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ABSTRACT: Mechanical recycling of polytetrafluoroethylene (PTFE) has long been a crucial matter in fluorocarbon chemistry.
Since the molecular aggregation of PTFE is outstandingly strong, fluorocarbon solvents are believed to be necessary for the
disaggregation of PTFE, but they should not be used as much as possible because of concerns about environmental impact. Recently,
a new technique using solid sodium chloride with the aid of planetary ball milling, instead of using fluorocarbon solvents, has been
proposed, and this simple technique works powerfully indeed for the purpose, as confirmed by a significant decrease of crystallinity.
Here, we show that the molecular disaggregation process of PTFE using sodium chloride is revealed in detail by infrared (IR)
spectroscopy. The spectra clearly show that PTFE is readily crushed into fine particles, and molecular disaggregation within the
particles is also recognized. These changes are not found at all in a process that does not use sodium chloride. In addition, the
generation of helical defects in perfluoroalkyl chains is also found, which is correlated with molecular disaggregation. In this manner,
IR spectroscopy has been found to be a useful tool in providing us rich information on the molecular disaggregation process of PTFE
across three different hierarchical structures.

■ INTRODUCTION
Perfluoroalkyl (Rf) compounds1,2 have unique material
characteristics, represented by water/oil repellence and low
electric permittivity,3,4 that cannot be regenerated by hydro-
carbons without using fluorine. The history of organofluorine
chemistry dates back to the unexpected, coincidental synthesis
of polytetrafluoroethylene (PTFE), revealed by Plunkett in
1938.5 Even in the very early stages of organofluorine research,
PTFE was already recognized to be very unique not only in
material characteristics but also in the difficulty of processing
the material block. Reshaping PTFE blocks is indeed highly
difficult because the molecular disaggregation of PTFE is quite
difficult.2 This difficulty is partly due to the molecular
entanglement commonly found in polymers, but intrinsically
due to the Rf-specific, uniquely strong molecular interaction
because of the strong dipole−dipole interaction.6−12 To make
the reshaping process easier, branched structures and hydro-
philic chemical groups are introduced into the primary
chemical structure by reducing the molecular interactions.

Through these efforts and challenges, many useful materials
were developed, including Nafion, which is an essential
material for the fuel cell technology.13−17

In this manner, Rf compounds have long been developed by
making efforts to enable easy disaggregation of molecules for
softening the materials. It has already been shown theoretically,
with a number of experimental supports, that the Rf-specific
material characteristics are the result of uniquely strong
molecular interactions due to dipole−dipole interactions.11,12

At the same time, unfortunately, the strong intermolecular
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aggregation produces a negative side effect, as it makes
mechanical recycling very difficult.
To reduce environmental impact, two different approaches,

namely the “chemical” and “mechanical” recycling processes,
are being studied intensively.18−20 “Chemical recycling” aims
to decompose the matter totally and return it further back to
the original raw material.2 In the case of PTFE, for example,
PTFE is chemically decomposed completely, and the collected
fluorine atoms are returned to calcium fluoride, i.e., the source
material. Although this is an extremely strong approach, it
requires high energy for the recycling purpose, which creates
another environmental impact.
“Mechanical recycling” is, on the other hand, another

approach in which the molecular aggregates are disaggregated
back to the preaggregated molecules, which requires much less
energy than the chemical one. Nevertheless, PTFE has the
strongest molecular aggregation property among the Rf
compounds, as mentioned above, and fluorous solvent has
thus long been believed to be necessary for the disaggregation
purpose. However, fluorous solvents have a strong environ-
mental impact, and their use should be avoided as much as
possible.
Recently, to get over the dilemma, Hibara and coworkers

have proposed the idea that fluorous solvents can be
interpreted as “dipolar molecules,” therby expanding the
concept of solvents.21 With this expanded concept, they boldly
chose sodium chloride as a solvent-ish additive instead of using
fluorous solvents. The ionic pair of Na+ and Cl− can indeed be
recognized as having a strong permanent dipole moment.
Nevertheless, a single molecular sodium chloride is not
available. Instead, crushed fine powder particles of sodium
chloride have multipolar characteristics that are good enough
to “solvate” PTFE molecules. As a matter of fact, they showed
clearly that PTFE was transformed into a fine powder�one
that had never been seen before�only by adding sodium
chloride.
In the present study, the molecular disaggregation process

has been analyzed in detail by using infrared (IR) spectros-
copy. IR spectroscopy is known to be particularly powerful for
the analysis of Rf compounds. Since the Rf groups are strongly
aggregated by dipole−dipole interactions, the molecular
vibrations of the neighboring molecules are coupled to
generate phonons that can be used for the analysis of
molecular aggregation.8−10,22,23 In addition, IR spectra are
quite sensitive to the molecular helical conformations specific
to the Rf compounds

