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Abstract

The thermal decomposition of hindered amine light stabilizers for polyolefins based on bis(2,2,6,6-tetramethyl-4-piperidinyl) terephthalate (I),
bis(2,2,6,6-tetramethyl-4-piperidinyl) o-phthalate (IT) and 2,2,6,6-tetramethyl-4-piperidinyl stearate (III) has been studied using TG, DSC as well
as FTIR of solid and GC/MS of high boiling decomposition products. The onset of weight loss in TG increases in the series: TII<II <. Ester
cleavage by the B-elimination mechanism, scission of C-N bonds of the piperidine ring and aminolysis of the ester group have been shown to
account for the formation of the decomposition products in the temperature range of 200-350 °C. The aminolysis reaction depresses the thermal
stability of the studied compounds, in addition to the scission of the ester and C—N bonds. The yield of the products of aminolysis is higher from
(I) and (IT) compared to that from (III). The mass spectra of decomposition products and the decomposition scheme of the compounds under study

are discussed.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Hindered amine light stabilizers (HALS) are commonly
added to various polymeric materials in outdoor applications
to prevent their photodegradation. They are composed of a sec-
ondary or tertiary cyclic amine unit and of a carboxylic acid
component, and their function is ascribed [1] to radical scav-
enging by the nitroxide that can be formed by the oxidation
of the HALS. In addition, HALS can be used as synergists to
enhance flame retardancy of polymeric materials [2—4].

In order to be useful, any polymer additive must survive high
temperatures used in the processing of polymeric materials (for
instance, 250-270 °C for polyamides), therefore thermal stabil-
ity studies of HALS are of importance. For example, a synthesis
of more than 100 hindered piperidine compounds was reported
[5], however only few were effective as light stabilizers, mainly
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because of poor thermal stability. This factor was likely to be a
consequence for possible candidates for HALS to exhibit either
high volatility or ability to decomposition resulting in the loss
of their structure.

The development of HALS at the Research Institute for Phys-
ical Chemical Problems of the Belarusian State University has
been a subject for many years [6,7], as there is a growing demand
in stabilized polyolefin, polyester and polyamide polymers pro-
duced by the Belarusian industry. An important part of this work
is studying thermal stability and thermal decomposition of the
developed products, aimed at elucidation of the influence of the
functional groups, the amine group or the ester group, on the
loss of their structure. In this respect the work of Blazso [8] is of
importance, in which the effect of the ester group was shown in
high temperature pyrolysis (400-900 °C) of HALS containing a
tertiary amine group.

In addition, knowledge of decomposition products of HALS
has to be taken into consideration, when plastic materials
containing HALS are subjected to thermal recycling. It can be
also used in sensitive and specific determination of HALS in
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polymeric materials [9]. Our study contributes to these topics
of pyrolysis chemistry.

2. Experimental
2.1. Materials

The objects of this study were a composition (HALS-1) of
bis(2,2,6,6-tetramethyl-4-piperidinyl) terephthalate (I) (88% as
determined by NMR spectroscopy), methyl 2,2,6,6-tetramethyl-
4-piperidinyl terephthalate (10% by NMR) and dimethyl
terephthalate (2% by NMR), which is an effective light sta-
bilizer in polyolefins [5], bis(2,2,6,6-tetramethyl-4-piperidinyl)
o-phthalate (IT, HALS-2) and 2,2,6,6-tetramethyl-4-piperidinyl
stearate (III, HALS-3), both with purity of about 97% (by
NMR). They were prepared by transesterification reaction of
either dimethyl terephthalate or dibutyl o-phthalate or ethyl
stearate by 2,2,6,6-tetramethyl-4-piperidinol in o-xylene or
dimethylformamide using a Lewis acid-type catalyst. HALS-1,
-2, -3 were purified by precipitation with water from ace-
tone solution. The yield of the synthesized products was
of 85-95%. 'H NMR of I (CD30D): sH=8.07 (s, 4H,
p-CgHy), 5.65-5.25 (m of nine lines, 2H, CH,—CH-CHy),
2.15-1.90 (dd, 4H, (CH3),C-CH-CH), 1.60-1.35 (d, 4H,
(CH3)2C-CH-CH), 1.35-1.10 (d, 26H, (CH3)>C + NH) ppm.
!H NMR of II (CDCl3): $H=7.80-7.40 (m, 4H, 0-CgHa),
5.65-5.25 (m of nine lines, 2H, CH,—CH-CHy), 2.20-1.90
(dd, 4H, (CH3),C-CH-CH), 1.40 (s, 2H, (CH3)2C-CH-CH),
1.35-1.05 (d, 30H, (CHs3),C +(CH3)2C-CH-CH + NH) ppm.
IH NMR of III (CDCl3): $H=5.40-5.00 (m of 9 lines,
1H, CH—-CH-CH,), 2.45-2.15 (t, 2H, CH—-CH,-CO),
2.05-1.65 (dd, 2H, (CH3)2C-CH-CH), 1.70-0.88 (m, 48H,
CHs + CH2 + NH) ppm. The NMR measurements were carried
outusing a TESLA BS-587A spectrometer operating at 80 MHz.

