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Thermal behavior of poly (methyl methacrylate) was analyzed in the presence of tin (IV) chloride. Five
different proportions − polymer to additive − were selected for casting films from common solvent. TG, DTG
and DTA were employed to monitor thermal degradation of the systems. IR and py-GC-MS helped identify the
decomposition products. The blends start degrading at a temperature lower than that of the neat polymer and
higher than that of the pure additive. Complex formation between tin of additive and carbonyl oxygen (pendent
groups of MMA units) was noticed in the films soon after the mixing of the components in the blends. The
samples were also heated at three different temperatures to determine the composition of residues left after the
expulsion of volatiles. The polymer, blends and additive exhibited a one step, two-step and three-step
degradation, respectively. T0 is highest for the polymer, lowest for the additive and is either 60 oC or 70 oC for
the blends. The amount of residue increases down the series [moving from blend-1 (minimum additive
concentration) to blend-5 (maximum additive concentration)]. For blend-1, it is 7% of the original mass
whereas it is 16% for blend-5. Tmax also goes up as the concentration of additive in the blends is elevated. The
complexation appears to be the cause of observed stabilization. Some new products of degradation were noted
apart from those reported earlier. These included methanol, isobutyric acid, acid chloride, etc. Molecular-level
mixing of the constituents and “positioning effect” of the additive may have brought about the formation of
new compounds. Routes are proposed for the appearance of these substances. Horizontal burning tests were
also conducted on polymer and blends and the results are discussed. Activation energies and reaction orders
were calculated. Activation energy is highest for the polymer, i.e., 138.9 Kcal/mol while the range for blends
is from 51 to 39 Kcal/mol. Stability zones are highlighted for the blends. The interaction between the blended
parts seems to be chemical in nature.
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Introduction
Polymers are versatile substances. Natural polymers have
been in use since primordial times. Their applications have
seen a tremendous spread after the advent of synthetic
polymers/copolymers. There is hardly any field where these
invaluable materials have not made inroads yet. Even for
medical devices, polymers furnish practical answers.1 Predominantly organic, however, these are bound to promote
flammability. Efforts to render them less flammable or nonflammable started soon after this drawback was noticed to
check material and life losses. Abundant literature is available on this aspect. Intumescence (foaming and swelling of
plastic when exposed to high surface temperature or flames)
was tried for epoxy resins while studying their thermal
degradation and flame retardance.2 Chemically-modified
unsaturated polyesters were examined for their influence on
the thermal behavior of styrene copolymers.3 Moroccan oil
shale was pyrolyzed with poly (ethylene terephthalate) to

find out the interaction.4 The comparative studies were also
undertaken on the thermal decomposition of the mixtures of
polystyrene and poly (methyl methacrylate) and their copolymers.5 The mechanistic and flame retardant estimations
were reported on phosphorus-containing molecules introduced into methyl methacrylate polymers.6 These and other
related investigations were directed at understanding the
pyrolytical behavior of chemical as well as physical combinations of polymeric/copolymeric and non-polymeric
origins.
We have examined the thermal behavior of polymers and
copolymers,7-9 copolymers in the presence of organometallics10-13 and then polymers and copolymers in the
presence of inorganic compounds.14-16 It was observed during these studies that even minor amounts of additives
modified the degradation mechanisms of polymers/copolymers tremendously. The nature of interaction was chemical,
in addition to physical. New products were identified. In
case same products arose, the amounts varied. Change in the
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compositions of residues was also noticed.
Exploring this field further, the present communication
pertains to ascertaining the impact of tin (IV) chloride on
the degradation of poly (methyl methacrylate) [PMMA]
and vice versa. The purpose was to get an insight into
the type of interaction between the constituents of the
systems (applying varying proportions) and to check the
make-up of products emerging due to the mutual influence
or otherwise.
Experimental Section
Materials. All the reagents and solvents obtained from
standard source supplier (E. Merck) were of analytical
grade. The monomer, methyl methacrylate, was freed from
inhibitor (hydroquinone) by washing with aqueous 5%
sodium hydroxide followed by de-ionised water until neutral
and then it was dried over anhydrous calcium chloride for 24
hours.17 It was distilled under reduced pressure prior to use,
only middle portion was chosen for polymerization. 2,2'Azobisisobutyronitrile (AIBN) was selected as radical initiator for polymerization and was purified by re-crystallizing
from absolute ethanol. The crystals obtained were dried
under vacuum and kept in refrigerator (black paper wrapped
around bottle). All solvents were distilled by standard
literature procedures before use.
Preparation of Poly(methyl methacrylate). The homopolymer was synthesized by free radical polymerization.18
The purified monomer was de-aerated and vacuum-distilled
into the calibrated dilatometer containing sufficient amount
of AIBN initiator to give 0.7% w/v in the solution. The
dilatometer was sealed under vacuum and polymerization
was carried to 10% conversion at 60 oC in hot water bath.
The mixture was then added to 100 mL of toluene and the
polymer was precipitated from 1 liter of methanol. The
polymer was obtained by filtration, vacuum dried, purified
by re-precipitation (thrice) and finally dried in a vacuum
oven at 50 oC for 24 hours.
Formulation of Blend for Analysis. The blends with
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varying compositions of PMMA and tin(IV) chloride in the
form of thin films were prepared by employing common
solvent, i.e., acetone. The known amounts of polymer and
additive were mixed separately in sufficient quantity of
acetone and were left overnight in closed Pyrex tubes to
dissolve completely at ambient temperature. Both the solutions were intermingled, shaken thoroughly, placed for 24
hours in dark place to homogenize completely and then
poured into a well-cleaned transparent Pyrex dish. Complete
evaporation of the solvent was effected at STP. The resultant
film was transparent in the dish confirming the compatibility
of the components of the pair studied.
Pyrolysis Setup and Procedure for the Degradation of
Polymer-additive System. The selected quantity of polymeraddditive blend is heated in a glass assembly as shown in
Figure 1. The pyrolysis is conducted under nitrogen atmosphere. The products arising as a result of degradation of
blend are divided into two parts: the volatile products and
involatile residue. The volatile products which are volatile at
the degradation temperature are collected in a small tube
(immersed in liquid nitrogen) attached to ‘U’ tube in Dewar
flask. This fraction remains liquid at room temperature and
is later characterized by FTIR and GC-MS techniques to
determine the nature of compounds. The residue is removed
from the bulb and analyzed by FTIR spectroscopy to
identify the nature of functional groups present.
Procedure to Prepare Strip for Flammability Test. Pyrex
glassware was employed for dissolving polymer, additive
and polymer/additive blends. The additive was handled with
extreme care. For neat PMMA sample, the polymer was
added to acetone and kept overnight to dissolve completely.
The solution thus obtained, was poured into an aluminum
mold with the dimensions, 1 mm × 7 mm × 150 mm, the
inside cavity of which was covered with high density polythene sheet. The mold was left for 48 hrs in dark for
complete dryness. For the blends, both polymer and additive
in definite ratios were dissolved in acetone separately and set
aside for 24 hrs. Individual solutions were then intermingled
and placed in dark for complete miscibility. This solution

