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Polystyrene was grafted with 1,4-dimethyl-2,5-dichloromethyl benzene in dichloroethane solution at 
50"C using SnCI 4 as a catalyst. Thermal analysis of grafted polystyrene samples using differential 
scanning calorimetry revealed two liquid-liquid transitions, T/tand T~, in addition to the glass transition, 
Tg, and the decomposition temperature, T d. The effect of the number of junctions per polystyrene chain 
on Tg, T a and T~ is examined and analysed. 

Keywords Branching; grafting of polystyrene; glass transition; liquid state transitions 

INTRODUCTION 

In the previous contribution of this series ~ experiments 
were discussed leading to the selection of a viable scheme 
for polymerization, grafting and crosslinking of polys- 
tyrene, based on Friedel-Crafts reactions of 1,4-dimethyl- 
2,5-dichloromethyl benzene (henceforth designated DM- 
DCB) with polystyrene in dichloroethane solutions, using 
SnCI4 as catalyst. Kinetics of the grafting reactions were 
presented and analysed, and mechanisms for these re- 
actions were proposed. 

Friedel-Crafts methods for grafting and crosslinking of 
polystyrene are based on reactions of chlorinated and 
chloromethylated derivatives of aromatic compounds 
such as benzene, p-xylene and durene with polystyrene, in 
solution using AICI 3, SnCI 4, ZnC12, H2SO4, HCIO4, etc. 
as catalysts. The research of Grassie and his associates 2- 4 
and the early work of Peppas and his collaborators 5- 7 
concentrated on the investigation of the kinetics of these 
reactions, and the thermal properties of the polystyrene 
networks, especially as related to the increase of the glass 
transition temperature, T o, as the crosslinking density of 
the network increased. The work of Davankov and his 
collaborators 8-19, Belfer and coworkers 2°- 23, as well as 
the most recent work of this research group z4- 26 have 
also examined the physical nature of the crosslinks, the 
swelling behaviour of the Friedel-Crafts crosslinked net- 
works, and the diffusive characteristics of the ensuing gels. 

The ultimate objective of this and similar research on 
Friedel-Crafts crosslinking of polystyrene is the develop- 
ment of novel polystyrene gels for chromatographic and 
ion-exchange applications. Recently Peppas and Barar 24, 
and Regas and Papadoyannis 27 reported successful at- 
tempts to graft and crosslink polystyrene by Friedel 
Crafts methods in suspension, for the preparation of 
particles of controlled size distribution. In addition, 
several researchers have discussed the possible appli- 
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cation of lightly crosslinked polystyrene networks as 
systems with increased thermal stability over 
polystyrene 4,7. 

Grafted polystyrene is the precursor of crosslinked 
polystyrene networks of controlled structure. Only a 
limited number of studies are available on the thermal 
properties of grafted polystyrene 6'27. The aim of the 
present work was to analyse observed transitions at or 
above the glass transition temperature at increasing 
degrees of grafting or increasing concentrations of jun- 
ctions per polystyrene chain. 

The results of this work can serve as additional evidence 
of T u and Tt' l liquid transitions, which have been observed 
by Boyer 2a'29, Gillham 3° - a 2 and other investigators 3a'a4 
for anionically prepared monodisperse polystyrene, and 
which have been expertly analysed by Boyer 35-37 in 
recent reviews. 

EXPERIMENTAL 

Preparation and characterization of grafted polystyrene 
The experimental techniques for Friedel-Crafts pre- 

paration of grafted polystyrene have been described in 
detail 1. Briefly, grafting reactions of polystyrene were 
carried out in anhydrous, dichloroethane solutions con- 
taining DMDCB (prepared as reported previously s'7) as 
the grafting-crosslinking agent and SnC14 as the catalyst. 
The reaction temperature was kept at 50°C and the 
reaction kinetics were followed for 5 h or until gelation. 
The average initial concentrations of polystyrene and 
SnC14 in the reacting system were 3.62 + 0.06 and 0.020 
+ 0.001 mol 1-1 respectively. 

