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The stability of the atomic structure and physical and chemical properties of new materials is of crucial
importance for their practical use. Long-term (about 120 000 min) and regular monitoring of the molecular
structure of two samples of poly(vinylidene fluoride) (PVDF) film after its five-hour chemical dehydrofluori-
nation and rinsing with ethanol are performed using infrared (IR) spectroscopy. The samples differed in low-
pressure exposure duration before measurement. Changes in the absorption spectra of the stretching vibrations
of triple carbon-carbon bonds are analyzed in the wave-number range of 2000–2300 cm–1. The initial PVDF
film is transparent in this region, but, after dehydrofluorination, an absorption band of complex shape is
observed in it. Visually, the band consists of three wide features with centers around 2050, 2100, and 2160 cm–1.
The first and the second bands are absent immediately after synthesis, but, as the samples age, they appear
and grow proportionally to each other and time intervals of rapid and slow growth, as well as a stabilization
period, are observed.

Keywords: poly(vinylidene fluoride) (PVDF), chemical dehydrofluorination, aging, IR spectroscopy, triple
carbon-carbon bonds, spectrum shape
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INTRODUCTION
In recent decades, there has been an increasing

number of papers devoted to the synthesis and study of
new materials based on carbon (graphene, carbon
nanotubes, and fullerenes). Interest in carbon materi-
als is due to their unique physical and chemical prop-
erties which are promising for practical application.
The synthesis and research of low-dimensional carbon
structures containing chain fragments [1–10] is still an
urgent scientific problem. In this regard, the hypothe-
sis of the possibility of a one-dimensional modifica-
tion of chemically pure carbon (carbyne) [1] attracts
attention. It is assumed that ideal carbyne consists of
linear carbon chains in which neighboring atoms are
connected by either double or alternating triple and
single bonds (cumulene or polyyne ordering types,
respectively). A number of studies have calculated the
width of the carbyne band gap and various calculation
methods have led to a wide variety of values in the
range from 0.2 to 8.5 eV [11]. At the same time, most
experimental studies show that carbyne-like structures
have semiconductor properties [1, 12, 13]. There are
various and often contradictory structural models of
carbyne chains and their mutual ordering [1, 2, 4]. The

discovery of crystalline carbyne in natural minerals [3]
shows the fundamental possibility of its laboratory
synthesis and, as a result, the prospect of its practical
application.

However, perfect carbyne crystals have not been
synthesized yet. The synthesis products, called “car-
bynoids”, contain not only nanoscale fragments of
linearly polymerized carbon, but also a large number
of defects (non-carbon inclusions, inter-chain cross-
linking, etc.) [1, 2, 4]. This type of carbon was first
synthesized in the USSR in the 1960s [1].

One of the ways to synthesize carbyne-like nano-
structures is to carbonize chain polymers that have a
carbon base, such as poly(vinylidene f luoride)
(PVDF). PVDF itself has a number of useful proper-
ties, as a result of 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 f luorine and hydrogen are
alternately attached. There are three main types of
chain conformation: α, β, and γ [17]. The polymer
material can have different properties depending on
the prevailing conformational type. For example,
when β-type chains (plane zigzag) dominate, the
1144



MODIFICATION OF THE IR SPECTRA SHAPE 1145
polymer has piezoelectric properties. As a rule, crys-
talline and amorphous regions coexist in PVDF.

Two main ways of PVDF carbonation are known:
radiative (irradiation with photons and bombardment
with microparticles of different mass and energy) [18–
27] and chemical [1, 28–34] ones. PVDF contains the
equal number of f luorine and hydrogen atoms, which
are removed from the polymer in the form of hydrogen
fluoride as a result of radiation or chemical exposure.
This allows deep, though not complete [26], carbon-
ization of PVDF without destroying the carbon-chain
structure. Neighboring carbon atoms, freed from flu-
orine and hydrogen, can be connected to each other by
single and multiple bonds, forming cumulene or
polyyne structures [1]. In this case, inter-chain cross-
linking also become possible. However, incomplete
carbonization results in the retention of a certain num-
ber of CF2 (CH2) and/or CF (CH) molecular com-
plexes within a partially “naked” chain. These com-
plexes can play a stabilizing role by keeping carbonized
fragments of neighboring chains at a distance suffi-
cient to prevent the immediate collapse of linear car-
bon into higher-dimensional structures.