Figure 1. Glass assembly for the collection of volatiles from the pyrolysis of polymer and its blends.
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was then poured in the mold and allowed to dry for 48 hrs.
The dry sample was removed and kept in desiccator for the
required test.
Physiochemical Methods. Thermoanalytical (TG-DTADTG) curves were obtained using NETZSCH Simultaneous
Thermal Analyzer STA 429. All the measurements were
carried out with 30-60 mg samples (initial mass). These
were heated over the temperature range from ambient to 800
o
C in an inert atmosphere (nitrogen), using kaolin as reference material. The heating rate was 10 oC min−1. Horowitz
and Metzger method19 was employed to calculate activation
energy (Eo) and order of reaction (n) of polymer and blends.
A plot of ln ln Wo/Wt (where Wo = initial weight of material
and Wt = weight of material at temperature T) against θ (θ =
T-Ts) resulted in a straight line. The activation energy was
determined from its slope which was equal to Eo/RTs2
(where R = gas constant and Ts = temperature (from DTG
peak) at which maximum weight-loss occurs). Order of reaction was calculated by using the relation between reaction
order and concentration at maximum slope.
Infrared (IR) spectra of polymer, additive and those of
residues produced after heating the blends at various temperatures, were recorded with Nicolet 6700 FTIR spectrometer
in the range 4000-400 cm−1. The IR spectra of all samples
(solids as well as liquids) were taken by directly placing
little quantity on the slit of the spectrometer. Pellets (for
solid samples) and plates (for liquid samples) were not
required in this case as the technique is very advanced and
fast for IR analysis.
The liquid chromatograph, Hitachi 655-A-11 with GPC
software and integrator (D-2200 GPC) along with column
GLA-100m (Gelko), was employed for molecular weight
determination of polymer at room temperature. The detector
system consisted of Hitachi 655-A UV variable wavelength
monitor (= 254 nm) and SE-51 (Shodex) refractive index
detector. Polystyrene standards were used for calibration
curves and HPLC grade tetrahydrofuran (Aldrich) was used
as solvent. The molecular weight was found as 120000.
The samples were subjected to an Agilent 6890N type
GC-MS coupled with 5973 inert MSD, by Agilent Analytical Instruments, Agilent Technologies, USA. Analysis of
the products in acetone was performed with a DB-5MS
column. The injection volume was 1 µL. The temperature
program entailed an initial increase of temperature from
120-150 oC at 10 oC min−1 and from 150-280 oC at 15 oC
min−1. The mass spectrometer was operated in the electronimpact (EI) mode at 70 eV.
The horizontal burning test (HBT) of homopolymer and
its blends was conducted in accordance with the ASTM
standards.20,21 The blend compositions were prepared by
mixing the polymer with additive in an aluminum mold with
the specified dimensions. The specimen was held horizontally and a flame, fuelled by natural gas, was supplied to
light one end of it. The time for the flame to reach from the
first reference mark (25 mm from the end) to the second
reference mark at 100 mm from the same end, was measured.