The polystyrene used in the grafting reaction was 
cationically prepared by reaction of styrene in dich- 
loroethane in the presence of SnCI4 as catalystL Mole- 
cular weight determination of the polystyrene samples 
before grafting was done by gel permeation chromatog- 
raphy (g.p.c.). G.p.c. runs were carried out at 3 ml min- 1 
with 20#1 samples of dilute polystyrene solutions in 
tetrahydrofuran, at 30°+0.2°C. The chromatography 
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Table 1 Conditions of grafting reactions of polystyrene* 

Initial polystyrene characteristics 
[PS] [ DM DCB] [SnCI 4 ] [ DMDCB] i/[PS] i 

Series (tool 1-1 ) (mol 1-1) (mol 1-1) (mol/mol x 102) ~1 n Mw/Mn 

K 3.80 0.019 0.021 0.50 11 350 2.07 
L 3.53 0.038 0.020 1.08 11 800 2.05 
M 3.72 0.071 0.021 1.92 11 600 2.06 
O 3.67 0.147 0.020 4.00 11 600 2.06 
P 3.40 0.283 0.019 8.32 12 000 2.06 

* All reactions were carried out in dichloroethane solution at 50°C 
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Figure I D.s.c. thermogram of grafted polystyrene sample M120 
showing method of determination of Tg (=380.5 K), T, (=432.5 
K), TI~ (=467 K) and T d (=652 K) 

unit (model 6000 A, Waters Associates) was equipped with 
a refractive index detector, and five/t-Styrogel columns (2 
X 10 2, 10 3, 10 4, 105 A nominal pore size) in series at 30 ° 
_+0.2°C. Calibration was done by conventional tech- 
niques using seven monodisperse polystyrene samples. A 
complete description of the experimental conditions for 
preparation of the polymers is given in Table 1. Tech- 
niques used for characterization of grafted polystyrene 
and for determination of the concentration of junctions 
were described in the previous contribution 1. 

Upon completion of the grafting-crosslinking reaction 
all samples obtained at 30min intervals and selected 
samples obtained after gelation had occurred were re- 
ceived, purified and dried as described before 1, and they 
were stored in dessicators under vacuum for 6 days. 

Thermal analysis of orafted polystyrene 
Thermal analysis of the previously prepared, purified 

and dried samples was done by differential scanning 
calorimetry (d.s.c.). In a typical experiment, an accurately 
weighed (_+ 0.1 mg) quantity of grafted polystyrene (in the 
range of 8 to 12 rag) in the form of a thin film was placed in 
the appropriate pan, sealed and placed in one of the 
holders of a d.s.c, equipment (model DSC-2, Perkin 
Elmer, Norwalk, Conn.). In most experiments an empty 
pan and lid were used as the 'reference' sample. To 
investigate possible artifacts and deviations of the ba- 
seline slope due to weight differences between the polys- 
tyrene sample and the empty pan, as suggested by 
Boyer 36, the reference sample was prepared by employing 
a pan and three lids, while the polystyrene sample had 
only one lid. 

Polystyrene samples were purged with dry nitrogen for 
45 min and thermograms were obtained between 301 and 

670 K at a scanning rate of 5 K min- ~ at a full ~range of 
4mcals -1. Other scanning rates and ranges were also 
used for selected samples. 

The thermograrns obtained from these studies were 
analysed according to procedures developed by Enns et 
al. as'a9. For example Figure 1 shows the d.s.c, thermog- 
ram for grafted polystyrene sample M120. The glass 
transition temperature, T o , was determined by the in- 
tersection of the baseline and the deflection of the curve, 
characteristic of the second order thermodynamic tran- 
sition. The T, and T{z transitions were determined as the 
temperatures at the cross-section of the extrapolated 
tangents to the curve of the thermogram. The decom- 
position temperature, Td, was determined as shown in 
Figure I. 

RESULTS 

Thermograms of DMDCB-grafted polystyrene were 
analysed and four distinct transitions were observed, 
which were identified as the glass transition temperature, 
TO, two liquid-liquid transitions, T u and T/z, and a 
decomposition temperature Ta. 