24−28 and the molecular atmosphere via
the vibrational Stark effect.29,30 Thanks to the good
combination of IR spectroscopy and Rf compounds, the
crushing process, with the aid of sodium chloride, is vividly

revealed in three steps involving different hierarchical
structures: 1) fine grinding of the matter, 2) molecular
disaggregation in the ground powder, and 3) generation of
conformational defects in individual molecules.

■ EXPERIMENTAL SECTION
Sodium chloride with JIS Special grade was purchased from
FUJIFILM Wako Pure Chemical Corporation (Osaka, Japan)
and Manac inc. (Tokyo, Japan). PTFE with Practical grade and
two different molecular masses (Mm) of about 5,000−20,000
and 100,000 were purchased from FUJIFILM Wako Pure
Chemical and Sigma-Aldrich (Saint Louis), respectively. They
were used without further purification. After the experiments
using the two samples, the high-Mm sample showed an almost
identical spectrum (Figure S1) to the low Mm one. Since the
high-Mm sample has a wide variation in Mm around the average
mass, the low-Mm sample was employed for the discussion in
this paper.
For the crushing experiments using an additive having no

dipole moment, copper fine powder was used. The copper
powder was supplied from Kanto Chemical Co., Inc. (Tokyo,
Japan), which was a first-class reagent with a purity of 99.85%
or higher. The particle size was within a range of 75 to 150 μm.
IR Attenuated Total Reflection (ATR) Spectra Meas-

urements. IR spectra of the powder samples were measured
by the ATR technique using a PIKE Technologies (Madison,
WI, USA) GradiATR single-bounce reflection attachment
having an ATR prism made of diamond. The angle of
incidence was fixed at 45°, and unpolarized light was used.
After pressing the sample onto the ATR prism, IR measure-
ments were performed using a Thermo Fisher Scientific
(Madison, WI, USA) Nicolet iS50 FT-IR spectrometer having
a deuterated triglycine sulfate (DTGS) detector with a wide
wavenumber range extending down to 400 cm−1. The DTGS
detector was used with a modulation frequency22,31 of 15 kHz.
Accumulation was carried out 128 times for each spectrum,
and the wavenumber resolution was set to 1 cm−1. The
apodization function22,31 was set to Blackman-Harris through-
out the study. All measurements were performed under
ambient pressure with a dried air flow. The dried air was
generated by an Anest-Iwata (Yokohama, Japan) SmartAir
SLP-37EFD M6 Scroll Compressor connected with a Parker
Balston (San Jose, CA, USA) 75−62 FT-IR purge gas
generator.
Grinding Using a Planetary Ball Mill. PTFE mixed with

sodium chloride was ground using a Fritsch (Idar-Oberstein,
Germany) P-7 planetary ball mill. The vial and balls were made
of zirconia. The volume of the vial was 45 mL, containing
seven balls with a diameter of 15 mm. The rotation speed was

Figure 1. (a) IR ATR spectra of PTFE powder measured before (blue) and after (red) the ball-milling treatment with NaCl. (b) Normalized
spectra of the region #3 around the band at 638 cm−1.
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700 rpm, and the duration time of grinding was 8 h. The molar
mixing ratio of the number of the CF2 groups in PTFE to
sodium chloride was 1:1 (corresponding to a mass ratio of
1:1.17), and 3 g of the mixture was charged into the mill.
When PTFE alone was ground, 3 g of PTFE was charged into
the mill. To remove sodium chloride from the powder, the
milled sample was gently stirred in water for 5 min, followed by
paper filtration, which was further dried at 50 °C overnight.
Powder X-Ray Diffraction (XRD) Measurements.