The simplest and most productive method of deep
PVDF carbonization, which allows the modification
of a rather large amount of polymer, is chemical pro-
cessing. According to the well-known model of chem-
ical carbonization, f luorine and hydrogen are sepa-
rated from the carbon skeleton in equal amounts under
the influence of a liquid dehydrofluorinating mixture
[1]. To date, some characteristic features of chemically
synthesized PVDF derivatives have been identified
[34]. Estimates of the depth of penetration of the
dehydrofluorinating mixture into the partially crystal-
line PVDF film were made at various times of dehy-
drofluorination. The conductivity of the carbonized
layer was higher than that of its polymer precursor
[35], which has the prospect of synthesizing conduc-
tive and/or semiconductor nanofilms on an elastic and
transparent dielectric substrate for optoelectronic and
acoustoelectronic nanodevices.

The study of PVDF chemical carbonization prod-
ucts by nuclear magnetic resonance (NMR) and IR
spectroscopy showed that an increase in the duration
of treatment in a dehydrofluorinating mixture
increases the ratio of the number of protons to the
number of f luorine nuclei, despite a synchronous and
steady decrease in the number of CH2 and CF2 groups
[34]. This is due to the intense reaction of the nucleo-
philic substitution of f luorine atoms with hydroxyl
groups contained in the components of the mixture
and atmospheric air. This effect prevents the forma-
tion of multiple carbon-carbon bonds, inherent in car-
bynoid structures.
JOURNAL OF SURFACE INVESTIGATION: X-RAY, SYNCHRO
In [36], we were able to reduce the addition of OH
groups to the carbon base by replacing distilled water
with ethanol during the final washing of a sample that
was chemically carbonized for 30 min. The evolution
of its molecular structure during aging was regularly
monitored for almost an entire calendar year by IR
spectroscopy. A long-term non-monotonic change in
the shape of the IR spectra in the frequency range cor-
responding to the absorption band of triple carbon-
carbon bonds was detected. It is this absorption band
that is of particular interest, since the existence of tri-
ple carbon-carbon bonds is possible only in the chain
(carbynoid) form of carbon.

This paper describes the results of modification of
this IR absorption band during the aging of a car-
bynoid film synthesized by the chemical dehydrofluo-
rination of PVDF for five hours. The tenfold increase
in the reaction duration compared to [36] has two
goals: to increase the concentration of triple carbon-
carbon bonds because of a larger amount of the
reacted polymer substance and (possibly) to reduce
the time elapsed after sample synthesis after which its
molecular structure will no longer change. It is obvi-
ous that stability of the atomic structure and physical
and chemical properties of new materials, as well as
identification of the necessary conditions for their
storage and operation, are of key importance for their
practical use. It was shown in [37] that the kinetics of
the deactivation of paramagnetic centers in chemically
carbonized PVDF samples is significantly influenced
by interaction with air. In this regard, we further study
the influence of atmospheric air on the nature and
kinetics of modification of the molecular structure of
a chemically carbonized material and obtain a com-
pletely unexpected result.

OBJECT AND RESEARCH METHODOLOGY

The material under study was obtained by the five-
hour dehydrof luorination of a 20-mm thick PVDF
F-2m film produced by Plastpolymer (Saint Peters-
burg) at room temperature. The dehydrofluorinating
mixture consisted of one volume part of a saturated
solution of caustic potassium in ethanol and nine vol-
ume parts of chemically pure acetone. The synthesis
procedure is almost the same as that described in
detail in [34], except that after pre-washing with ace-
tone, final washing of the sample was performed with
ethanol instead of water [36]. As a result of chemical
exposure, the initially transparent polymer film
became completely matte black. To study the effect of
atmospheric air, the dehydrofluorinated film was
divided into two parts immediately after the end of
synthesis and washing. Both parts were strictly fixed in
separate holders with rectangular windows. This made
it possible to ensure the identical passage of IR radia-
TRON AND NEUTRON TECHNIQUES  Vol. 14  No. 6  2020
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Fig. 1. Modification of the shape of the absorption band of
triple carbon-carbon bonds during aging of sample 1.
Recording of the spectra presented as an example was per-
formed 2942, 22893, 34646, 50342, 50 488, 61892,
114997, and 116725 minutes after the end of synthesis. The
growth of absorption peaks near 2050 and 2100 cm–1

occurs as the duration of aging increases, so the curves in
the figure are easily identified.
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Fig. 2. Modification of the shape of the absorption band of
triple carbon-carbon bonds during aging of sample 2.
Recording of the spectra presented as an example was car-
ried out 24520, 30009, 34645, 50 489, 61856, 83466,
102221, and 116727 minutes after the end of synthesis. The
growth of absorption peaks near 2050 and 2100 cm–1