Results and Discussion
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Thermoanalytical Investigations. The additive, coded as
Z, starts degrading (Fig. 2) around 10 oC (the compound is
unstable; conspicuous evolution of Cl2 is noticeable even at
room temperature; minimum possible time was taken to
transfer the compound from bottle to crucible; TG was
conducted in winter when the ambient temperature was
~10 oC). The first stage comes to an end at about 25 oC
releasing first chlorine out of four. Fourteen per cent massloss is observed for this stage. Both DTA and DTG peaks
appear at 22 oC. The second stage begins soon after as the
intermediate shows no stability. Termination of second step
is noted around 80 oC which exhibits a mass-loss of 28%.
This stage is attributed to the loss of two chlorines with DTG
and DTA peaks found at 60 and 70 oC, respectively. It seems
that these two chlorines are different from the first chlorine
as far as bond strength is concerned. The last stage (third and
final)-it commences at 80 oC as the intermediate is unstablealso reveals the expulsion of chlorine which is most strongly
bonded to the metal (Sn) since higher temperature range (80160 oC) and longer time span (8 minutes) are required for its
complete removal from the decomposing compound when
compared with the detachment of preceding three chlorines.

Figure 2. Thermoanalytical traces of additive (SnCl4) obtained
under dynamic nitrogen atmosphere at heating rate 10 oC/min.

Figure 3. TG thermograms of PMMA-SnCl4 blends: Polymer (I),
PMMA:SnCl4−97.5:2.5 (II), PMMA:SnCl4−95:5(III), PMMA:SnCl4−
92.5:7.5 (IV), PMMA:SnCl4−90:10 (V) and PMMA:SnCl4−87.5:
12.5 (VI), obtained under a dynamic nitrogen atmosphere at
heating rate 10 oC/min.
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DTG and DTA peaks are indicated at 134 and 120 oC,
respectively. Mass-loss is 13% for this stage. Residue is
identified as tin (45% of the original mass) which is stable
till the completion of this run, i.e., 800 oC. Around 233 oC, a
DTA peak refers to the melting point of the metal.
The thermal decomposition curves for the neat polymer
(A) and the series, C1 to C5, are given in Figures 3, 4 and 5,
while the TG, DTG and DTA data for polymer and blends
are presented in Table 1. The thermal decomposition of
blend, C1, occurs in the temperature range of 60 to 170 oC
for the first step amounting to 4% (Fig. 3-II) as observed
from TG traces. For first stage, the decomposition process is
accompanied by one DTG peak at 140 oC and one DTA peak
at 150 oC. The products evolved at this stage clearly indicate
the interaction between the two components of the system
(GC-MS findings). It is interesting to note (Fig. 3-I) that neat
polymer (A) shows T0 (temperature at which mass-loss
begins) at 250 oC whereas additive starts losing mass around
10 oC when both are heated alone in inert atmosphere. This
is another clue for interaction. From 170 oC to 195 oC the
system remains intact thereby showing the stability of the
intermediate. This intermediate is neither pure PMMA as
neat polymer commences to decompose around 250 oC nor
pure additive (virgin additive starts losing mass around
10 oC). So, it is believed that links between SnCl4 and
PMMA are developed which result in the stabilization of
intermediate (170-195 oC). The second stage which starts at
195oC and terminates at 445 oC, accounts for 89% massloss. Seven per cent residue is noticeable at the completion
of degradation process. The first 10 per cent mass-loss for

the second step (out of 89% mass-loss) requires heating of
135 oC (from 195 to 330 oC) whereas the remaining larger
portion (79%) leaves the crucible for a heating of 115 oC
(330-445 oC). This is attributed to the strength of the bonds
present in the intermediate. One DTG peak at 404 oC (Fig. 4II)) and five DTA peaks (Fig. 5-II) at 210, 232, 275, 380 and
420 oC are observed for the final (second) stage. The sharp
fall in TG traces for the second stage manifests the rupture of
all types of bonds as the rising energy content is sufficient to
break all types of bonds.
The second blend (C2) begins losing mass around 60 oC
and by the end of the first stage (165 oC), accounts for 6 per
cent mass-loss (Fig. 3-III). It is observed now that by
increasing the concentration of additive (SnCl4), the T0 does
not show any change, however, the per cent mass-loss has
increased. Same type of interaction is believed to have
occurred for this blend as was observed for C1. The range of
temperature for stable intermediate (165-180 oC) in this case
exhibits a reduction when compared with the same range for
the first member of this series (C1). It may be due either to
less number of links formed between the constituents of the
system or “less effective binding” of the blended components despite the presence of relatively higher concentration
of additive or the change in nature of links. The last stage
(180-445 oC) gives a weight-loss of 84 per cent. From
180 oC to 350 oC, the weight-loss is only 13 per cent out of
84 which requires heating of 170 oC whereas the remaining
large portion (71%) leaves the scene for a heating of 95 oC
(350-445 oC), which is regarded as resistance offered by the
bonds/interactions developed in the earlier part of the

