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Glass Temperature of Hydrogenated Polystyrene 

HANS-GEORG ELIAS and OTTO ETTER 
DEPARTMENT OF INDUSTRIAL AND ENGINEERING CHEMISTRY 
SWISS FEDERAL INSTITUTE OF TECHNOLOGY 
ZURICH, SWITZERLAND 

Summary 

Atactic polystyrene was hydrogenated under different conditions. At incom- 
plete hydrogenation, a mixture of polystyrene and poly(viny1 cyclohexane) 
results. The glass temperatures were studied under different conditions by 
differential thermal analysis and found to be 100°C for polystyrene and 80°C 
for poly(viny1 cyclohexane). The solubility of poly(viny1 cyclohexane) is 
reported for different solvents. The influence of DTA evaluation techniques 
was studied. 

INTRODUCTION 

The unperturbed dimensions of atactic poly(viny1 cyclohexane) 
are 7.5% higher, as expected if compared with polystyrene on a 
mass basis alone ( 1 ) .  This may be due to a stretching of the poly 
(vinyl cyclohexane) chain (PVCH) by the greater ring size of the 
cyclohexyl ring, or to a contraction of the polystyrene chain (PST) 
due to T-v interactions of the phenyl rings. Both effects will make 
the polymer chain stiffer. 

To get some idea about the relative importance of these effects, 
measurements of glass transition temperatures may be helpful. The 
glass temperature is due to the set-in of cooperative motions of 
some 50 to 100 monomer units. A chain stiffening will increase the 
energy necessary for this process and thus increase the glass tem- 
perature. If there are v-7~ interactions, they will be expected not 
only between adjacent phenyl groups in the chain, but also be- 
tween phenyl groups at different parts of the polymer chain and/or 
at different chains. These nonneighbor interactions will act as weak 
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944 H.-G. ELIAS A N D  0. ETTER 

cross-links. If the segmental length between cross-links is smaller 
than the cooperative length, the activation energy and the glass 
temperature will increase, owing to this fixation of chain elements. 
A ( Te)PVCH > (Tg)PST will thus point on a dominant steric effect of the 
more bulky cyclohexyl group, a (TLI)PVCH < on a dominance of 
7 ~ - I T  interactions. 

Comparison of the glass transition temperatures of polystyrene 
and poly(viny1 cyclohexane) is meaningful only if both polymers 
exhibit the same configuration. During hydrogenation a change in 
steric composition is not likely. We therefore hydrogenated a com- 
mercial, radical-initiated polystyrene and determined the glass 
transition temperatures of the polymers by differential thermal 
analysis. 

EXPERIMENTAL 

The polystyrene sample was a commercial suspension polymer 
(2)  of the Badische Anilin and Soda Fabrik, Ludwigshafen (Poly- 
styrol V), which was freed of residual monomer by after-treatment 
with water vapor in a vacuum. The partially reduced nickel car- 
bonate was prepared according to (3) ,  the Raney nickel accord- 
ing to (4). 

All hydrogenations were carried out in decalene in autoclaves 
with a magnetic stirrer. Air was removed and the autoclaves were 
loaded with hydrogen of 75 (Hl ) ,  150 (H2), 180 (H3 and H4), and 
160 atm (H5) and heated for hr to the temperatures and pressures 
given in Table 1. After the times given in column 9 of Table 1, the 

TABLE 1 

Hydrogenation of Polystyrene V 

Catalyst 
Poly- Deca- Auto- Pres- 

Amount, styrene, lene, clave, Temp., sure, Time, 
Expt. Type g g ml liters "C atm hr. 

HI RedNiCO, 30 7.5 250 0.5 200 140 4 
H5 Raney-Ni 5 0 0  6.0 200 0.25 200 210 48 
H2 Raney-Ni 2W 30.0 1oM) 2 230 220 24 
H3 Raney-Ni 200" 22.5b 750 2 250 250 24 
H4 Raney-Ni 2 0 0 n  30.0 loo0 2 270 260 24 

" Amount of alloy before preparation of Raney nickel 
Hydrogenation product of Expt. H2. 
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GLASS TEMPERATURE OF H Y D R O G E N A T E D  POLYSTYRENE 945 

solution was filtered ( H l )  or centrifuged (others) and the removed 
catalyst washed several times with decalene. The collected deca- 
Iene solutions were precipitated into acetone. The white precipi- 
tate was filtered off and dried in a vacuum. The degree of hydro- 
genation was measured via UV spectroscopy in a Becknian DIUA 
spectrophotometer. The absorption band at 262 mi was used to 
measure the degree of hydrogenation. The microanalysis of sam- 
ples H3 and H4 (fully hydrogenated) corresponded to the UV data: 

M (110.2 talc.) cdc.  C, 87.20%; H, 12.80% 
found C, 87.44%; H, 12.46% 

DTA diagrams were taken with the du Pont Model 900 apparatus, 
in air with 25-mg samples, starting at --60°C and below. 