occurs as the duration of aging increases, so the curves in
the figure are easily identified.
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tion through the same areas of the samples during sub-
sequent measurements. Before the measurements,
both samples were kept in a pre-vacuum chamber at
room temperature and a residual gas pressure of about
5 × 10–2 mm Hg for 1 and 13 days (samples 1 and 2,
respectively). We believed that a reduced pressure
could inhibit the aging processes of sample 2 at the ini-
tial stage and expected to observe a corresponding
delay in the course of expected modification of its
molecular structure compared to sample 1. The sam-
ples were stored in the same chamber between mea-
surements, specifically at night.

As a rule, the use of only one experimental method
cannot provide exhaustive information about the
object under study. However, the IR spectroscopy
technique is highly sensitive to the minor modification
of the molecular structure of a substance [38]. Thus, it
was this method that was chosen by us to monitor the
aging process of the synthesized material. The IR
spectra were measured in the frequency range of 400–
4000 cm–1 using a Shimadzu IRAffinity-1 Fourier
spectrometer in the transmission geometry. The mea-
surements started at 1500 and 18406 minutes and
ended at 116528 and 116530 minutes (the samples 1
and 2, respectively) after chemical treatment and
washing. A total of 230 and 171 spectra of samples 1
and 2 were obtained. This allowed us to observe in
detail the change in the shape of the IR spectra during
aging. The experimental data on transmission were
recalculated by the optical density.
JOURNAL OF SURFACE INVESTIGATION: X-RAY, SYNCHRO
EXPERIMENTAL RESULTS AND DISCUSSION

The most significant irreversible modification of
the shape of the IR spectra at an increase in the dura-
tion of aging of both samples is observed in the fre-
quency range of 1800–2300 cm–1. The original PVDF
film is transparent in this region, but, after dehydro-
fluorination, there is absorption in the form of a band
of complex shape. It is known [36, 38] that the 2000–
2300 cm–1 absorption band arises as a result of the
stretching vibrations of triple carbon-carbon bonds.
Figures 1 and 2 show corresponding fragments of the
IR spectra of samples 1 and 2 measured at various
points in time after the end of synthesis. The shape of
the spectra during aging of the samples changes exclu-
sively in a regular way. Basically, modification occurs
because of the appearance and growth of fairly wide
absorption peaks near 2050 and 2100 cm–1 as the dura-
tion of aging increases.

From the comparison of Figs. 1 and 2, we can
clearly see the qualitative similarity of modification of
the shape of the spectra of both samples. If you look
closely at the figures, you can also notice differences.
It can be seen that absorption near 2050 and 2100 cm–1 in
the spectra of sample 2 is less than that of sample 1 if
the spectra of both samples are recorded at close
points in time. To do this, it is enough to compare,
e.g., the third spectra at the bottom in the two figures,
which were recorded almost simultaneously (34646
and 34645 minutes), or the first ones at the top
(116725 and 116727 minutes).
TRON AND NEUTRON TECHNIQUES  Vol. 14  No. 6  2020
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Fig. 3. Dependence of the optical density of features (d) 1, (h) 2, and (×) 3 on the duration of aging of the sample 1.
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To parameterize the shape of the spectra, the back-

ground component, which was approximated by a

straight line segment in the range of wave numbers

1830–2240 cm–1, was first uniformly subtracted from

them and then the optical density values were mea-

sured at the following points: 2050, 2102, and

2162 cm–1. These points correspond to the frequency

positions of the maxima of three clearly observed

peaks, which we believe are related to the valence

vibrations of C≡C-bonds. As a result of a change in the

shape of the spectra, some peaks turn into shoulders

and vice versa; therefore, the maxima of all three peaks

cannot be observed explicitly at the same time points.

Further, we agree to coin these three peaks or shoul-

ders as spectral features 1–3 with centers near 2050,

2102, and 2162 cm–1. Another broad spectral feature in

the region of 1850–2000 cm–1 occurs most likely as a

result of stretching vibrations of cumulative C=C-

bonds of various lengths [36] and its shape changes as

a result of the partial superposition with the low-fre-

quency shoulder of feature 1.

Figure 3 shows the dependences of the optical den-

sity values at the centers of features 1–3 on the dura-

tion of aging of the sample 1. This dependence for

sample 2 is qualitatively very similar, so we did not give

it in a separate figure. Feature 3 changes slightly in the

spectra of both samples. The non-monotonic syn-

chronous changes in features 1 and 2 are most notice-

able. This connection can be clearly seen in Figs. 1–3.

