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The presence of several inorganic compounds induced the
degradation of poly(tetrafluoroethylene) into C,™ in different
abundances in a gas chromatography coupled to time-of-flight
mass spectrometry. A probable formation mechanism of C,"
was proposed. The finding is significant and useful for
generating molecular C, ions in laboratory conditions.

Unlike N,, O,, and F, molecules, a C, molecule and its
associated ions such as C,*, C,~, and C,%>* ions are quite rare,'-
owing to their low bonding stability and high reactivity.> So
far, there is little data describing the variability in relative
abundances (RA, %) of these species. This may be because most
of them have only been found in interstellar space or under
extreme laboratory conditions such as production by laser
ablation of graphite.* In this case, it would be very interesting
and useful to obtain the molecular C, ions in laboratory
conditions for theoretical considerations, especially for practical
applications.

In this work, C,™ was observed under vacuum of a gas
chromatography coupled to time-of-flight mass spectrometry
(GC-TOF-MYS). It was found that the presence of three inorganic
compounds: ammonium molybdate tetrahydrate (AMT), NH,4Cl,
and MoO3, changed the degradation pattern of poly(tetrafluoro-
ethylene) (PTFE) and induced C,* in different RA values. The
preparation method and heating program of the adducts of PTFE
with the compounds in GC-TOF-MS measurement were based
on reported work.>® A proposed mechanism describing the
degradation process of PTFE is also illustrated to explain the
difference in RA values between PTFE and its adducts.

Figure 1 illustrates the total ion current (TIC) curves of
PTFE and its adducts. Free PTFE did not decompose until
32.25min (the first step), and then underwent a rapid thermal
decomposition at 35.82 min (the second step).

The comparison of the TIC profiles of PTFE and its adducts
provided clear evidence of different effects of the inorganic
compounds on the thermal degradation of PTFE in vacuum. For
example, the presence of NH4Cl greatly promoted the first step
degradation of PTFE at 31.94 min. A similar effect, but lower in
intensity, was also discovered in the case of the existence of
AMT. Moreover, no noticeable release signals concerning the
decomposition of NH4Cl or AMT itself were seen. Contrarily,
the addition of free MoOjs resulted in a decrease in the level of
the first step degradation of PTFE.

Figure 2 depicted mass spectra of free PTFE and its adducts
with AMT and NH4CI at the first degradation step. The PTFE
only showed two main peaks at m/z 43.990 (CO,™) and 84.971
(SiF3™). In our opinion, the appearance of the two fragments was
a result of the onset of etching of the activated species derived
from the degradation of PTFE on the quartz injection chamber,
as described in eq 1.'%!! Interestingly, no observable peaks
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Figure 1. TIC curves of PTFE (A) and its adducts with AMT
(B), MoOs (C), and NH4CI (D).
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Figure 2. Mass spectra of PTFE (A) and its adducts with AMT
(B), NH4CI1 (C) at the first degradation step.

appeared in the mass spectrum of PTFE-MoOs3, suggesting the
etching did not happen in this case.

PTFE + Si0, —2> SiF,) + CO, (1)

Besides the two strong peaks due to CO," and SiF;™,
several new peaks such as m/z 30.999 (CF*), 49.997 (CF,*),
and 80.994 (C,F;") appeared in Figure 2B. This means that
the degradation of the PTFE was promoted by the presence of
AMT.

Surprisingly, numerous peaks appeared in the mass spec-
trum of PTFE-NH4Cl. And many of them are hydrocarbon ions
such as m/z 29.038 (C,Hs™), 43.055 (C3H;™), 57.071 (C4Hy™),
69.071 (CsHy'), 83.086 (CgH; ™), 97.102 (C;H3™), 111.118
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Figure 3. Mass spectra of PTFE (A) and its adducts with AMT
(B), MoOj; (C), and NH4CI (D) at 35.82 min. The insets are the
enlargement of the graphs in the range of m/z between 15 and
30, with a magnification of 20 times relative to the primary
vertical axis.

(CgH;s%), and C,H,F." (a, b, and ¢ are integer) ions such as
73.047 (C4HgF™), 107.065 (CsHyF,™), 133.016 (C3H,Fs™), and
207.034 (C;oH;3Cl;™). This phenomenon strongly implies that
there is interaction between HCI(g) and PTFE in the system.

Figure 3 shows the mass spectra of PTFE and its adducts
at the second degradation step (main degradation process). As
shown in Figures 3B-3D, the maximum degradation time of
PTFE in the presence of the inorganic compounds did not
change at all (at 35.82min). And all major peaks, such as
CF*, CF,", C,F3", and SiF;t in the mass spectrum of
PTFE (Figure 3A) also occurred in the cases of the adducts
(Figures 3B-3D). These suggested that the main degradation
process of PTFE was not fundamentally affected by the addition
of the inorganic compounds. However, there was some
interesting difference between PTFE and its adducts.