Table 1. Comparative thermal analysis data for neat polymer (A), additive (Z) and polymer-additive blends
Blends’
Temperature
Composition, %
range, oC
(PMMA-SnCl4)
A
(100-00)
C1
(97.5-2.5)
C2
(95-5)
C3
(92.5-7.5)
C4
(90-10)
C5
(87.5-12.5)
Z
(00-100)

TG, oC

DTG, oC

DTA, oC

Stage

Mass
loss, %

T0

T25

T50

Tmax

I

II

III

250-440

I

100

250

378

390

440*

396

-

-

318(Endo), 412(Exo)

60-170
195-445
> 445
60-165
180-445
> 445
60-170
170-455
> 455
70-220
220-460
> 460
70-225
225-462
> 462
10-25
25-80
80-160
> 160

I
II
residue
I
II
residue
I
II
residue
I
II
residue
I
II
residue
I
II
III
residue

4
89
7
6
84
10
7
80
13
8
77
15
10
74
16
14
28
13
45

60

365

395

445

140

404

-

150(Exo), 210(Endo), 232(Exo),
275(Endo), 380(Exo), 420(Endo)

60

360

395

445

120

419

-

150(Exo), 210(Endo), 260(Exo),
300(Endo), 322(Exo), 383(Exo),
430(Endo)

60

360

405

455

130

408

-

120(Endo), 220(Exo), 300(Exo),
364(Endo), 422(Endo)

70

350

410

460

120

406

-

130(Exo), 200(Exo), 260(Endo),
340(Endo), 437(Endo)

70

350

412

462

125

408

-

132(Exo), 210(Exo), 265(Endo),
360(Endo), 430(Endo)

10

55

140

160

22

60

134

*= 100% mass-loss, Endo = Endothermic, Exo = Exothermic

Thermal effect

22(Exo), 70(Exo), 120(Exo),
230(Endo)
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degradation between the components of the system. One
DTG peak at 120 oC and one DTA peak at 150 oC appear for
first stage (Figs. 4-III and 5-III, respectively). For second
step, one DTG peak at 419 oC and six DTA peaks are
noticed at 210 oC, 260 oC, 300 oC, 322 oC, 383 oC and 430
o
C. Heating of blend above 445 oC leaves 10 per cent residue
which has higher percentage than blend C1.
The blend, C3, starts to degrade around 60 oC and loses 7
per cent of original mass for the first stage which terminates
at 170 oC (Fig. 3-IV). The intermediate formed at this stage
is not stable, the pyrolysis re-starts at 170 oC and the second
step shows a mass-loss of 80 per cent with 13 per cent
residue at the completion of the decomposition (455 oC).
From 170 oC to 330 oC, only 14 per cent mass-loss out of 80
is observed, which requires heating of 160 oC, whereas the
remaining portion (66%) disintegrates for a heating of 125
o
C (330-455 oC). These observations are indicative of the
strength of bonds that developed during the early part of
pyrolysis. One DTG and one DTA peak appear (Figs. 4-IV
and 5-IV) for first stage (130 and 120 oC, respectively),
besides one DTG and four DTA peaks at 408 oC, 220 oC,
300 oC, 364 oC and 422 oC, respectively, for the second
stage.
Blend, C4, shows a mass-loss (in the temperature range of
70-220 oC) of eight per cent for first stage (Fig. 3-V). One
DTG and two DTA peaks are found (Figs. 4-V and 5-V) at
120 oC, 130 oC and 200 oC, respectively. The intermediate is
not stable and starts decomposing as the temperature
increases. The second step begins at 220 oC and comes to an
end at 460 oC indicating a mass-loss of 77%. Subsequently,
as the temperature is raised further, a residue of fifteen per
cent at the completion of degradation process is yielded. The

first 14% mass-loss of second stage requires heating of
110 oC which is attributed to the resistance offered by bonds/
links produced along the pyrolysis. For the second stage, one
DTG and three DTA peaks are observed at 406, 260, 340
and 437 oC, respectively.
The blend, C5, begins its mass-loss around 70 oC for first
stage which comes to an end at 225 oC (Fig. 3-VI). It is
inferred that as the additive percentage is increased to
12.5%, the completion of first stage mass-loss is shifted to
higher temperatures when compared with other members of
the series, assuming that interactions between polymer and
additive are developed. One DTG and two DTA peaks
appear (Figs. 4-VI and 5-VI, respectively) for this step at
125, 132, 210 oC, respectively. Ten per cent mass-loss is
evident from TG traces. The intermediate does not withstand
further rise in temperature and starts decomposing immediately. The second stage terminates at 462 oC exhibiting one
DTG and three DTA peaks at 408 oC, 265 oC, 360 oC and
430 oC, respectively. The first 14% mass-loss for the second
step (out of 74%) requires heating of 110 oC (from 225 to
335 oC) whereas the remaining larger portion (60%) leaves
the crucible for a heating of 127 oC (335-462 oC). This is
attributed to the types of bonds present in the intermediate.
There was sixteen per cent residue at the end of pyrolysis for
this blend.
For this series, C1-C5, the interaction is evident between
the components of the system from the very start of decomposition process. The nature of interaction is same for
all members of the series. The percentage of degradation for
first stage is higher than the total percentage of additive in
the blends (C1 and C2). The molecular-level mixing of the
constituents favors the development of such links between
them which, in turn, gives way to early degradation of both

Figure 4. DTG thermograms of polymer and blends: PMMA (I),
PMMA:SnCl4−97.5:2.5 (II), PMMA:SnCl4−95:5 (III), PMMA:SnCl4−
92.5:7.5 (IV), PMMA:SnCl4−90:10 (V) and PMMA:SnCl4−87.5:
12.5 (VI), obtained under a dynamic nitrogen atmosphere at
heating rate 10 oC/min.