We constructed the corresponding trend lines using

Excel software and made sure that the dependences

between the optical density values D1 and D2 at the
JOURNAL OF SURFACE INVESTIGATION: X-RAY, SYNCHRO
centers of features 1 and 2 for both samples are very

well described by linear equations with fairly close

coefficients:

D1 = 2.34D2 – 0.15 (the correlation coefficient R2 =

0.997, sample 1) and

D1 = 2.37D2 – 0.17 (the correlation coefficient R2 =

0.997, sample 2).

This obvious relationship indicates the influence of

the same molecular process that occurs during aging

of the samples on the growth of both features.

The rate of increase in IR absorption in the range

of 2000–2250 cm–1 differs significantly at different

aging stages. Both features under discussion show

weak growth up to about 49000 minutes after the end of

synthesis and then grow very quickly up to 56200 min-

utes. In the range of 56200–74000 min, slow growth is

again observed followed by stabilization of the optical

density up to a new increase after 100000 min. The

described non-monotonic increase in the absorption

is well illustrated in Fig. 4, which shows variations in

the value of the optical density D1 at the center of fea-

ture 1, dominant in the spectra depending on the aging

duration of both samples. Figure 4 also clearly shows

that, (as noted above) at close moments of time,

absorption at about 2050 cm–1 in the spectra of sample 2

is less than that of sample 1. The synchronous changes

in parameter D1 (as well as those of parameter D2,

which is not shown in Fig. 4) in the spectra of both

samples up to 100000 min, including the time interval

of rapid growth of these parameters, seem unexpected

and yet inexplicable to us. This synchronicity is violated
TRON AND NEUTRON TECHNIQUES  Vol. 14  No. 6  2020
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Fig. 4. Nonmonotonic changes in the optical density D1 as the samples 1 (d) and 2 (h) age.
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Fig. 5. Fragments of the IR spectra of sample 1 in the range
of 1800–2250 cm–1, measured  immediately after extraction
from the vacuum chamber at 87637 minutes of aging (solid
line) and after 320 minutes of exposure to air (dotted line).
Previously, the linear component of the background was
subtracted from the spectra.
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at above 100000 min: a new jump in the parameters D1

and D2 in the spectra of sample 2 occurs 21758 min ear-

lier, compared to that of sample 1.

We note another constantly occurring reversible

effect, the cause of which is still unclear. Figures 3 and 4

show a series of nearly vertically arranged experimen-

tal points. These are the values of the parameters D1

and D2 in the spectra obtained at close moments of

time (after 20–30 min) in a single series of measure-

ments. As noted above, the samples were stored at a

reduced pressure between the measurements. When

recording the first spectrum of the sample just

extracted from the vacuum chamber, the parameters

D1 and D2 have as a rule the highest value in this series

of measurements and then gradually decrease.

This effect is demonstrated in Figs. 5 and 6 by the

example of two IR spectra of sample 1 recorded at

87637 and 87957 minutes of aging at the beginning

and end of one series of measurements. The first was

obtained immediately after extraction from the vac-

uum chamber and the second, after 320 min of being

exposed to air. Presumably, the observed phenomenon

can be related to the gradual accumulation of moisture

on the surface of the samples over the series of mea-

surements. This is indicated by an increase in absorp-

tion in the spectral region of 2700–3700 cm–1, which

is typical for the stretching oscillations of OH groups

(Fig. 6). This means that the surface of the samples
JOURNAL OF SURFACE INVESTIGATION: X-RAY, SYNCHRO
becomes hygroscopic as a result of dehydrofluorina-

tion. It is likely that increasing the water layer thickness

during successive measurements in air leads to a gradual

decrease in the intensity of radiation passing through the

sample. It is also possible that the small peaks observed in

all spectra at 653, 680, and 850 cm–1 are the result of the
TRON AND NEUTRON TECHNIQUES  Vol. 14  No. 6  2020
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Fig. 6. Fragments of the IR spectra of sample 1 in the range
of 2600–3800 cm–1, measured  immediately after extraction
from the vacuum chamber at 87637 minutes of aging (solid
line) and after 320 minutes of exposure to air (dotted line).
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libration f luctuations of water clusters of various sizes

[39, 40]. Some combination modes of the libration

and bending vibrations of such clusters can contribute

to the absorption band characteristic of stretching

vibrations of C≡C-bonds [40].

