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Structural Analysis of Polyethylene Terephthalates with Different
Crystallinity using Reactive Pyrolysis GC-TOFMS and NMR

Product used : Mass Spectrometer (MS), Nuclear Magnetic Resonance (NMR)

Polyethylene terephthalate (PET) is a thermoplastic polyester that is obtained by polycondensation of ethylene glycol and
terephthalic acid and has excellent transparency, toughness, rigidity, and heat resistance (Figure 1). PET can be roughly divided into
two types, crystalline PET (C-PET) and amorphous PET (A-PET), depending on the processing method. C-PET has the characteristics
of high strength and heat resistance due to the regular arrangement of the molecules in the crystallized part, which increases the
density. A-PET is characterized by high impact strength and easy bending. However, the amorphous portion of A-PET slowly
crystallizes due to long-term use and heat history, causing changes over time. Changes in density generate internal stress that cuts
polymer chains, which can lead to deterioration in flexibility, impact resistance, strength, etc. Therefore, a polymer was devised in
which about 30-40% of the ethylene glycol in PET was replaced with cyclohexanedimethanol, and this is called glycol-modified PET
(G-PET, PETG) (Figure 2). G-PET is treated as an amorphous resin because the polymer does not crystallize even during the molding
process.

In this application note, two types of commercially available PET resins are analyzed by reactive pyrolysis GC-TOFMS and NMR, and
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the results of analysis to determine whether they are PET or G-PET are reported.
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Figure 1 PET (A-PET & C-PET) structural formula Figure 2 G-PET structural formula

Experiments

Both commercially available PET film and PET plate were freeze-ground and used as samples. The measurement conditions for each
analytical instrument are shown below.

Reactive pyrolysis GC-TOFMS

A gas chromatograph time-of-flight mass spectrometer JMS-T2000GC
(JEOL Ltd.) equipped with a pyrolyzer EGA/PY-3030D (Frontier Labs Ltd.)
was used for the measurements. Samples were subjected to measurements
together with 10 pL of tetramethylammonium hydroxide (TMAH) 25% (w/w)
methanol solution (El method: n=3, FI method: n=1). The sample amount J

T —

was 0.2 mg for the El method and 0.5 mg for the FI method. Using

msFineAnalysis (JEOL Ltd.), the obtained data were subjected to differential = = ;
analysis between the two samples of PET film and PET plate, followed by ™
qualitative analysis and structural elucidation of the components , ——
characteristic of G-PET. Other detailed conditions are shown in Table 1.

NMR i

The sample was dissolved in deuterated trifluoroacetic acid (TFA-d1) JMS-T2000GC JNM-ECZL400S
and 'H NMR measurements were performed using JNM-ECZL400S
(JEOL Ltd.). The NMR database of PoLyInfo (NIMS) [1] was used as a
reference for the structural analysis.

:

Table 1 Py-GC-TOFMS measurement and analysis conditions

Pyrolysis conditions MS conditions
Pyrolyzer EGA/PY-3030D (Frontier Labs Ltd.) Spectrometer JMS-T2000GC (JEOL Ltd.)
Pyrolysis Temperature 400°C lon Source El/FI combination ion source
GC conditions lonization El+:70 eV, 300 pA
Column DB-5MS Ul (Agilent Technologies) Fl+:-10 kV
30 m x0.25 mm, 0.25 um Mass Range m/z 29 - 600
Oven Temperature 40°C (2 min) - 20°C/min
-320°C (10 min)
Injection Mode Split mode (100:1)
Carrier flow He: 1.0 mL/min
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Results

Measurement results of reactive pyrolysis GC-TOFMS

Figure 3 shows EI TICC of reactive pyrolysis GC-TOFMS (blue: PET film, red: PET plate). Peaks 1 to 3 were observed as common
components for both samples. In addition, peaks 4 to 11 were observed as components characteristic of the PET plate. Table 2 shows
the integrated analysis results by msFineAnalysis of peaks 1 to 11 from the PET plate. The integrated analysis is a method to uniquely
determine the molecular formula by integrating and analyzing the library database (DB) search results using the El spectrum and the
composition estimation results of the molecular ions in the FI spectrum. From this, it was found that peaks 1 to 3 are methylated
derivatives of terephthalic acid and ethylene glycol, which are reaction pyrolysis products of PET. From the results of NIST library
database (DB) search and molecular ion composition estimation of the FI spectrum, peaks 6 and 7 were presumed to be structure B or
its isomer, and peaks 8 and 9 were presumed to be structure C or its isomer, respectively. Although peaks 4 and 5 could not be found in
the DB search, they could be assumed to be structure A or its isomers from the results of El spectrum and molecular ion composition
estimation of FI spectrum. As described above, peaks 4 to 9 were found to be three types of reaction pyrolysis products derived from
cyclohexanedimethanol and having different numbers of methyl groups. It was also speculated that there are two isomers for each type.