The glassy amorphous state of polystyrene is more 
complex than originally supposed, and the molecular 
weight and grafting dependence of the relaxational be- 
haviour on its macromolecular chains is not definitely 
known. Divisions have been suggested by Boyer 36'37 
between the 'fixed' and 'true' liquid state, which cor- 
respond to relaxational regions that have been reported at 
temperatures between Tg and the decomposition tempera- 
ture, T d. These transitions can be classified as following: 

(i) The glass transition temperature, To, involving 
segmental mobility, and usually observed at 370-380K 
for linear, atactic polystyrene. 

(ii) The liquid-liquid transition, Tu, involving motion of 
the entire molecule, and usually observed at Ttz=(1.20 
___0.05)To for polystyrene. Debate related to the true 
thermodynamic meaning of this transition has been 
amply discussed by Boyer a6'4°. 

(iii) A liquid-liquid transition, T{~, involving segmental 
mobility in the liquid state, and usually observed about 
40 K above T u for several polymers. 

(iv) A decomposition (degradation) temperature, T~, 
usually observed at 5604520 K for polystyrene 4'3°. 

A grafted or crosslinked polystyrene may or may not 
exhibit all these transitions depending on the method of 
analysis, heating rate, sample history, degree of crosslink- 
ing and degree of crystallinity. 

The peak temperatures at which these transitions were 
observed are reported in Table 2 for all grafted polystyrene 
samples investigated. The same Table includes the number 
of junctions, j, of each grafted sample, which was calcu- 
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Table 2 Thermal analysis of  grafted polystyrene samples 

Junctions per PS 
Sample chain,/" Tg (K) TII (K) T~I (K) T d (K) TII/Tg 

K0 0 370.5 427.5 449 -- 1.15 
K60 0.01 371 * 456 -- * 

K 120 0.04 371 428 462 622 1.15 
K180 0.08 371.5 429 467 - 1.15 
K240 0.12 372 430 467 627 1.15 
K360 0.27 372.5 429 463.5 - 1.15 

L0 0 370.5 426 * - 1.15 
L30 0.01 371 429 448.7 618 1.16 
L60 0.02 371 428 * - 1.15 

L120 0.58 375.5 429.5 462 632 1.14 
L180g 1.00 380 430.5 * - 1.13 

M0 0 370.5 429 453 612 1.16 
M30 0.05 371.5 430 456.5 - 1.16 
M60 0.40 374 430.5 458.5 - 1.15 
M90 0.81 377.5 433 465 651 1.15 

M 120 1.10 380.5 432.5 467 652 1.14 
M180g 1.22 381.5 430 471 653 1.13 

00 0 370 427 455 -- 1.15 
030 0.04 370.5 427.5 * -- 1.15 
060 0.10 371.5 429 455 666 1.16 
090 0.31 372 429 442 -- 1.15 

0120 0.85 378 430.5 457 659 1.14 
0180g 1.34 383 431 470 -- 1.13 

P0 0 369.5 426.5 * -- 1.15 
P60 0.04 371.5 429.5 445 - 1.16 

P120 0.37 373 430 448 614 1.15 
P180 1.57 384 430.5 454 651 1.12 

Al l  samples were prepared as described in Table I. The sample code used designates: letter = series of  experiments, number = grafting 
reaction t ime in minutes. Samples followed by g are crosslinked networks. An asterisk (*) denotes non-detectable transitions. Some 
thermal analysis experiments were not run up to decomposition 

lated as follows: 

J = [DMDCB]t x ~" 
[PS], Mr 

Here [DMDCB], and [PS]i are the concentrations of 
DMDCB reacted and initial amount of polystyrene 
respectively (as reported before1), M', is the number 
average molecular weight of the initial polystyrene as 
determined by g.p.c. (see Table 1), and M r is the molecular 
weight of the polystyrene repeating unit (= 104). Increas- 
ing values of the number of junctions,j, lead to increasing 
degree of grafting. 