In all the spectra obtained in this study, a CH band

of IR absorption is observed against the background of

the OH band. It is a superposition of the absorption

bands, which in terms of their frequency positions are

very close to those typical for four types of valence

vibrations of molecular complexes in ethanol: sym-

metric and asymmetric vibrations of CH groups at fre-

quencies of 2870 (sСН2), 2894 (sСН3), 2927 (aСН2),

and 2975 (aСН3) cm–1, respectively [41, 42]. However,

in general, the form of the CH and OH bands differs

from that of ethanol. By analogy with [36], we can

assume the presence of ethoxy groups attached to the

fragments of carbon chains freed from fluorine in the

carbonized material. However, both the CH-band

shape and intensity were exceptionally stable in this

study in contrast to the results in [36]. In particular,

the maximum growth rate of the D1 and D2 parameters

is observed between 48920 and 56200 minutes of

aging for both samples. During this time, the area of

the absorption band in the range of 1830–2240 cm–1

increases by 1.7 and 2.1 times and the area of the CH

band decreases only by 1.6 and 7% for samples 1 and 2,

respectively. This can indirectly indicate that a

decrease in the number of ethoxy groups is not the

cause of an increase in absorption because of the con-

tribution of C≡C-bond vibrations. The observed

changes can be the result of either a real increase in the

concentration of triple bonds in the sample or changes

in the symmetry of their environment by various func-

tional groups, in particular, water clusters.
JOURNAL OF SURFACE INVESTIGATION: X-RAY, SYNCHRO
In contrast to the ethanol spectrum, there is also a

feature with a center near 3090–3100 cm–1 (Fig. 6),

which is present in the spectra at all stages of sample

aging. Its occurrence during dehydrofluorination of

the Kynar PVDF film was observed by us earlier [34].

Unambiguous identification of the origin of this fea-

ture is currently also not possible and requires further

study.

CONCLUSIONS

Our long-term experiment on the aging of chemi-

cally dehydrofluorinated PVDF raised more questions

than it answered. To date, as a result of the measure-

ments, it has only been possible to identify some fea-

tures of the phenomenon under study.

(1) After the end of chemical synthesis, the sample

molecular structure changes over a long time. These

changes are appropriately described by the term

“aging”.

(2) In the frequency range typical for the manifes-

tation of stretching vibrations of triple bonds, there is

a strong change in the shape of the IR absorption

spectra, indicated in the appearance and growth of

two broad features with centers at about 2050 and

2100 cm–1. Their evolution is surprisingly synchro-

nous and proportional, which is an indirect sign of

reflection in it of the same process in modification of

the molecular structure of the sample. An alternative

explanation for this relationship could be based on the

assumption that feature 2 itself does not change, but

the growth of feature 1 causes its proportional increase

relative to the background line. However, this expla-

nation contradicts experimental facts, since feature 2

is not observed in the spectra even at the earliest stages

of aging, when feature 1 is either absent or very weak.

(3) Analysis of the IR spectra did not allow us to

clearly determine the reason for the increase in

absorption in the frequency range characteristic of the

stretching vibrations of C≡C-bonds. The observed

changes can be the result of either an actual increase in

the concentration of triple bonds in the sample or

changes in the symmetry of their environment by dif-

ferent functional groups.

(4) A dependence of the evolution of the molecular

structure during aging on the duration of the initial

exposure of the dehydrofluorinated samples at low

pressure was not explicitly found. In the spectra of

both samples, there is a synchronous powerful

increase in the contribution of the stretching vibra-

tions of C≡C bonds in the time range of 49 000–56200

min after synthesis.

(5) Significant hygroscopicity of the sample under

study, which is manifested in a change in the spectrum

in the region of OH-bond vibrations, was detected.

When the sample is removed from the vacuum cham-
TRON AND NEUTRON TECHNIQUES  Vol. 14  No. 6  2020
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ber, the intensity of the OH band is minimal at the very

beginning of the next series of measurements and fea-

tures 1 and 2, on the contrary, are the most intense. In

each subsequent measurement, there is first a gradual

increase in the absorption of OH bonds and then the

achievement of some limiting value for the given series

of measurements. In this case, features 1 and 2,

although slightly, noticeably and synchronously

decrease. It is possible that an increase in the thick-

ness of the water layer during successive measure-

ments in air leads to a gradual decrease in the inten-

sity of the radiation passing through the sample. The

presence of water in the samples does not exclude its

inf luence on the shape of the spectra also in the

range of 2000–2200 cm–1.
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