Powder XRD measurements were performed on a Rigaku
(Tokyo, Japan) SmartLab X-ray diffractometer. Cu Kα
radiation (λ = 0.15418 nm) was generated from a sealed-
tube X-ray source operated at 50 kV and 40 mA. The
convergent beam was irradiated on the surface of a well-ground
sample, and the scattered rays were detected by a Rigaku
HyPix-3000 hybrid pixel counting detector at scattering angles,
2θ. Measurements were performed twice for individual
samples: the first set, aimed at obtaining the entire diffraction
pattern, employed a scanning rate of 4 min−1 with steps of
0.02°; and the second set, focused on a specific region of the
pattern, used a scanning rate of 1 min−1 with steps of 0.02° in
the 2θ range from 15 to 21°.

■ RESULTS AND DISCUSSION
Figure 1a presents IR ATR spectra of PTFE powder before and
after planetary ball milling in the presence of sodium chloride,
shown by the blue and red curves, respectively. In this spectral
region, no peak related to sodium chloride appears,32 and all
the peaks are attributed to PTFE. The native PTFE spectrum
(blue) is characterized by two main peaks at about 1245 and
1146 cm−1 that are assigned to the CF2 antisymmetric (marked
by #1) and symmetric stretching (marked by #2) vibration
modes, respectively.25

Another important two-band set is marked by #3, both of
which are assigned to the CF2 wagging vibration mode.25

These two bands are known to be sensitive to the molecular
conformation of PTFE, and the band intensity ratio is known
to be useful as a quantitative marker of helix-reversal
defects.24,33 The defect occurs where the helical twisting
direction changes in the Rf chain.
The IR spectra show remarkable changes after milling in the

presence of sodium chloride for all the bands. The band #1
shows a band “intensity” change at 1245 cm−1, and the band
#2 shows a minor but reproducible higher-wavenumber “shift”
during milling from 1145.9 to 1150.3 cm−1, as shown by the
inset in the figure. On the other hand, the band set #3 shows a
change in the band “intensity ratio”. These three regions give
us different information on the molecular changes that
occurred in the PTFE crystal or within a single molecule, as
follows.

#1 Fine Granulation of PTFE Revealed by Phonon
Band. The most apparently significant change is found for the
band #1. The band at 1245 cm−1 looks newly in the spectrum
after the milling process, while it is largely depressed in native
PTFE. Fortunately, this band has already been studied in
detail7,8,34 and is attributed to the surface mode of phonon,35,36

as a result of the strong intermolecular interaction between the
large permanent dipole moments of the C−F bonds in the Rf
group. In fact, Nagai and coworkers have shown that the
electric permittivity in this band region drops down to a
negative value, which means that the phonon becomes a
polariton.9,10,37 This experimentally proves that the dipole−
dipole coupling is extremely strong. Since the surface mode of

phonon (or polariton) is localized at the surface of individual
particles, the intensity of the surface mode is directly correlated
to the relative surface area to volume. In other words, the
significant increase of the surface-mode band straightforwardly
indicates that PTFE is crushed into many fine particles having
a large surface area. In this manner, IR spectroscopy proves
that the particle size decreases as a result of the milling process.

#2 Disaggregation of PTFE Crystals. The band #2 is of
the CF2 symmetric stretching vibration (νs(CF2)) mode, which
is often used as a marker band for “molecular aggregation” to
discuss crystallinity or molecular packing, as mentioned
elsewhere.38 In the case of n-alkyl group having no fluorine,
the corresponding CH2 stretching vibration (νs(CH2)) band is
very sensitive to molecular conformation, which is directly
influenced by molecular aggregation.22,23,39−46 In fact, the
νs(CH2) band is often used as a marker band for molecular
aggregation, and is sometimes used for discussing crystallinity.
In the case of the νs(CF2) band, this concept does not apply,
since Rf groups are much stiffer than n-alkyl groups,