RESULTS 

Hydrogenation of Polystyrene 

The hydrogenation of polystyrene has been studied by a riuinber 
of authors (5-9). Staudinger et al. (5,6) obviously worked with low- 
molecular-weight polystyrenes, because their poly(viny1 cyclo- 
hexane) was soluble in ether (see below). The same hydrogenation 
method was used by Warner and Keel (7),  who tried to separate 
poly(viny1 cyclohexane) arid lionreacted polystyrene by solubility. 
This method will work only if the hydrogenation is a nonrandom 
process with respect to the styrene units, i.e., if the reaction product 
is a mixture of nonreacted polystyrene molecules and totally hydro- 
genated polystyrene molecules only. According to Stuadinger et al. 
(5,6), hydrogenation of low molecular weight polystyrene is accom- 
panied by degradation. Hydrogenation of high molecular weight 
polystyrene at 150°C with a nickel catalyst also led to degradation 
(7). On the other hand, no degradation is claimed for hydrogenation 
of high molecular weight polystyrenes with nickel, cobalt, or plati- 
num catalysts (9) at the same temperature. No methods for the prep- 
aration of the catalysts were given in that paper, however. 

The hydrogenation of polystyrene according to Staudinger and 
Wiedersheiin (6) with a partially reduced nickel carbon, d t e as cata- 
lyst at 200°C resulted in a degree of hydrogenation of only 37.6% 
(Expt. HI,  Table 2). More drastic coiiditions are therefore neces- 
sary for the hydrogenation of high inolecular weight polystyrenes. 
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946 H.-G. ELIAS AND 0. ETTER 

TABLE 2 

Results of Hydrogenation Experiments 

Polymer Degree of 
Temp., yield, hydrogenation, [ ~ l % & ~ ,  

Expt. Catalyst “C % % ml/g 
~ 

Starting 
material 111.9 

H1 Red. NiCOs 200 97.2 37.6 
H5 Raney-Ni 200 98.4 42.8 94.2 
H2 Raney-Ni 230 99.1 75.8 49.6 

23.5 

- 

100 
H3 Raney-Ni 250 99.7 
H4 Raney-Ni 270 99.4 

Using Raney nickel as a catalyst, and changing the temperature 
from 200 to 230°C and the reaction time from 4 to 24 hr, we arrived 
at a degree of hydrogenation of 75.8% (Expt. H2). However, the 
intrinsic viscosity [q] dropped from 111.9 to 49.6 ml/g (toluene, 
25°C). This decrease of [v] is due to degradation, because toluene 
exhibits approximately the same solvent interactions with poly- 
styrene and poly(viny1 cyclohexane) respectively (see below). 

Using partially hydrogenated polymer of Expt. H2 as a starting 
material, a complete hydrogenation took place at 250°C (Expt. H3). 
A one-step hydrogenation at 270°C (Expt. H4) resulted equally in 
a complete hydrogenation. The combined product H3/4 showed a 
drastic degradation, as measured by intrinsic viscosity. 

To test the relative influence of catalyst and temperature, we re- 
peated Expt. H1 with Raney nickel instead of reduced nickelcar- 
bonate (Expt. H5). The degree of hydrogenation obtained in this 
experiment was practically identical with that of Expt. H1. The type 
of catalyst is therefore of minor importance as compared with tem- 
perature. The hydrogenation reaction is stopped at a certain point, 
probably because of inactivation of the catalyst by adsorbed poly- 
mer. This explanation is borne out by the observation that after an 
initial rapid hydrogen uptake, the pressure decreases only slowly 
from 190 to 185 atm between 4 and 48 hr. 

The weight-average molecular weight of the initial polystyrene 
was M ,  = 353,000, the molecular weight of the totally hydrogen- 
ated product M ,  = 61,900 (1). The intrinsic viscosity in toluene at 
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GLASS TEMPERATURE OF HYDROGENATED POLYSTYRENE 947 

25°C decreased from [TI = 111.9 (polystyrene) to 23.5 ml/g [poly 
(vinyl cyclohexane)]. As MI)sty/MpvCh = 5.70 and [r)]psty/[T]pvch = 4.75, 
intrinsic viscosities in toluene may be used directly for the deter- 
mination of the degree of degradation. 

