™ is also

characteristic for residual ethanol [39, 40] and absolutely disappears to the 220 min. of ageing.
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Fig. 4. Fitting of the IR spectra of the dehydrofluorinated sample obtained at 80 min. (a),
1760 min. (b), 6225 min. (c), 228035 min. (d), 399330 min. (e) and 449831 min. (f) after

chemical treatment.

All spectra obtained after background subtraction have been decomposed in 6 or 7
Gaussians in the range of 2000-2280 cm™ to imitate the observed features. Fitting routine has
been made using the Fityk software for data analysis [41].

Six examples of decomposition are presented in Figure 4,a-f. In the course of ageing
features at 2049 and 2087 cm™ (peaks A and B) show the most dramatic and interesting non-

monotonic behavior. Though in common they vary quite similarly different rates of their
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elevation and decline are clearly seen in Figure 5 which shows the peaks area plotted as a
function of ageing duration. Up to ageing within first 1760 min. both peaks slowly increase and
the first of them remains smaller than another. For more prolong ageing up to 9000 min peaks A
and B rapidly grow. Between 1760 and 9000 min. peak A grows faster than B and after 5000
min. its area becomes greater than that of peak B. Moreover, mutual area of peaks A and B at
9000 min. exceeds that of peak C which dominated in spectra obtained earlier. Between 9000
and 76500 min. areas of both peaks are more stable. Between 150000 and 200000 min peak A
demonstrates a new rising. The same but less exhibited tendency is observed in this time interval
also for peaks B and C (for peak C see Fig. 6,a). During ageing of the sample from 260000 to
450000 min. all three discussed peaks progressively become smaller. The reduction of the peak
B area significantly changes the shape of the spectra and therefore becomes more apparent.
Variations in peak C area before 260000 min. are quite weak, and its position permanently shifts
to higher frequency values (Fig. 6,b). Spectra shape practically does not vary during further
ageing between 450000 and 500000 min.
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Fig. 5. Evolution of area of the two Gaussians A (cyan balls) and B (purple balls)
centered correspondingly at 2049 and 2087 cm™ versus duration of the dehydrofluorinated

sample ageing.

Nature of IR absorption features A-D in 2000-2300 cm™ frequency range can be
unambiguously attributed to triple carbon-carbon bonds oscillations [36]. On the other hand, the
existence of C=C bonds is intrinsic for polyyne-like carbon chains which formation is caused by
chemical dehydrofluorination of PVDF. We suppose that different positions of individual peaks
in 2000-2300 cm™® band can be explained by variation of C=C bonds environment.

Exact identification of all the observed IR spectral features is not possible now and needs
further experimental and theoretical study. One may suggest a huge amount of different

molecular structures in partially dehydrofluorinated film. But taking into account relatively short



duration of chemical treatment of the sample we shall restrict our consideration only for isolated,
not conjugated to each other C=C bonds. Analogously, we shall not discuss the role of defects,
such as “tail-to-tail” and “head-to-head”, or scissions, cross-links and branching of the chains.
Given these limitations, we presume that the more likely environment of triple bound carbon

atoms may be as follows:

—CF=CH-C=C—-CF=CH-, (1)
—C(OEt) =CH—C=C—C(OEt) =CH—, (2)
—CF=CH-C=C-C(OE)=CH—, (3)
—C(OEt)=CH—-C=C—-CF=CH-, (4
—CF=CH-C=C-C(0)—CH—, (5)
—C(0)—CH,—C=C—CF=CH-—, (6)
—CF(OH) —CH,—-C=C—CF=CH—, (7)
—CF=CH-C=C—CF(OH)—CH,—, (8)
—CF=CH-C=C-CF,—CH, —, 9)
—CF,—CH,—C=C—-CF,—CH,—.  (10)
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Fig. 6. Evolution of area (a) and position (b) of the Gaussian C versus duration

of the dehydrofluorinated sample ageing.

As was mentioned above, chemical dehydrofluorination occurs partially and not
uniformly. This means different degree of carbonization in various spatial regions of the same
sample. According to the commonly adopted model of chemical dehydrofluorination the process
goes in two steps [1]. At the first one only fluorine-substituted polyene chain links appear. When
their content becomes relatively high the last dehydrofluorination step occurs with creation of
either polycumulene or polyyne carbynoid structures. As shown in [42] the latter ones are more
stable. So structures “9” and “10”, while cannot be absolutely excluded from consideration, are
less probable due to existence of pristine polymer fragments directly bound with triple bonds.
Alternatively from the same reasons structure “1” seems most probable. We believe this very



structure is responsible for peak C, which dominates in spectra during first several days after
dehydrofluorination.