All data reported here are for scanning rate of 
5Kmin-1 at a range of 4mcals-1. Boyer and his 
collaborators 36-a9 have discussed the importance of 
higher scanning rates (e.g. 10-40 K min- 1) when detecting 
T, and TIt transitions by d.s.c. In our studies a rate of 
5 K min- 1 was used to minimize lag and tail-effects in the 
determination of the onset point of these transitions. Use 
of this slower scanning rate in no way impeded the clear 
identification of the associated transitions. 

DISCUSSION 

The importance of each transition observed, and the effect 
of increasing number of junctions,j, on transitions To, Ttl, 
T[l and on the decomposition temperature T d are discussed 
here. It must be noted that, as shown before 1, the structure 
of DMDCB-grafted polystyrene (structure I) is characte- 
rized by n = 1. 

CI CH2 ~ CH2 --T~-~_j~ CH 

L CH 3 / n I 

GrGfted polystyrene ( I ,  n= I) 

Before proceeding with the discussion of the thermal 
analysis results, a note on crystallinity is in order. 
Previous studies by Davankov et al. 1°A9 and by our 
group 7 examined the crystallinity associated with the 
formation of Friedel-Crafts-grafted and crosslinked pol- 
ystyrene. The degree of crystallinity is usually very low 
and it is associated mostly with long, linear bridging 
chains of the crosslinking agent, produced by the polycon- 
densation reaction of DMDCB. In this study, only two 
grafted samples (L120 and M120) showed weak crystal- 
line melting peaks, associated with melting temperatures, 
Tin, of 491 and 496 K respectively. The degree of crystal- 
linity was found to be Xt ~< 0.032. 

Glass transition temperature, Tg 
The average glass transition temperature ofcationically 

prepared polystyrene before grafting was determined as 
=370 K (samples K0, L0, M0, O0, P0), which zs 
somewhat higher than that reported 39 for anionically 
prepared polystyrene of similar ~r .  As the number of 
junctions per polystyrene chain, j, increases from 0. to 
1.57, the glass transition temperature increases from 
369.5 K to 383 K. This type of dependence of Tg on the 
degree of grafting is in qualitative agreement with the 
work of Boyer and his associates, if one considers that due 
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to the low degree of grafting, the molecular weight of the 
polymer may be simply approaching its characteristic M c 
value. The observed dependence of TO on j is plotted in 
Figure 2 for all samples tested. 

Liquid-liquid transitions (F n and TII ) 
The two liquid-liquid transitions, Ttt and Ti~, were 

observed for most samples, even in the presence of light 
crosslinking (samples L180, MI80, O180). The Tlz tran- 
sition increases slightly as the number of junctions 
increases. The ratio of Ttt/T O varies in the range of 1.16 to 
1.12, the lower limit of the relation proposed by Enns and 
Boyer 37'38, and it decreases slightly as the degree of 
grafting increases. The average value of Ttt for polydis- 
perse polystyrene before grafting was ~z =427 K, slightly 
higher than that reported by Enns and Boyer 38 for 
anionically prepared polystyrene of similar molecular 
weight. 

Although the transition T~' t was clearly observed in most 
samples under the experimental conditions employed, no 
general trend of the dependence of Tz' z on degree of grafting 
could be established. However, within the same set of 
preparation conditions, Tl' ~ increases as j increases. 
Decomposition temperature (Td) 

The onset of decomposition is reported in Table 2 as the 
decomosition temperature, T d. The value of T d increases 
considerably as the degree of grafting increases. This 

385 
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Junctions per PS chain (j) 

Figure 2 Glass transit ion temperature of grafted polystyrene, Tg, 
as a func t ion  of the number  of junctions per polystyrene chain, j .  
The open circles are for lightly crosslinked samples, obtained near 
the gelat ion po in t  

behaviour is observed at higher values of j, but always 
below gelation, and it is characteristic of thermal stability 
contributed to the polystyrene chains by the grafting 
agent and by the increase in chain entanglements as the 
grafting rection approaches gelation. 

Transitions in crosslinked polystyrene samples 
A selected number of crosslinked polystyrene samples 

was prepared by the same Friedel-Crafts technique 
described before (series P), and analysed by d.s.c. Table 3 
summarizes the various transitions observed. 