To find the primary reason for the degradation reaction, viscosi- 
ties of a 0.00201 ml/g solution of polystyrene were measured under 
different conditions. The starting solution possessed an outflow 
time of 193.2 sec at 25"C, which decreased to 172.4 sec after a 
24-hr treatment at 270°C under nitrogen without catalyst. The same 
treatment with Raney nickel in the agitated autoclave caused a drop 
to 158.7 sec. Replacement of nitrogen by hydrogen, i.e., using the 
hydrogenation conditions of Expt. H4, led to an outflow time of 
159 sec. The degradation is thus due to the thermal and mechanical 
degradation and not to the hydrogenation process itself. 

Solution Properties of Poly(viny1 cyclohexane) 

Atactic poly(viny1 cyclohexane) is soluble at room temperature 
in hydrocarbons such as n-hexane, n-heptane, cyclohexane, deca- 
lene, benzene, toluene, and xylene; in chlorinated hydrocarbons 
such as chlorobenzene, bromobenzene, chloroform, carbon tetra- 
chloride, l,2-cis-dichloro ethylene, and l,2-trans-dichloro ethyl- 
ene; and in tetrahydrofurane. It is insoluble in dioxane, diisopropyl 
ether, and diethyl ether; in alcohols such as methanol, ethanol, 
propanol, i- propanol, cyclohexanol, and benzylalcohol; in esters 
such a s  methylacetate, ethylacetate, and methylpropionate; and in 
ketones such as acetone, butanone, pentanone-2, heptanone-2, and 
3-methylheptanone-2. 

Glass Temperature-of Polystyrene 

Glass temperatures of atactic polystyrenes were reported to be 
between 80 and 101OC: 80 to 82 ( lo) ,  80 to 100 (11), 82 to 100 (8b), 
82 (12) ,  83 (13), 87 to 99 ( 1 4 ) ,  90 (IS), 90 to 100 (16), 100 (27,18), 
and 101°C (19). A limiting value is approached with increasing 
molecular weight at 100°C (20). Removal of residual monomer 
shifts the glass temperature T, from 82 to 100°C (8b). Isotactic 
polystyrenes exhibit glass temperatures between 80 and 100°C (1 2 )  
or 90°C (19), respectively. No influence of crystallinity on T, was 
detected (19). 
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948 H.-G. ELIAS A N D  0. ETTER 

As the literature gave no reliable basis for the comparison of 
glass temperatures of polystyrene and poly(viny1 cyclohexane), we 
repeated the determination of glass temperatures of atactic poly- 
styrene. DTA data were analyzed in terms of onset and extrapolated 

i i  

t L  
i 0  60 80 I00 120 140 160 'C 

FIG. 1. DTA diagram of' freeze-dried polystyrene (20 nig, air, starting tem- 
perature -7O"C, heating velocity 20 deglmin, AT = O.e"C/in.). 

TABLE 3 

Apparent Glass Temperatures of Polystyrene V as a Function of 
Sample Treatment and Heating Velocity v 

0, 

deglmin 

3 
5 
7 

10 

15 
20 

25 
30 

Original beads Freeze-dried material 

Extrapolated Extrapolated 
onset onset Onset onset 

100 101.5 101 102 
100 102 100 103 
99.5 102 

100 104 100 105 
100 105 
100 105.5 100 ? 
99 105.5 100 112 

101 106.5 
101 106 
100 106.5 
100 107 ? 114 

- - 

- - 
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GLASS TEMPERATURE OF H Y D R O G E N A T E D  POLYSTYRENE 949 

onset (cf. Fig. 1) and are collected in Table 3. This analysis was 
carried out because there seems to be considerable uncertainty in 
the literature about the evaluation of glass temperatures from DTA 
diagrams [cf. (27)].  To remove the last traces of monomer and other 
volatile impurities, the sample was freeze-dried from benzene solu- 
tion and again run with different heating velocities v .  The data 
show that the glass temperatures via “onset” data are independent 
of heating velocity and sample treatment (Table 3 and Fig. 2). The 
glass temperatures via “extrapolated onset” data are apparent glass 
temperatures, are increasing with increasing heating velocity, and 
are higher with the freeze-dried sample. Extrapolation to zero heat- 
ing velocity gave the same glass temperature as the onset data 
(T,  = lOOOC), however. 

0 5 10 15 26 25 30 v degreeJmin 

FIG. 2. Dependence of apparent glass temperatures ( T,),,, of polystyrene 
from heating velocity u and sample preparation (O,A, beads; .,A, freeze- 

dried sample; O,., onset; A,A, extrapolated onset). 