2.2. Thermal analysis

Thermal analysis was carried out using a Mettler TA 3000
thermal analyzer provided with a thermogravimetry (TG) mod-
ule and a differential scanning calorimetry (DSC) cell. Standard
measurements were performed at a heating rate of 10 °C min~1
under an argon flow of 60 cm® min—1. The non-volatile fraction
reproducibility was +0.5%. The sample size was of about 10 mg.

2.3. Products of thermal degradation

For details of the thermal degradation procedure, the reader
is referred to Ref. [10]. In short, high boiling decomposi-
tion products (HBPs) were collected under argon or helium
in a degradation tube, the bottom part of which was hold
at isothermal temperature 350°C for 15min, using samples
of approximately 100 mg; whereas gaseous decomposition
products were trapped at liquid nitrogen temperature and suc-
cessively analyzed by GC/MS. The HBPs condensed in the
upper part of the test tube were washed out by acetone, and
the acetone solution was subsequently subjected to a GC/MS
analysis (GC/MS model HP 6890/5972A) using a HP-1 60 m
column which was temperature programmed from 50 °C (3 min)
to 290 °C (20 min) at a heating rate of 10 °C min—1. For analysis
of gaseous products, the 60 m HP-1 capillary column was also
found to be an appropriate column. The column was heated to
250°C at a heating rate of 10°Cmin~1 after an initial 3 min
period at —40 °C. The mass spectra were obtained by electron
ionization at 70 eV keeping the source at 180 °C. A mass spec-
trometric identification was carried out using Wiley and NBS
libraries. In the few cases, when compounds were not included
in the libraries, they were identified on the basis of both the
molecular ion m/z value and of the ion decomposition pattern
constructed for the best fit with the mass spectrum.

Solid residues collected at different steps of thermal decom-
position in TG were investigated by IR spectroscopy on a Perkin
Elmer “Spectrum 1000” FTIR spectrometer using KBr pellets.

3. Results and discussion

3.1. Thermal analysis

When heated at 10°Cmin—!, the studied HALS melt and
exhibit an endothermal one stage weight loss process between
170 and 320 °C (Figs. 1 and 2). The onset temperature of weight
loss (thermal stability) increases in the series HALS-3 <HALS-
2 <HALS-1. The melting point temperature also increases in a
similarway, i.e. 41°CatHALS-3,97 °Cat HALS-2,and 204 °C
atHALS-1. There was some black solid residue left after thermal
decomposition (Fig. 1).
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Fig. 1. Thermogravimetry of HALS-1, HALS-2, and HALS-3. Heating rate of
10°C min—1 under nitrogen flow of 60 cm® min—1.
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Fig. 2. DSC analysis of HALS-1, HALS-2, and HALS-3. Heating rate of
10°C min~1 under nitrogen flow of 60 cm3 min—1.