Increase of the crosslinking density, as evident from the 
considerable increase of the number of junctions, j, per 
polystyrene chain, clearly impedes segmental mobility by 
increasing the glass transition, T o (Figure 3). Similar 
behaviour has been observed before for Friedel-Crafts 
polystyrene networks crosslinked by various other 
grafting-crosslinking agents 4'6'7'25. From the point of 
view of practical applications in the development of 
polystyrene with improved thermal stability and in- 
creased T o , the polystyrene networks prepared registered 
some of the highest increase in To over the average value of 
the precursor polystyrene chains. Table 4 summarizes 
values TO determined by various investigators. 

Another interesting result of the present study is that 
the increase of TO with number of junctions per polys- 
tyrene chain does not seem to be linear for Friedel-Crafts 
crosslinked systems, as expected from the studies of Glans 
and Turner 41 for DVB-copolymerized/crosslinked polys- 
tyrene. The implication of this dependence may be related 
to the contribution of entanglements on TO and is 
presently under investigation. 

Of the two liquid-liquid transitions, T u vanishes at j 
3.2 and T~t becomes constant at approximately 467 K. 

Both observations are in agreement with previous studies 
by Enns and Boyer 39 for DVB-crosslinked polystyrene 
samples. No premelting phenomena or crystalline melting 
point, T m, were observed with these polystyrene networks. 

Finally, the degradation temperature increased up to 
672 K, which is in general agreement with previous studies 
by Grassie et al. 4. 

CONCLUSIONS 

Polystyrene samples obtained during the grafting re- 
action of linear polystyrene with DMDCB under Friedel- 
Crafts reaction conditions were analysed by differential 
scanning calorimetry to determine their transition and 
decomposition temperature. The glass transition tem- 
perature increases as the degree of grafting and crosslink- 
ing, and it approaches a constant value at about 6 
junctions per polystyrene chain. 

Table 3 Thermal analysis of  crosslinked polystyrene 

Junct ions per PS 
Sample cha in , /  Tg (K) TII (K) Til (K) T d (K) TII/Tg 

P240 2.80 389 432 457 654.5 1.11 
P255 2.90 389.5 432 462 657 1.11 
P270 3.05 391 433 463 659 1.11 
P285 3.18 393 434 464.5 665 1.11 
P300 3.25 393 * 464.5 - * 
P330 3.47 395 * 467.5 -- * 
P360 4.16 396 * 465 672 * 
P420 4.82 397 * 467.5 670 * 
P540 6.15 397 * * -- * 

* Not  observed. For explanat ion o f  sample code see Tab/e 2 
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Table 4 Maximum increase of glass transition of polystyrene upon FriedeI-Crafts crosslinking 

Maximum ATg over 
Crosslinking agent Crystallinity linear polystyrene Method of analysis Reference 

dichloromethyl benzene 
2,5-dimethyl benzylchloride 
1,4-dichloromethyl-du rene 

unknown 14.0 d.t.a. 4 
observed 12.5 d.s.c. 6, 7 
observed 3.5 d.s.c. 6, 7 

DMDCB* (50 ° C) not observed 23.0 d.s.c, this study 
DMDCB* (80° C) observed 51.0 d.s.c. 25 
DMDCB** (100°C) observed 17.5 d.s.c. 7 
oligo-methyl benzylenes observed 4.8 d.s.c. 6,7 

* CatalySt SnCI4, solvent dichloroethane 
**  Catalyst HCIO4, various solvents 

4 0 0  

390 
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380 
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370 q 

I I I I t I 
0 2.0 4.0 6.0 

Junctions per PS chain (y) 

Figure 3 Glass transition temperature of grafted ( 1 )  and 
crosalinked (O)  polystyrene as a function of the number of 
junctions per polystyrene chain. All samples prepared at same 
conditions (series P) 

Two l iquid- l iquid  transi t ions,  Tt~ and  T{z, were also 
detected for mos t  of the samples tested. The value of T u 
passes through a m a x i m u m  as the degree of grafting 
increases to a level where gelation and  further crosslinking 
occurs. However, T n generally increases as the degree of 
grafting increases. 
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