1,12,47,48

meaning that conformational change is seriously suppressed. If
this band is influenced solely by conformational changes, then
the νs(CF2) band should be insensitive to molecular
aggregation.28,38 A largely different situation should be taken
into account; however, in that the Rf molecules are strongly
adhered to each other by dipole−dipole interactions, which
can be ignored in the case of hydrocarbon chains. The strong
aggregation of Rf groups makes the normal mode of a single
molecule to change into a collective vibration, as found in
phonon generation. As a result, the position of the νs(CF2)
band can be used as a marker of molecular aggregation or, in
crystallinity.
As shown to the first decimal place in the inset of Figure 1a,

the native PTFE shows a band at 1145.9 cm−1 and it shifts to a
higher wavenumber found at 1150.3 cm−1. The shift of 4.4
cm−1 is remarkably large for the Rf compounds,

38 suggesting a
significant aggregational change, since such a large shift does
not happen in a single molecule.
Then, the same sample was subjected to XRD analysis. As

found in Figure 2a, the main diffraction peak of the (100)
plane49 found for the native PTFE (blue) is drastically

Figure 2. Main diffraction peaks of the (100) plane obtained by the
powder XRD technique before (blue), after the ball-milling treatment
with NaCl (red), and after milling without NaCl (black). (a) The
peaks are plotted with the observed intensities, with error bars
representing the standard error (SE) of the peak intensity. (b) The
normalized peaks, with error bars representing the SE of the peak
position. The average values of the full width at half-maximum
(FWHM) of the individual peaks are also presented.
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depressed for the ball-milled sample in the presence of sodium
chloride (red; with a very minute error bar). When the patterns
are normalized (Figure 2b), the sodium chloride-treated
sample shows a shift to a lower diffraction angle, meaning an
increase in the distance between crystal planes, i.e., crystal
expansion. In addition, the full width at half maximum
(FWHM) is also larger, which indicates a decrease of crystal
size, as indicated by the Scherrer equation.21,50 As predicted by
the IR spectral changes, the crystallinity is found to be largely
lost due to the milling process. As a result, molecular
disaggregation is also confirmed in terms of crystallinity.
If sodium chloride is not added to the system, then what

happens after the ball-milling process with the same milling
conditions? The result is presented in Figure 3 by the black
curve. Unlike the case where sodium chloride is used, as shown
in Figure 1, no spectral change is found for both bands #1 and
#2 in the higher wavenumber region (Figure 3a). This strongly
indicates that only mechanical milling does not work on
molecular disaggregation, and the addition of sodium chloride
is key. As for the band #3, we have to note that the
conformational defect still remains, which will be discussed
later.
The same sample was analyzed by the XRD technique, as

presented by the black curve in Figure 2. Although the peak
intensity of the XRD has some variation, as presented by the
error bars, we can say that the milled sample with sodium
chloride is significantly different from the the rest samples,
which supports that molecular disaggregation is driven by the
addition of sodium chloride.

#3 Change of Molecular Conformation. The third
important discussion point is found for the band #3 in the low-
wavenumber IR region about 630 cm−1 (Figure 1b). This band
was first pointed out to be a marker of conformational change
by Brown in 1964,24 and, in particular, the band at 625 cm−1

was supposed to be correlated with the “defect” occurring in an
Rf chain. The defect means that the direction of twisting of the
Rf group is interchanged, as schematically shown in Figure 4.
This schematic image was obtained as a conclusion of the

temperature-dependent IR spectra in this wavenumber
region.24 At a very low temperature of about 100 K, nearly a
single peak at 640 cm−1 appeared, whereas a new peak at 625
cm−1 developed at a higher temperature of about 300 K.
Judging from the Stratified Dipole-Arrays (SDA) model,11,12,51

the molecular packing of Rf chains should have the lowest
energy if the molecules have a common twisting direction
throughout the chain because such a helical homogeneity
theoretically contributes to a reasonable dipole−dipole
interactive structure between molecules with a perpendicular
stance.11,12,52,53 Since the most stable state is expected at a low
temperature, the band at ca. 640 cm−1 is thus considered to be

defect-free molecules. On the other hand, if the molecules are
heated, the molecular packing can become slightly loose,
creating an opportunity for defects to form in a molecule. As a
matter of fact, Brown theorizes the ratio of defects to normal
conformations as a function of temperature, and the theoretical
ratio is consistent with experimental results.24 In this manner,
the band at 625 cm−1 is assigned to defect-involving molecules.
These experimental considerations are later proved by
theoretical calculations on quantum mechanics,33 and now
we can discuss the spectra within this established concept.
Let us take a look at a magnified spectrum of region #3 in