From Figure 3A and its inset, no signals of C," at m/z
24.000 were detected in the mass spectrum, but C,* with a RA
value of 1.12% (Figure 3B and its inset) was observable in the
case of PTFE-AMT. Similar situations also arose in PTFE-
NH4Cl (1.36%) and PTFE-MoOj; (1.14%). This led us to
consider that the generation of C,* originated from the effect of
the inorganic components on the degradation mechanism of
PTFE. On the basis of the signals shown in Figures 2 and 3, a
proposed process with respect to the thermal depolymerization
of PTFE was plotted in Figure 4.

Initially, a small amount of PTFE interacted with SiO, at
773 K. Subsequently, the fluorocarbon chain of PTFE began
to degrade into small fragments such as C,F,*, (61.998) and
C,F3". And then, the small fragments continued to decompose
into smaller fragments such as CF*, C,F*, and CF,", as shown
in Figure 4.

It is worth noting that the two fragments: C,F,* and C,F*
may play an important role in the formation of C,". Several
proposed chemical reactions describing the decomposition
process of the C,F,™ are given in eqs 2—4.
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Figure 4. A proposed depolymerization mechanism of PTFE.

CF* — CoFo*
30.999 61.998

OCF* + € )
CoF," CF" +F C, + F (3)
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According to the mass spectra in Figure 3, we inferred that
the inorganic compounds might have an influence on the
decomposition performance of C,F,* and C,F'. On the one
hand, as seen in Figure 3, the RA of CF* was much higher than
that of C,F,™ or CoF T, suggesting that during the degradation of
PTFE, eq 2 was the major decomposition reaction of C,F,*, and
eq 3a was very difficult, since the RA values of both C,F*
(m/z, 42.999) and F* (m/z, 19.000) were rather low especially
in Figure 3A. On the other hand, the RA value of C,F*
increased while the C,* signal appeared in the mass spectra of
the adducts when compared to that of free PTFE. All of these
provide an important indication that the inorganic components
did not have much influence on eq 2, but greatly promoted the
formation of C,* by eq 3, rather than by eq 4 because F,* was
not found in these cases. That is why C,* was present in the
mass spectra of the adducts but not in the mass spectrum of free
PTFE. Since the presence of the inorganic components caused
such a specific phenomenon, it should be reasonable that there
may be some other components which could enhance the release
of C,* more easily and effectively.

References

1 C. P. Ballance, B. M. McLaughlin, J. Phys. B: At., Mol. Opt.
Phys. 2001, 34, 1201.

2 S. Hayakawa, N. Terazawa, T. Sugiura, J. Phys. B: At., Mol.

Opt. Phys. 1990, 23, 4539.

W. Weltner, R. J. van Zee, Chem. Rev. 1989, 89, 1713.

D. Krankowsky, P. Lammerzahl, I. Herrwerth, J. Woweries, P.

Eberhardt, U. Dolder, U. Herrmann, W. Schulte, J. J. Berthelier,

J. M. Illiano, R. R. Hodges, J. H. Hoffman, Nature 1986, 321,

326.

5 S. Hayakawa, M. Yoshioka, T. Sugiura, Int. J. Mass Spectrom.
Ion Processes 1989, 87, 309.

6 S. S. Harilal, R. C. Issac, C. V. Bindhu, V. P. N. Nampoori,
C. P. G. Vallabhan, J. Appl. Phys. 1997, 81, 3637.

7 1. J. Gaumet, A. Wakisaka, Y. Shimizu, Y. Tamori, J. Chem.
Soc., Faraday Trans. 1993, 89, 1667.

8 L. X. Song, M. Wang, Z. Dang, F. Y. Du, J. Phys. Chem. B
2010, /74, 3404.

9 L. X. Song, Z. Dang, J. Phys. Chem. B 2009, 113, 4998.

10 J. P. Booth, Plasma Sources Sci. Technol. 1999, 8, 249.

11 J. Burdeniuc, B. Jedicka, R. H. Crabtree, Chem. Ber. 1997, 130,
145.

B w

www.csj.jp/journals/chem-lett/


http://dx.doi.org/10.1088/0953-4075/34/7/304
http://dx.doi.org/10.1088/0953-4075/34/7/304
http://dx.doi.org/10.1088/0953-4075/23/24/012
http://dx.doi.org/10.1088/0953-4075/23/24/012
http://dx.doi.org/10.1021/cr00098a005
http://dx.doi.org/10.1038/321326a0
http://dx.doi.org/10.1038/321326a0
http://dx.doi.org/10.1016/0168-1176(89)80030-8
http://dx.doi.org/10.1016/0168-1176(89)80030-8
http://dx.doi.org/10.1063/1.365482
http://dx.doi.org/10.1039/ft9938901667
http://dx.doi.org/10.1039/ft9938901667
http://dx.doi.org/10.1021/jp100308x
http://dx.doi.org/10.1021/jp100308x
http://dx.doi.org/10.1021/jp900550d
http://dx.doi.org/10.1088/0963-0252/8/2/005
http://dx.doi.org/10.1002/cber.19971300203
http://dx.doi.org/10.1002/cber.19971300203
http://www.csj.jp/journals/chem-lett/