3.2. FTIR study

The infrared spectra of the original HALS are presented
in Fig. 3 (spectrum a) and Fig. 4 (spectra a and c), see also
Table 1. The ester group of HALS-1 or -2 gives rise to the strong
absorption bands at 1710 cm~—? due to the C=0 stretching vibra-
tion, and two strong absorption bands at 1271 and 1122cm—1
or 1294 and 1125 cm~? due to the asymmetric and symmetric
C-0O-C stretching vibrations [11]. One of the strongest absorp-
tion bands in the FTIR spectra HALS-1 or -2 is the aromatic
C—H deformation vibration located at 731 or 739 cm~!. Because
of the absence of conjugation with an aromatic ring, the ester
C=0 stretching vibration of HALS-3 absorbs at 1738cm~1,
whereas the ester C-O-C stretching vibrations occur at 1235 and
1169 cm~1. However, the most intense bands in the FTIR spec-
trum of HALS-3 are due to aliphatic C—H stretching vibrations

Absorbance
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Wavenumber / cm-1

Fig. 3. Infrared spectra of initial HALS-1 (a) and solid products of its thermal
decomposition collected in thermogravimetry at different steps of weight loss
under inert atmosphere: 50% (b); 70% (c); at the end of the main stage of weight
loss (d). Pellets in KBr.
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Fig. 4. Infrared spectra of initial HALS-2 (a) and HALS-3 (c) and solid prod-
ucts of their thermal decomposition collected in thermogravimetry under inert
atmosphere at the end of the main stage of weight loss (b and d). Pellets in KBr.

of the methylene groups at 2914 and 2851 cm~1; the deforma-
tion vibrations of the methylene group are located at 1474 and
716 cm~1. The studied HALS are also characterized by a weak
N-H stretching vibration of secondary amines between 3300
and 3250 cm1.

Thermal decomposition of HALS-1 resulted in a steadily
decreasing intensity of the absorption bands at 1710, 1271 and
1122 cm~1 (spectra b—d) indicating decomposition of the ester
structure. The aromatic band at 731 cm~! declined as well. The
profile of the C—H stretch spectral region at 2979-2861cm~—1
changed remarkably too. There was a significant decrease in the
intensity and disappearance of the —CHa-related bands. At the
end of the main stage (spectrum d), only traces of the absorption
bands due to CH3 remained.

In addition, heating in the range of 220-320 °C resulted in
the formation of new peaks at 3220, 1632, 1555 and 1381 cm—!
that increased in intensity up to 70% weight loss, after that
the 1632 cm~1 peak declined. The peaks are characteristic of
secondary amides (3220, 1632, 1555cm~1) and a carboxylate
group (1555 and 1381 cm~—1) [11]. The residual absorption band
at 1720cm~1 (spectrum d) is indicative of an undecomposed

Table 1

Attribution of the main absorption bands of the studied HALS

Position: wavenumber (cm—1) Attribution
HALS-1 HALS-2 HALS-3

3297 3326 3251 v(NH)
2979-2861 2993-2864 2956-2851 v(CH)
1710 1710 1738 v(C=0)
1381, 1365 1378, 1366 1383, 1370 3(C(CHs)2)
1271, 1122 1294, 1125 1235, 1169 v(C-0-C)
731 739 - 3(C-H arom.)
- - 716 3(CHy)
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Fig. 5. Total ion gas chromatogram of the acetone-soluble HBPs of HALS-1
collected in the degradation apparatus at 350 °C. Peaks assignment in Table 2.

methy| terephthalate unite incorporated in the solid decomposi-
tion products, presented in the initial compound.

The FTIR spectra of the solid residues of HALS-2 and -3
showed little changes in the middle of thermal decomposition
as the absorption bands of pyrolysis products appeared at the end
of the main stage of weight loss. However, the FTIR spectrum of
the sample of HALS-2 obtained at the end of pyrolysis (Fig. 4,
spectrum b) resembles that of HALS-1 (Fig. 3, spectrumd), i.e.
two strong broad absorptions around 1560 and 1400 cm~1 first
of which being a superposition of the amide I, amide Il bands,
and the asymmetric CO,~ stretching vibration [11]. The sym-
metric CO,~ stretching vibration absorbs at 1400 cm~—1 [11].
The carboxylate ion might be formed in the course of a reaction
of the catalyst with phthalic acid structures. In addition, aromatic
bands can be recognized at 3065, 1590 and 765 cm1.

The FTIR spectrum of the pyrolysis residue of HALS-3
obtained at 80% weight loss (Fig. 4, spectrum d) shows only
an additional absorption band at 1728 cm~? due to formation of
an aliphatic acid structure.