Structure “2” corresponds to high content of ethoxy groups in the very beginning of the
experiment and seems more symmetrical relative to C=C bond in comparison with “3” and “4”
ones. We believe that spontaneous and random elimination of ethoxy groups is responsible for
creation of quite less symmetric structures “3” and “4” and for observed non-monotonous A and
B peaks variations. Symmetry reduction causes elevation of IR absorption and consequently
spectral features A and B. One can intuitively suppose that peaks A and B correspond to
structures “3” and “4” because in the first one a massive ethoxy group is attached nearer to the
triple bond. Different rate of peaks A and B variations reflects not equal stability of structures “3”
and “4”. At the latest stage of the ageing experiment IR absorption in the range 2000-2300 cm
sharply reduces. We can assume at least two reasons for this drop. Firstly, progressive
replacement of ethoxy groups due to oxidation makes environment of the triple bonds more
symmetric. Secondly, oxidation can convert the triple bonds into double or single ones. Besides,
oxidation can transform structure “1” into structure “5” thus shifting peak C to higher

frequencies due to mass difference between fluorine and oxygen.

3. Calculations

To prove our empirical predictions, we have made an attempt for modeling of frequencies
and intensities of IR features for in our opinion the most preferable cases. We have simulated IR
spectra of a model molecular complex of a finite length CsHasF- as it is and after substitution of
one or both fluorine atoms by ethoxy groups. Though polymer-like arrangement of the structures
1-10 is assumed the lengths of the studied molecular species were restricted so as to minimize
computation time. Therefore only one polymer structure has been simulated. Carbon backbone
of these models in any case included -C-C=C-C=C- unit. For the ab initio calculations of IR
spectra of organic compounds, the density functional perturbation theory method implemented in
the Quantum ESPRESSO software package [43] has been applied. Calculations were performed
in the local density approximation [44] with the standard norm conserving pseudo-potentials of
Troullier-Martins [45]. Integration for molecules containing from 11 to 25 atoms in Brillouin
zones was carried out at I" point, whereas 4x1x1 grids of k-points were used for the polymer.
The wave functions were decomposed into a truncated basis set of plane waves taking into
account the cutoff of kinetic energy equal to 60 Ry.

The results of calculations for the four molecular models are shown in Fig. 7. Generally

they do not correspond to our preliminary qualitative predictions.
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Fig. 7. Results of absorbance and frequency calculations for the four model structures

(insets). The red bar corresponds to C=C vibration.

In the CsHsF2 molecule two fluorine atoms are attached to the opposite ends of the -C-
C=C-C=C- unit (Fig. 7,a). In the calculated vibrational spectrum of this molecule, the line
corresponding to the triple carbon-carbon bond oscillation frequency is at 2278.2 cm™. This
value is approximately 100 cm™ higher than we have observed for peak C. The hydrocarbon
molecule CsHs (not shown) required to verify the calculations was obtained from the CsHsF> by
replacing all fluorine atoms with hydrogen. In the calculated vibrational spectrum of this
molecule, the line corresponding to the C=C vibration is at 2278.8 cm™. This means that fluorine
atoms do not exert practically any influence on the oscillation frequency of the C=C bonds.

The next molecule (C7H9O1F1) is obtained from CsHaF if an ethoxy group replaces the
fluorine atom just near sp® hybridized carbon atoms (Fig. 7,b). In the calculated spectrum of this
molecule the line corresponding to the C=C vibration is at 2291.6 cm™. The frequency rise as
well as the intensity drop in spite of molecular mass and asymmetry elevation seems quite
surprising and sharply contradicts to our preliminary assumption.

The molecule C7H9O1F1 was also constructed on the basis of CsHaF> via replacement of
the fluorine atom adjacent to sp? hybridized carbon atom by an ethoxy group (Fig. 7,c). In the

calculated spectrum of this molecule the line corresponding to the vibration of C=C is at 2273.5
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cmt. This value is also too high with respect to experimental ones. Besides, shift in calculated
frequencies for models CsH4F2 and C7HoO1F: is negligibly small it spite of a significant mass
difference between a fluorine atom and an ethoxy group replacing it. The only thing which is in
accord with our expectation is a rise in absorption due to less symmetric atomic arrangement of
C7H9O1F1 in comparison with CsHaF».
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The fourth molecule (C9H1402) is obtained from CsHsF> via replacement of the both
fluorine atoms by ethoxy groups (Fig. 7,d). In the calculated spectrum of this molecule the C=C
vibration frequency surprisingly becomes slightly higher again in spite of rise in mass and is
2286.5 cm™. IR absorbance of this vibration becomes lower than in basic molecule CsHaF,
presumably due to more symmetric arrangement.
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The red bar corresponds to C=C=C vibration.
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We have checked the validity of the Quantum ESPRESSO routine accomplished with the
geometric optimization for several simple structures and found an excellent accord between
computed and experimental IR data. Therefore, we believe that mentioned above striking
contradictions arose due to model molecules crudity and hence their inadequacy to the real

spatially extended polymeric structures.
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Fig. 10. Results of absorbance and frequency calculations for the CsHsF3 molecule (inset).