Figure 1b based on this concept. The band intensity ratio, I625/
I638, of the milled PTFE with sodium chloride changes to be
larger than the native PTFE (0.86 → 1.05), which indicates
that the number of defects is increased by milling with sodium
chloride. If the molecules are in a highly packed crystal when
milling is applied, such a conformational change is not
expected because the molecular skeletons become more rigid
due to aggregation. Therefore, the observed conformational
change needs a decrease in crystallinity. In fact, as shown in
Figure 2a, this conformational change is accompanied by a
significant decrease in crystallinity. This process is schemati-
cally shown in Figure 5a−c.
Since the Rf chain is a collection of C−F bonds, having a

large permanent dipole moment individually, the chain would
readily be solvated by solvent molecules having a large dipole
moment. In the present case, sodium chloride works for that,
and the reaggregation of the PTFE is blocked by the solvation
molecules. As a result, the molecules are kept disaggregated,
having the defects as is (Figure 5d).
This is confirmed by using another additive having no

permanent dipole moment, which is copper fine powder. The
results are shown in Figure S2. Because copper is a metal, the
IR spectrum is distorted a little. We find, however, that all the
bands #1 through #3 regenerate the results with no additive

Figure 3. IR ATR spectra of PTFE powder before (blue) and after (black) the ball-milling treatment without adding NaCl.

Figure 4. Schematic images of the defect-involved and -free Rf chains,
as reflected in the IR spectra33 in the region #3.

The Journal of Physical Chemistry B pubs.acs.org/JPCB Article

https://doi.org/10.1021/acs.jpcb.5c01148
J. Phys. Chem. B 2025, 129, 4249−4255

4252

https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.5c01148/suppl_file/jp5c01148_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.5c01148?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.5c01148?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.5c01148?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.5c01148?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.5c01148?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.5c01148?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.5c01148?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.5c01148?fig=fig4&ref=pdf
pubs.acs.org/JPCB?ref=pdf
https://doi.org/10.1021/acs.jpcb.5c01148?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(Figure 3). Through this simple examination, the influence of
the dipole moment (multipoles, indeed) is proved to be clear.
If the disaggregated molecules are not solvated, on the other

hand, the molecules can be reaggregated to be back (Figure
5e). This schematic explains what is happening in Figure 3: no
change is found for the bands #1 and #2, which indicates that
the molecules are packed tightly as if they did not experience
disaggregation at all (Figure 3a) while only the conformational
change remains for the band #3 (reproducible) as a trace
(Figure 3b). Since the conformational change requires room
generated by disaggregation, the increase of defects suggests a
history in which the matter was once disaggregated to some
degree (Figure 5c) and then returned to the tightly packed
state again (Figure 5e).
Finally, we are interested in the results when the solvated

PTFE is washed out with water (Figure 5f) to fully remove
sodium chloride from the molecular surface of PTFE. The
spectrum of the water-washed sample is presented by the green
curve in Figure 6.
As expected, the molecules are reaggregated to regenerate

the IR bands #1 and #2, which are identical to those of the
native PTFE. This further means that sodium chloride is
readily removed by the water rinse. Of interest is the fact that
the defects are kept unchanged after the water rinse, as found
by the bands #3, meaning that the defects are not recovered
during the reaggregation process.

■ CONCLUSION
IR spectroscopy is found to be a very powerful tool to discuss
the molecular aggregation of PTFE by looking at three

different wavenumber regions. These three regions reveal that:
1) the matter is crushed into small particles, as indicated by the
phonon band intensity; 2) the particles are disaggregated to
some extent; and 3) the disaggregated molecules can have
conformational defects. If the molecules completely (or
ideally) come apart into single molecules, no phonon bands
would appear. Therefore, the appearance of the phonon band
indicates that the matter is not disaggregated that much, but it
is loosened to some degree. In this fashion, the ball-milling
technique in the presence of sodium chloride is found to work
well to loosen PTFE, which is expected to be a useful
technique for reshaping the matter aimed at mechanical
recycling.
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