3.3. GC/MS study

The total ion gas chromatogram of the HBPs of HALS-1
is shown in Fig. 5. The chromatographic peaks are assigned
in Table 2. The mass spectra of the selected HBPs are shown
in Figs. 6 and 7. The mass spectrum of 2,2,6,6-tetramethyl-
1,2,5,6-tetrahydropyridine (peak 6 in Fig. 5) corresponds to that
published in [8].

In Fig. 6 even mass numbers are indicative of a nitrogen-
containing compound; therefore, the highest mass 84 is most
likely attributed to a (M — CHs)* ion. This points to the molec-
ular mass of 99, which is consistent with the molecular formula
CgH13N. The spectrum is dominated by the loss of 41, suggest-
ing the presence of an allylic group. Taking into account the

CgH1aN

Hj\ixv

58 | HaN

A

42
[M-CHa]'
‘ 84

40 70 100 130 (m/z)

Fig. 6. Mass spectrum of 2-methylpent-4-en-2-amine (peak 1 in Fig. 5).

C4gH25N0O,4 124 o o
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58 82 140 453 319
I \149/ 304/
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Fig. 7. Mass spectrum of methyl 2,2,6,6-tetramethyl-4-piperidinyl terephthalate
(peak 16 in Fig. 5).

structure of the initial tetramethylpiperidinyl ring, the product
is attributed to 2-methylpent-4-en-2-amine.

In Fig. 7 the mass spectrum shows many similarities with
that of 2,2,6,6-tetramethyl-1,2,5,6-tetrahydropyridine, i.e. even
mass numbers 42, 58, 82, and the most abundant mass 124, from
which the presence of the tetramethylpiperidinyl ring is deduced
in the unknown substance. In fact, the ring ion shows a weak
peak at miz 140 (CgH1gN*). The other support for the ring is the
loss of the tetramethylpiperidinoxyl radical from the molecular
ion, giving rise to the peak at m/z 163. The latter mass and that
at m/z 149 are attributed to the p-CH300C-CgH4—CO* and p-
HOOC-CgH4—CO™ ions correspondently. The mass spectrum is
in accordance with the structure of methyl 2,2,6,6-tetramethyl-
4-piperidinyl terephthalate.

The main HBPs from HALS-1 are 2-methylpent-4-en-2-
amine, 2,2,6,6-tetramethyl-1,2,5,6-tetrahydropyridine, hydro-
carbons CgH14 which are likely to arise from decomposition of
the piperidine ring, together with p-cyanobenzoic acid. The latter
is generated from reaction involving the terephthalate unit [12].
Monomethyl terephthalate (15, Fig. 5) comes from decompo-
sition of methyl 2,2,6,6-tetramethyl-4-piperidinyl terephthalate
presented in the initial material. The formation of hydrocar-
bons CgHi4 is in accordance with the study [8] where an
acyclic unsaturated hydrocarbon CgH14 has been reported. FTIR
examination of the HBPs revealed that some amounts of (I)
evaporated.

The HBPs emitted during pyrolysis of HALS-2 are shown
in Table 3, together with the relative area of the correspond-
ing chromatographic peaks. As expected the main pyrolysis
products are 2-methylpent-4-en-2-amine (product 1) 2,2,6,6-
tetramethyl-1,2,5,6-tetrahydropyridine (product 2). The other
important products are 2,2,6,6-tetramethyl-4-piperidinol (4) and
1,3-dimethyl-3-buten-1-yl o-cyanobenzoate (8) the structure of
which is supported by the corresponding mass spectrum (Fig. 8).
In fact, the molecular ion of (8) (m/z 229) shows three competi-
tive losses of 147, 81, and 41 due to radicals of o-cyanobenzoic
acid, *CgHg, and *C3Hs. The first two losses give rise to ions
at 82 (CgH1o*), and 148 (0-NC-CgH4—~C(OH),* due to dou-
ble hydrogen rearrangement). The latter ion exhibits successive
eliminations of water and CO to give the 0-NC-CgH4™ ion at
miz 102.