Figure 5. DTA thermograms of polymer and blends: PMMA (I),
PMMA:SnCl4−97.5:2.5 (II), PMMA:SnCl4−95:5 (III), PMMA:SnCl4−
92.5:7.5 (IV), PMMA:SnCl4−90:10 (V) and PMMA:SnCl4−87.5:
12.5 (VI), obtained under a dynamic nitrogen atmosphere at
heating rate 10 oC/min.
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Table 2. Activation energies and order of reactions for polymer
(PMMA) additive (SnCl4) and PMMA-additive blends

Figure 6. Effect of blends’ composition on T0, T25, T50 and Tmax
values of polymer, A and C1-C5 blends (the first point on y-axis is
the T0, T25, T50 and Tmax for PMMA and then the blends in
increasing proportion of additives follow on each line from the
vertical axis).

parts. The evolution of new products (GC-MS findings) in
the early part of pyrolysis confirms the chemical interaction
and mutual influence of the ingredients on each other’s
decomposition. Polymer imparts stability to additive and
percentage of residue, at the completion of pyrolysis,
increases pointing towards the stability of the system (while
moving from C1 to C5).
Blends’ Composition Effect on Thermal Behavior.
Figure 6 presents the plots of T0, T25, T50 and Tmax of the
polymer and its blends. When T0 is considered, a clear trend
of destabilization is observed. T0 is the temperature which
corresponds to the start of weight-loss. As the percentage of
additive in the blends is raised, the trend of increased
stabilization is noticeable which may be attributed to the
number of links developed between tin (Sn) and oxygens of
the polymer’s pendent groups per unit volume of polymer. It
appears that the trend of destabilization becomes pronounced when mass per cent of additive is increased from
2.5 to 12.5 taking T25 (temperature at which 25% mass-loss
occurs) into account. It is attributed to the generation of free
radicals (Cl.) by the additive, which promotes degradation of
polymer. At T50 (temperature at which 50% mass-loss is
observed), a marked increase in stabilization is noted with
increasing concentration of additive. Similar increase of
stabilization for Tmax (temperature for maximum mass-loss)
is observed with the rise in additive’s concentration at the
completion of decomposition process. However, in this
zone, almost all kinds of bonds are liable to break. This
graph, on the other hand, does not shed any light as to how
much residue is left at the termination of disintegration of
the system, but provides a thorough understanding of stabilization and destabilization regions indicating the role played
by varying concentrations of additive.
Activation Energy and Order of Reaction. Table 2 presents the activation energy and order of reaction of polymer
(A), additive (Z) and blends, C1 to C5. In this case, neat
polymer is more stable (possesses the highest activation
energy) than its blends.14 These findings are based on TG
curves. A linear trend of decrease in activation energy is

Blends’ code
PMMA-SnCl4

Eo
(Kcal/mol)

Order of reaction
(n)

A(PMMA)
C1(97.5-2.5)
C2(95-5)
C3(92.5-7.5)
C4(90-10)
C5(87.5-12.5)
Z(SnCl4)

138.9
52.72
43.92
46.54
42.66
40.32
2.28

3/2
3/2
1
3/2
3/2
3/2
5

observed as the concentration of additive varies from 2.5%
to 12.5%. The results confirm the early destabilization of the
system. It is also confirmed that the interaction associated
with the additive’s degradation is concentration-based for
the prevention of polymer disintegration at lower temperatures. Activation energy deals with the stability of the
systems; however, mechanistic pathways of pyrolyzing
materials cannot be inferred from the values of this
important parameter. For checking overall stability of the
substances, other factors may also be taken into account,
e.g., the amount of char/residue produced at the completion
of degradation process, development of such bonds/interactions (complex formation) which may stabilize the system
at some later stage during decomposition, duration of
degradation, etc. Although in the present studies, systems
(blends) have shown destabilization on the basis of activation energy (when compared with that of neat polymer),
the subsequent stabilization observed is based on the arising
of new interactions/bonds − IR studies − and production of
increased char (TG findings). Moreover, formation of new
compounds (less toxic, less flammable, etc.) as a result
of interaction between the constituents of blends does not
fall under the ambit of activation energy. So it is concluded
that despite the importance of activation energy as a
yardstick for judging the stability (overall including thermal)
of the systems in question, other parameters are invariably
required for complete study (current endeavor furnishes the
gamut).
Infrared Studies.
IR Spectrum of PMMA: IR of PMMA is without any
peak in the region 1630-1640 cm−1 which suggests polymerization of monomers. Ester linkages are present (Fig. 7-I)
which are characterized by the region 1730-1735 cm−1.
Saturated C-H stretchings are found around 3000 cm−1.
IR of Tin(IV) Chloride: The IR of SnCl4 (Z) shows a
broad peak (Fig. 7-II) at 3394 cm−1 which arises due to
moisture. All our efforts to keep SnCl4 anhydrous met little
success. A few typical peaks at 769, 505 and 406 cm−1 are
attributed to Sn-Cl bonds.
IR of the Undegraded Blend, C4: The broad peak for
water (as found in the IR of neat SnCl4) is absent thereby
confirming the absence of “free” SnCl4. Bands in the region
3000-2922 cm−1 are assigned to C-H stretchings. The peaks
for C=O stretchings are found at 1717-1699 cm−1 clearly
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Figure 7. Infrared spectra of polymer, PMMA (I), Additive, SnCl4
(II) and blend, PMMA:SnCl4−90:10 (III).