Next, peak 10 was presumed to be structure D from the DB search results and molecular ion composition estimation results of the FI
spectrum, and was a reaction pyrolysis product reflecting the structure of PET. On the other hand, there was no corresponding
compound for peak 11 in the DB search. Structural analysis was carried out from characteristic fragment ions (m/z 93, 108, 126) when
comparing the El spectrum with that of peak 10 and the result of molecular ion composition estimation of the FI spectrum. As a result,
it was presumed to be structure E in which terephthalic acid and cyclohexanedimethanol were bound.

From the above results, it was presumed that the PET film was PET (A-PET or C-PET) and the PET plate was G-PET.
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Figure 3 TICC of El data

Table 2 Integrated qualitative analysis result of PET plate

General Total Result
RT [Height . . A Calculated Mass Error | El Fragment
ID tming | (%] IM m/z Library Name Lib. Similarity Formula DBE s [mDa] o
2.55| 9.40| 76.05187 Ethanol, 2-methoxy- mainlib 910 C3 H8 02 0.0 76.05188| -0.01 100
2.60| 10.35| 90.06737 Ethane, 1,2-dimethoxy- mainlib 771 C4 H10 02 0.0 90.06753| -0.16 88
10.35| 100.00| 194.05831 1,4-Benzenedicarboxylic acid, dimethyl ester mainlib 932 C10 H10 04 6.0 194.05736 0.95) 100
8.48| 7.34]172.14621 - - - C10 H20 02 1.0 172.14578| 0.43 100
8.52| 2.11| 172.14641] - - - C10 H20 02 1.0 172.14578| 0.63 100
8.91| 16.74{ 158.13057 cyclohexanemethanol, 4-(methoxymethyl)- mainlib 912 C9 H18 02 1.0 158.13013 0.44 100
8.98| 8.29| 158.13052 cyclohexanemethanol, 4-(methoxymethyl)- mainlib 844 C9 H18 02 1.0 158.13013 0.39 100
9.34| 8.32( 144.11460 1,4-Cyclohexanedimethanol, trans- mainlib 973 C8 H16 02 1.0 144.11448| 0.12 100
9.46| 3.94| 144.11466) 1,4-Cyclohexanedimethanol, trans- mainlib 856 C8 H16 02 1.0 144.11448| 0.18 100
12.44| 1.02| 266.07821| 1,2-Benzenedicarboxylic acid, 2-ethoxy-2-oxoethyl methyl ester mainlib 712 C13 H14 06 7.0 266.07849 -0.28 100
15.69| 21.42|306.14702 - - - C17 H22 05 7.0 306.14618 0.84 100
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Figure 4 Mass spectra of peaks 10 and 11

JEOL Ltd.

Certain products in this brochure are controlled under the “Foreign Exchange and Foreign Trade Law” of Japan in compliance with international security export control. JEOL Ltd. must
provide the Japanese Government with “End-user’s Statement of Assurance” and “End-use Certificate” in order to obtain the export license needed for export from Japan. If the product
to be exported is in this category, the end user will be asked to fill in these certificate forms.

Copyright © 2023 JEOL Ltd.




1H NMR measurement results

Figure 5 shows the 'H NMR spectra of the PET film and the PET plate. Peaks 1 and 2 derived from terephthalic acid and ethylene
glycol were commonly observed in the spectra of both samples. On the other hand, multiple peaks (peaks 3 to 12) were observed
around chemical shifts of 1 to 5 ppm only for the PET plate. The PET plate was presumed to be G-PET from the results of reactive
pyrolysis GC-TOFMS, so we searched PoLyInfo by polymer name and compared the NMR spectra listed with the observed NMR
spectrum, and found high similarity. After confirming that, peak assignment was performed. As a result, peaks 3 to 12 were found to be
derived from cyclohexanedimethanol. In the NMR spectrum, the peaks derived from the structural isomers of cyclohexanedimethanol
are separated, and it is characteristic that the abundance ratio of the isomers can be discussed. Also, when the ratio of ethylene glycol
and cyclohexanedimethanol was calculated from each peak area value for the PET plate, the ratio was approximately 2:1.
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Figure 5 'H NMR spectra of PET film and PET plate
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In this application note, we reported the results of structural analysis of commercially available PET film and PET plate by reactive
pyrolysis GC-TOFMS and 'H NMR. Reactive pyrolysis GC-TOFMS clarified the difference in structure between the PET film and the
PET plate, and was able to deduce that they were PET (A-PET or C-PET) and G-PET, respectively. Based on this information, the
analysis of the 'H NMR results was facilitated, and it was found that the structural isomers and the ratio of ethylene
glycol/cyclohexanedimethanol could be discussed. In this way, it is effective to comprehensively utilize the information obtained from
each technique in structural analysis of polymers.
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