The mass spectra of two other selected products evolved
during pyrolysis of HALS-2 are presented in Figs. 9 and 10.
The molecular ion of N-1,1-dimethylbut-3-en-1-ylbenzamide
(Fig. 9) shows a loss of allylic radical producing ion at m/z
162. However, the most favourable decomposition pathway is
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Table 2
HBPs emitted during pyrolysis of HALS-1
Entry mlz Relative area (%) Structure

H,N. e

1 99 6 7<v
2,3 122 <1 CoHig
5 122 2 CoHus
6 139 3 <:§H
7 122 2 CoH14
8 120 3 4@
9 121 1 fo EN
10 122 3 CoHaa
11 139 1 o NH
12 122 <1 HOOC @
13 147 13 HOOC @3N
14 194 4 CH;00C @—coocm
15 180 N HOOC @—COOCH;
16 319 13 CH;00C —@—coo ACE{

scission of the amide bond leading to the formation of ion at m/z
105 following by loss of CO to give ion at m/z 77.

The molecular ion of 1,3-dimethyl-3-buten-1-yl N-1,1-
dimethyl-3-buten-1-ylphthalamate (Fig. 10) shows successive
losses of the alkoxyl radical and 4-methylpentadiene to pro-
duce the HoNCO-CgH4—CO™ ion at m/z 148. The latter ion
undergoes elimination of water from the amide group, which is
accompanied by formation of ion at m/z 130.

The HBPs obtained during pyrolysis of HALS-3 are shown in
Table 4. With respect to the area of the chromatographic peaks,
the most important products are 2-methylpent-4-en-2-amine
(1), 2,5-dimethylpyridine (2), 2,2,6,6-tetramethyl-1,2,5,6-
tetrahydropyridine (3), octadecanitrile (22), octadecanoic acid
(23), N-1,1-dimethylbut-3-en-1-yl-n-heptadecanamide (24).
During pyrolysis HALS-3 volatilized too. The structure of
amide (24) (Table 4) was deduced from its mass spectrum
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Table 3
HBPs emitted during pyrolysis of HALS-2
Entry mlz Relative area (%) Structure
H;N.
1 99 10 7<\/
2 139 12 Cg‘q
H;N. P /
3 139 3
4 157 22 HO‘CEH
5 147 3 @:
CONH
CQ
N
7 201 <1 @: Mo
CcO
W
8 229 34
CO0 \(\{
10 269 7 Not assigned

\r\[/ 188
QL .
C14H15NO2 @E
130
[CeH1ol* 148 -
[s2]
Y =
76 O
6782 102 =
‘, ] o1
40 80 120 160 200 (M/z)

Fig. 8. Mass spectrum of 1,3-dimethylbut-3-en-1-yl o-cyanobenzoate (com-

pound 8 in Table 3).
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Fig. 9. Mass spectrum of N-1,1-dimethylbut-3-en-1-ylbenzamide (compound 6
in Table 3).
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Fig. 10. Mass spectrum of 1,3-dimethyl-3-buten-1-yl N-1,1-dimethyl-3-buten-
1-ylphthalamate (compound 9 in Table 3).

(Fig. 11) which is characterized by masses 324 and 284 orig-
inated from losses of the allylic and CgHg (double hydrogen
rearrangement) radicals. The loss of the C1gH3; olefin from the
acid side is observed as well, which results in the mass of the
corresponding N-substituted acetamide at m/z 141. Appearance
of the most abundant ion at m/z 58 (H2N-C(CH3)2") can be
understood by decomposition of the m/z 324 ion by breakdown
of the amide CO-NH bond with a simultaneous H-transfer
from the adjacent methylene group.

The total ion gas chromatogram of the gaseous products of
HALS-1 is presented in Fig. 12. The main LBPs are acetone, 2-
methyl-1,4-pentadiene and 2-methyl-1,3-pentadiene produced
from decomposition of the piperidine ring. Pyrolysis of HALS-2
and -3 essentially resulted in the formation of the same products
as they originate from fragmentations involving the piperidine
ring.

58
CWHSSCONW
284 324
l l 365
" I _ |
40 120 200 280 (miz)

Fig. 11. Mass spectrum of N-1,1-dimethylbut-3-en-1-yl-n-heptadecanamide
(compound 24 in Table 4).
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Scheme 1. Proposed decomposition scheme of the studied HALS compounds.

3.4. Proposed thermal decomposition scheme

FTIR and GC/MS studies show that the weight loss process
in TG is due to evaporation and decomposition of HALS.