indicating the coordination of SnCl4 with the polymer. The
usual C=O stretchings for PMMA appear around 1730-1735
cm−1.14,16 The shifting of peaks attributed to Sn-Cl bonds
(769, 505, 404 cm−1 from IR of SnCl4) indicates that
chlorides are being “attracted” by the carbons and hydrogens
in their vicinity. These bands are now found at 748, 509 and
419 cm−1. Some additional peaks at 1435, 1396, 1240, 1145,
962, 636, 578, 485, 459 and 443 cm−1 may be assigned to the
overall ‘pull’ of the chains (backbones) exerted by chlorines
of SnCl4 (Fig. 7-III). The most important point to note at this
stage is the co-ordination of ‘Sn’ with the carbonyl oxygens
of PMMA pendent groups (as noted by J. A. Chandrasiri and
C. A. Wilkie22,23).
IR of C4 Degraded at Different Temperatures: The
blend, C4, was further studied through IR in order to get the
progress of pyrolysis at three different temperatures, i.e., 250
o
C, 350 oC and 450 oC (Fig. 8). These temperatures were
selected to check the region of stability of the blend, the
point prior to or very near to restart of degradation after the
stabilization zone and the region close to the completion of
pyrolytic process, respectively, (TG curves). The blend was
heated to the temperature mentioned and the IR of the
residue was recorded. At or around 250 oC (second stage of
degradation − Fig. 3 for TG curves), the shape of bands
attributed to the coordination, becomes sharper and larger
when compared with IR of undegraded blend film (1717,
1699 cm−1), thus, confirming the formation of bonds (a
slight shift is also observed, i.e., found at 1719 cm−1). Water
(3394 cm−1) is absent at this stage which is an indication of
absence of anhydride rings (1800, 1750, 1030 cm−1). No
carboxylic acids [isobutyric acid − 3300-2500 cm−1 (broad)]
are detectable at this stage, however, there is some inkling
found for Sn-C bond (1190 cm−1).14,16
When blend was heated to 350 oC (second and third stage
degradation, TG curves), a change in the shape and sharpness of the band (1721 cm−1) assigned to the coordination of
Sn with carbonyl oxygen was observed (Fig. 8-II). The shift
is attributed to the loss of chlorines from Sn as well.
Chlorines also appear to have formed bonds with backbone
carbons (1238, 1142, 616, 599, 585, 569 cm−1). Although
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Figure 8. Infrared spectra of blend, PMMA:SnCl4−90:10, after
heating at 250 oC (I), 350 oC (II) and 450 oC (III).

water is absent but indication for the anhydride rings is
noticed (1030, 1759, 1800 cm−1). It may be due to the
formation of very few anhydride rings which do not produce
enough water to be detected at this stage (evaporation may
also have taken place). The peak for Sn-C bond (1190 cm−1)
is also observed at this stage which may be assigned to the
presence of H3C-SnCl3 (this compound could not be
detected in GC-MS studies).
Heating the blend at 450 oC (Fig. 8-III) was only meant to
ascertain the changes occurring near the completion of
pyrolytic process. Presence of 3325 cm−1 (broad peak) is
attributed to water. It is interesting finding that when blend
heated at 350 oC, a clear evidence for the production of
anhydride rings without any proof about the formation of
water was observed. It may be contended that either water
produced at that stage (350 oC) was present at trace levels or
the anhydride rings were formed through an alternate route
(Scheme 1). There is no indication of anhydride rings at this
stage. C-H stretching for –CH3 and branched chain alkanes
can be observed at 2953 cm−1 and 2921-2852 cm−1, respectively.14 No chlorines were traceable on heating the blend at
this temperature either attached to metal (Sn) or linked to
carbons (backbones and pendent groups alike). The increase
in sharpness and length of peak at 1716 cm−1 points to the
strong coordination of Sn with carbonyl oxygens. It may be
considered as a clue to the absence of Sn-Cl bonds. The
absence of peak at 1190 cm−1 may hint at the disengagement
of the metal with any kind of carbons (whether backbone or
carbonyl in the pendent groups). It is clear that H3C-SnCl3 is
not produced close to the completion of degradation process.
The residue may be visualized as the mixture of free metal
(Sn), metal attached to carbons through O and char when