Glass Temperatures of Hydrogenated Polystyrenes 

The glass temperature of poly(viny1 cyclohexane) was reported 
to be 90°C (15) (atactic) and 0°C (21) (isotactic). Very different 
melting points were given for isotactic poly(viny1 cyclohexane): 
230 (15,16), 240 (22), 300 (23), 305 (24), 320 to 325 (21), 360 to 
370 (25) [dehalogenation and hydrogenation of isotactic poly(ha1o- 
gen styrenes)], 372 (15), 370 to 375 (25), and 383°C (26). De- 
composition of isotactic poly(viny1 cyclohexane) was reported 
to occur above 260°C (28) [but see (26)].  Differences may well be 
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950 H.-G. ELIAS AND 0. ETTER 

TABLE 4 

Glass Temperatures of Hydrogenated Polystyrenes as a Function of the Degree of 
Hydrogenation and Heating Velocity in DTA Experiments 

Sample and degree of hydrogenation 

H2 (75.8%) 
0 ,  H3/4(100%), 

deg/min V")H (TO) H (T~)s 

10 80 76 
76 
76 
74 15 

20 80 76 
76 

25 
30 80 76 

- 

- - 

100 
102 
104 
105 
100 
102 

100 
- 

H5(42.8%) 

75 95 
78 100 
73 100 
? 100 

74 98 
79 98 

80 7 6 2  1 102 & 2 76 2 2 98 & 3 

0 M u, w eo yx) lx ,  140 O C  

FIG. 3. DTA diagrams of hydrogenated polystyrenes. Heating velocity 20 
deglmin (H2, H3/4) or 30 deglmin (H5). Glass temperatures are marked 

by arrows. 
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GLASS TEMPERATURE OF HYDROGENATED POLYSTYRENE 95 1 

due to the different chemical constitutions of the samples, for ex- 
ample, cyclohexane rings incorporated in the chain (26). 

Our own experiments were undertaken with polystyrenes of dif- 
ferent degrees of hydrogenation using the onset data of DTA dia- 
grams with different heating velocities (Table 4 and Fig. 3). The 
100% hydrogenated sample H3/4 showed a glass temperature of 
80°C. Two transition temperatures, (TJH and (T&, were present 
with the incompletely hydrogenated samples H2 and H5. The 
lower temperature, ( T,)H = 76"C, was considered to be due to poly 
(vinyl cyclohexane) sequences, the higher one, (T,)s (102, respec- 
tively, 98"C), to polystyrene sequences. 'This points either to a mix- 
ture of unreacted polystyrene molecules besides completely hydro- 
genated molecules or to a block character of the molecules. A 
mixture is more likely, as shown by the hydrogen uptake as a func- 
tion of time. 

CONCLUSIONS 

During the hydrogenation process the active centers of the cata- 
lyst are clogged by the polymer, as could be shown by the time 
dependence of hydrogen uptake, as long as no higher temperatures 
are used. The resulting polymer is thus a mixture of completely 
hydrogenated and completely unreacted polystyrene. This view 
is confirmed by the existence of two glass temperatures in the in- 
complete hydrogenated samples, the values of which are inde- 
pendent of the degree of hydrogenation. 

The glass temperature of the atactic poly(viny1 cyclohexane) is 
20°C lower than that of atactic polystyrene. T-TT interactions are 
thus more important than chain stiffening owing to the more bulky 
cyclohexane ring. 
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Zusammenfassung 

Ataktisclies Polystyrol wurde tinter verschiedenen Bedingungen hydriert. 
Bei unvollstandiger Hydrierung ergibt sich ein Gemisch aus Polystyrol 
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GLASS TEMPERATURE OF H Y D R O G E N A T E D  POLYSTYRENE 953 

und Polyviiiylcyclohexan. Die Glasiibergaiigstemperaturet~ wurden bei 
verschiedenen Bedingungen durch Differentiol themioanalyse untersucht. 
Fiir Polystyrol ergab sich ein Welt von 100" und fiir Polyvinylcyclohexan 
80". Die Liislichkeit voti Polyvinylcyclohex~in in verschiedenen Losungs- 
mitteln wurde bestimmt. Der Einfluss der DTA Methodik wurde unter- 
sucht. 

Resume 

Le polystyrolPne atactique a CtP hydrogeiii. d:ins des conditions varikes. 
L'hydrog&iatiou incompl8te produit un mClange de polystyrolbne et de 
I~olyviiiylcycloli~x~iiie. Les tempdratures tle transitions vitreuses ont btk 
ktudibes clans des conditions varikes par la methode d'aualyse thertnique 
diffPrenticlle r t  trouvi.es &re 100°C pour le polystyrol&ne et 80°C p o ~ u  Ie 
polyviiiylcycloliex~iiie. On donne la solubilitb tlu polyvinylcyclohexatle 
pour des solvants tliffhrcnts. L'influence des teclitiiques d'6valuation par 
ATD a kte ktudiCe. 
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