One of the reactions proposed for decomposition of HALS
compounds is cleavage of the ester group by the B-elimination
mechanism at the piperidine ring [8]. In the course of
this reaction, the C-O bond labeled “a” breaks down and
2,2,6,6-tetramethyl-1,2,5,6-tetrahydropyridine is evolved from
HALS-1, -2 and -3 (Scheme 1, path A). On the other hand, scis-
sion of the three bonds labeled “a”, “b”, and “c” results in the
formation of 2-methylpent-4-en-2-amine (Scheme 1, path B).

Inaddition to these reactions, the present study revealed a new
decomposition process resulting in the formation of secondary

7

Detector response

1 I 9

4

2 3 81

L L_— B L

2 4 6 8 10 12 14 16
Retention time / min

Fig. 12. Total ion gas chromatogram of the LBPs of HALS-1 collected in the
degradation apparatus at 350 °C: (1) carbon dioxide; (2) ammonia; (3) propene;
(4) 2-methylpropene; (5) water; (6) acetone; (7) 2-methyl-1,4-pentadiene; (8)
2-methyl-1,3-pentadiene; (9) 2-methyl-1,3-pentadiene; (10) 2-methylpent-4-en-
2-amine.
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Table 4
HBPs emitted during pyrolysis of HALS-3
Entry mlz Relative area (%) Structure
HaN. v
1 99 6 7<\/
2 107 4 <O:N
3 139 29 CE”
4 140 <1 n-CgH17CH=CH,
5 142 <1 n-CaoHz2
6 154 <1 n-CgH19CH=CH,
7 156 <1 n-C11Hog
8 157 <1 “0{51
9 168 <1 n-C19H21CH=CH,
10 170 <1 n-Ci2Hzg
11 182 <1 n-C11Ho3CH=CH,
12 184 <1 n-Ci3Hog
13 196 <1 n-C1oHos CH=CH,
14 198 <1 n-Cy4H3p
15 210 <1 n-C13H27CH=CH,
16 212 <1 n-CisHzp
17 224 3 n-C14Ho9CH=CH,
18 226 <1 n-CigHzs
19 238 <1 n-C15H31CH=CH,
20 240 2 n-Cy7Hs36
21 256 1 n-C15H3:COOH
22 265 5 n-C17H35CN
23 284 32 n-C17H35COOH
H-C17H35CONH /
24 365 8 7<v
25 423 3 HALS-3

amides and nitrile-containing products. Obviously, the develop-
ment of amides requires an interaction between an ester and an
amine (aminolysis reaction), the reactive sites both existing in
HALS. An additional aminogroup, the primary aminogroup, can
be made up by decomposition of the piperidine ring (breakdown
of a C-N bond). Both kind of aminogroups can be involved in
the reaction with the estergroup, however, the product distribu-
tion does not give the clue which one is preferred. To illustrate
the reaction scheme, we shall consider the transformation of
the secondary aminogroup leading to the formation of a tertiary
amide (Scheme 1, path C). A secondary amide the formation of

which is especially pronounced in case of HALS-1 (Fig. 3) can
be generated by scission of a C-N bond of the tertiary amide
(path D). Further scission of the left C—-N bond gives rise to
nitriles (p-cyanobenzoic acid for HALS-1, 1,3-dimethylbut-3-
en-1-yl o-cyanobenzoate for HALS-2, and octadecanitrile for
HALS-3) as a result of the decomposition of primary amides
due to dehydration (paths E and F) [13]. Their yield is higher for
HALS containing aromatic ring compared to that for HALS-3
indicating that HALS-3 undergoes minor aminolysis.

In addition, the decomposition of the secondary amide
can yield hydrocarbons CgHy4 (path E). Scheme 1 also sug-
gests the formation acetone and propene by decomposition of
2,2,6,6-tetramethyl-4-piperidinol (path G) produced during the
aminolysis reaction. A possible third product of this decompo-
sition, an imine, is prone to undergo polymerization reactions
[13].

4. Conclusions

The studied HALS-1, -2 or -3 are thermally stable additives
to be introduced in polyolefins, however, they will volatiliza-
tion during incorporation in polyamide-6. The decomposition
reactions of the stabilizers mainly arise from the poor thermal
stability and aminolysis of the ester bond, as well as from ther-
mal fragmentations of the piperidine ring. The occurrence of
aminolysis should be taken into consideration for development
of new HALS as it may depress the thermal stability of HALS
containing a secondary cyclic amine unit.
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