Scheme 1
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Figure 9. IR spectra of blend, PMMA:SnCl4−90:10, obtained after
pyrolyzing at high temperature-liquid (I) and residue (II).

inferences are made on the basis of IR studies of blend
heated at 450 oC. The corroboration comes from the IR
spectrum of residue.
IR of Liquid Portion after Heating the Blend at High
Temperature: This IR (Fig. 9) shows a broad peak at 3394
cm−1 for water. C-H stretchings (aliphatic) can be noticed
around 3000-2940 cm−1 and for branched chain alkanes
(possibly, aldehydic also) at 2900-2800 cm−1. The vibrations
for C=O are being represented by a number of peaks, i.e.,
major peak is for ester at 1732 cm−1 and the minor ones are
found towards increasing scale. The bands at 1738 cm−1 may
be attributed to aldehyde, at 1745 cm−1 to carboxylic acid, at
1759 cm−1 and 1800 cm−1 to six-membered anhydride ring
and at 1808 cm−1 to acid halide. The concentration of MMA
appears to have diminished as the size of the peak at 1732

cm−1 is smaller in proportion. The presence of carboxylic
acid, acid halide, etc. explains this phenomenon. The frequencies in the regions 1210-1160 cm−1 and 1190-1075 cm−1
are assigned to C-O vibrations for ester and carboxylic acid,
respectively. A peak at 1030 cm−1 is linked with six-membered anhydride ring. The bands at 1640 cm−1 (C=C) and
1420-1412 cm−1 (vinyl type CH2) may suggest the presence
of monomer (MMA) along with some other similar stretchings such as methacrylic acid. It is also apparent from the IR
that compounds exist with Cl bonded to carbon in the liquid
portion as peaks are observed in the region 830-560 cm−1.
IR of Residue: From the appearance of residue, presence
of tin and char was easily confirmed (Fig. 9-II). When the
same was subjected to IR assay, it was noticed that peaks in
the region 1200-940 cm−1 appeared and were attributed to
C-O-Sn bonds. Frequencies in the region 900-400 cm−1 were
assigned to Sn-O bond whereas peaks for the absorbance of
Sn-Cl bond could not be detected. It may be argued at this
stage that the degradation of polymer (PMMA) in the
presence of SnCl4 progressed differently when compared
with the earlier studies.22,23 In the present case, it is suggested that chlorine free radicals were generated even at
higher temperatures (close to the completion of degradation
process from coordinated framework) and either displaced
–CH3 from backbone, replaced –OCH3 from pendent groups
or formed H3C-Cl and HCl (GC-MS studies). Tin, on the
other hand, interacted with the carbonyl oxygens of four
different chains as proposed in Scheme 2. It can be concluded that residue consisted of char, tin bonded to carbon
via oxygen and some free tin.
Py-GC-MS Analysis: One of the blends, C4, was heated

Scheme 2

Characterization of Poly(methyl methacrylate)-tin (IV) Chloride
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Figure 10. GC-MS results of blend, PMMA:SnCl4−90:10, heated
to boiling, cooling and dissolving in acetone.

Scheme 3

at higher temperature for one minute and then cooled at
room temperature. The liquid portion was dissolved in
acetone and its GC-MS was recorded (Fig. 10). Six peaks
appeared and the products identified are mostly those which
were reported by Chandrasiri and Wilkie.22,23 The mechanism proposed by them holds well, however, some additional compounds were identified (Table 3). Apart from the
coordination of SnCl4 with C=O of PMMA pendent groups,
it is believed that chlorines from the additive also alter the
mode of degradation of PMMA. It is observed that chlorine
free radicals not only replace the –CH3 attached to backbone
(peak 1) (Scheme 3) but also substitutes the –OCH3 of
pendent groups (peaks 5 and 6) (Scheme 4). This clearly
indicates that, in addition to coordination, the presence of
additive ‘close’ to backbone and pendent groups also
modifies the degradation mechanism of the polymer. This
‘positioning effect’ of additive assumes important role in the
production of some new compounds. Moreover, SnCl2 could
not be detected at any stage during or after pyrolysis. This
also shows change in the mode of decomposition.
In earlier studies (JA Chandrasiri and CA Wilkie),22,23
PMMA (1.00 g sample) was mixed with various amounts of
SnCl4 (from 0.1 to 1.50 g) in break-seal-equipped evacuated
sealed tubes which were heated at 375 oC for 2 h in a muffle
furnace. For thermolysis of tetraphenyltin and PMMA, 1.0 g
of each material was used. The products identified were
water, methacrylic acid, isobutyric acid, methyltin trichloride,
methyl methacrylate, methyl isobutyrate, hydrogen chloride,
tin(II) chloride and six-membered cyclic anhydride functionalities (no figures were provided, one table for LOI values
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Scheme 4

and schemes − two for PMMA-SnCl4/PMMA-Ph4Sn and
three for PMMA-PhxSnCl4-x − were included in the cited
work). In case of PMMA-Ph4Sn,22 a number of compounds
were given; namely, benzene, toluene, monomeric methyl
methacrylate, methyl isobutyrate, and methyl-2-methylbutyrate. For PMMA-PhxSnCl4-x (x=1-3),23 SnCl4 was found
among the degradation products. It was proposed that two
.
SnCl3 radicals react to afford SnCl2 and SnCl4. It was
concluded by Chandrasiri and Wilkie that Sn (IV) chloride
coordinates to the carbonyl oxygens of the polymer and the
degradation proceeds by a route which has some resemblance to the degradation in the presence of transition metal
halides. The blend of tetraphenyltin and PMMA degrades in
a mutually-assisted manner with radicals from one material
promoting degradation of the other. During the degradation
of PMMA-PhxSnCl4-x (x=1-3), methylated benzenes were