The red bar corresponds to C=C=C vibration.

The last conclusion is supported by a calculation performed for the polymer (CgHgO2)n. Its
vibrational spectrum is shown in Fig. 8. A line of high intensity corresponding to the C=C bonds
oscillation is observed at 2233.1 cm™, i.e. much lower than in all the previous cases and hence
somewhat nearer to experimental values. Another explanation can be based on the assumption of
7 electrons delocalization in a long chain. Delocalization can occur when non-carbon atoms and
molecular groups are removed from the chain. Indeed, calculations for the isomer CsHaF2
containing a fragment C=C=C (Fig. 9) show the asymmetrical stretching vibration frequency of
the sp hybridized carbon atom equal to 2035.9 cm™, which is a bit far from the value
corresponding to the peak A in the experimental IR spectra (Fig. 3). On Figure 3, the peak A can
be seen at 2050 cm™. Apparently, this is due to the fact that the ratio of fluorine and hydrogen
atoms in the polymer chains of the experimentally studied samples differs from the 2:1 ratio for
the CsHsF2 molecule (the vibration frequency of the triple C-C bond is 2035.9 cm™).
Calculations demonstrated that for the CsHsFs molecule (H:F ratio = 1:1), the vibration
frequency is equal to 2043 cm™ (Fig. 10). Obviously, with a change in the ratio of the hydrogen
and fluorine atoms in the polymer chains, the vibrational frequencies of the triple bonds can vary
over a rather wide range 2000-2300 cm™*, which corresponds well to the position of the peak A in
the experimental spectrum. This effect causes elongation of triple bonds and thus diminishes a

force constant and oscillation frequencies. As a result characteristic oscillation modes vary in the
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range 2000-2300 cm™. Besides the force constant reduction should lead to increase in mass
sensitivity of oscillation frequency.

Based on our calculations, final interpretation of spectral features in the experimental IR
spectra of PVDF after chemical modification and subsequent long-term ageing (see Fig. 4) is

given in the Table 1.

Table 1
Interpretation of spectral features in the IR spectra of PVDF after treatment.

Maximum A B C D
v, cm? 2048 2049 2087 2135 2177 2219 2259
(tag_:80 m|n)
Sm, %
(tag.=80 min.) 1.23 0.43 13.27 17.29 39.75 26.24 1.79
v, cm?
(tag.=449831 2037 2049 2087 2134 2186 2221 -
min.)
Sm, %
(tag.= 449831 2.73 29.09 1.36 0.42 49.36 17.04 -
min.)
Ethanol+
Assignment  Structure Structure Structure Structure Structure Structure Ethanol
X1 2" L3 2 X2 L1 X3

4. Conclusions

In this work, we elucidate the poly(vinylidene fluoride) (PVDF) structure changes caused
by chemical modification and subsequent subsequent long-term ageing, as one of the most
promising ways to synthesize the 1D modification of chemically pure carbon, carbyne, using
infrared spectroscopy and high-resolution near edge X-ray absorption fine structure (NEXAFS)
spectroscopy. For the first time, the ageing process of PVDF was monitored during extremely
wide time-frame from 19 to 500000 minutes. As a result of such modification, the long-term not
monotonous evolution of triple carbon-carbon bonds IR absorption was observed and has not
been reported anywhere before. Registration in the IR spectra of triple bonds is direct evidence
of the formation of polyyne fragments that are characteristic of carbyne. The experimentally
observed noticeable IR intensity variations in the 2000-2300 cm™ frequency range may be
caused by the order of carbon-carbon bonds variations between 2 and 3 due to @ electrons
delocalization which occurs when non-carbon atoms and molecular groups detached from the

carbon backbone.
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The characteristic frequencies and absorbance intensities of the triple carbon-carbon
bonds oscillations in the IR spectra of model molecular complexes was simulated by the DFT-
LDA method to interpret the results of the experimental study. Simulation of IR spectra showed
that the modes of oscillations with frequencies in the range from 2233 to 2291 cm™ can
characterize the triple carbon-carbon bonds absorption which was observed experimentally. At
the same time, there is a mode of asymmetrical stretching vibration of the conjugated cumulenic
bonds with a frequency of ~2025 cm™, also characteristic for carbyne.
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