Table 3. GC-MS results of blend, C4, after heating to high temperature, cooling the fractions and dissolving in acetone
Peak no. Time (minutes)

MS (m/e)

1
2
3
4
5

3.41
4.338
5.41
6.285
8.171

206, 207, 193, 180, 167, 96, 83, 66
41, 86, 39, 40, 28, 45
41, 69, 100, 39, 99, 59, 40
235, 221, 193, 167, 139, 234

6

16.631

390, 375, 304, 276, 259, 228, 214, 186

Products (Molecular formula/Name)
C8H8O2Cl2 (2,4-dichloro-3,5,7-octatrienoic acid)
C4H6O2 (methacrylic acid)
Not identified
C5H8O2 (methyl methacrylate)
C10H12O2Cl2 (5-chloro-5-formyl-7-chlorocarbonyl-1,3-octadiene)
C15H23O5Cl3 (2-chloro-2-methyl-4-chloro-4-carboxy-6-methyl-6chlorocarbonyl-8-methyl methylnonanoate)
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Table 4. Horizontal burning rate for polymer, PMMA and blends
(C1 to C5)
Polymer/Blend
Code Number
Time to burn (sec)
HBR (mm/sec)

A

C1

C2

C3

C4

C5

11
6.8

35
2.14

39
1.92

44
1.70

51
1.47

58
1.29

Length of strip = 75 mm (each)

encountered along with methacrylic acid. Their production
has been explained. It was also claimed that polymeric
PMMA fragments did contain phenyl groups. The loss of a
chlorine atom from phenyltin trichloride resulted in
phenyltin dichloride radical which led to the incorporation of
phenyl into polymeric char. The formation of SnCl2 kept on
decreasing as the content of phenyl increased in the additive.
In present studies, it was observed that SnCl4 had clearlydefined degradation route (in a previous study,22 it was
maintained that SnCl4 did not degrade when heated alone).
Current investigation did exhibit the formation of methacrylic acid, methyl chloride, water, anhydride ring (sixmembered cyclic), etc., however, some products were identified which hinted at the replacement of methyls of backbone
by chlorines. The absence of SnCl2 from the degradation
products is based on the coordination of Sn of SnCl4 with
carbonyl oxygens of pendent groups of more than one chains
of PMMA. Under the influence of SnCl4, formation of
methanol and absence of chlorine from the residue were
noticed. The presence of chlorine in the pendent groups of
PMMA indicates the formation of methoxy radical. It would
be fair to contend that the course of degradation of PMMA
in the presence of SnCl4 has been modified and HBR
(horizontal burning rate) analysis confirms that SnCl4 is a
useful flame retardant even if the counter-ion (chloride) may
not be tagged as “environment-friendly”.
Flammability of Polymer and Blends. The results of
HBR for neat polymer and its blends, C1 to C5, are reproduced in Table 4. The burning rate of blend (C1) with lowest
percentage of additive (2.5%) is three times less than the
neat polymer (A), whereas with 12.5% additive, 5 times decrease in burning rate is observed. This clearly demonstrates
the effectiveness of additive regarding flame retardance. A
linear trend (Fig. 11) of HBR is obtained which indicates
that higher the concentration of additive in the blend, lower
is the burning rate and this also confirms the homogeneous
spread of additive in the polymer. This gives a convincing
clue for the interaction of additive with the studied polymer
at molecular level.14
Conclusions
Despite early destabilization of the blends, C1-C5, the
stabilization zone close to completion of pyrolytic process is
evident when Tmax are compared of neat polymer (PMMA)
with those of the blends.
The higher amount of char produced is also an indication
of stabilization imparted to PMMA by the additive (SnCl4).

Figure 11. Horizontal burning rate of polymer, PMMA- (A) and its
blends, C1 to C5.

The low-temperature degradation of the blends is attributed to the generation of chlorine free radicals.
The anhydride rings are not only produced by the elimination of water but also by the elimination of HCl.
Only C1 and C2 show areas of stabilization after the completion of the first stage of degradation (TG curves) which
may be assigned to the effectiveness of two percentages of
the additive, i.e., 2.5 and 5.
The present studies conducted are different from the
studies reported earlier22,23 as the modes of mixing of the
components were not same, hence, formation of a few new
products encountered.
The per cent mass-loss for the first stage decreases down
the series (while moving from C1 to C5) which is another
evidence for chemical interaction and stability.
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