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ABSTRACT: Poly( 4-acetoxystyrene) (P PAS), poly( 4-acetoxy-3-methoxystyrene) (PAMS), 
poly( 4-acetoxy-3,5-dimethoxystyrene) (PADMS), poly( 4-hydroxystyrene) (P PHS), poly( 4-hydroxy-
3-methoxystyrene) (PHMS), poly(4-hydroxy-3,5-dimethoxystyrene) (PHDMS) and partially hy
drolyzed acetate polymers were prepared. The effects of hydrogen bonding on the glass transition 
temperature ( T8) and heat capacity ( CP) of the above polymers were studied by differential scanning 
calorimetry (DSC). The glass transition temperatures of partially hydrolyzed PPAS and PAMS 
increased with the degree of hydrolysis. However, in the case of partially hydrolyzed PADMS, 
initially T• increased with the degree of hydrolysis and then decreased with increasing hydrolysis. 
Thermal analysis of water sorbed on the polymers showed that the bound water content of PHD MS 
was larger than that of P PHS and PHMS. Taking the bound water content as an indication of t)le 
hydrogen bonds of each polymer, it was ascertained that the molecular motion related to hydrogen 
bonding was effected by the chemical structure of each polymer. 
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The molecular motion of polymers is known 
to be restricted by hydrogen bonds formed 
between main chains and side chains. Barb1 

reported the phase transition· temperature of 
mono-substituted polystyrene derivatives and 
suggested that the hydrophilic group introduc
ed into the aromatic ring increased thermal 
stability of polymer. In our studies on the 
hydrogen bonding of polyhydroxystyrene de
rivatives,2 - 9 it was clarified that stability of 
the polymers is effected by the type, number 
and location of substituent groups in an 
aromatic ring. When more than two substitu
ent groups are introduced into an aromatic 
ring, co-operative contribution is especially 
important 

In the previous papers.z-s we reported the 

thermal properties of the styrene derivatives, 
poly( 4-hydroxystyrene) (P PHS), poly( 4-hy
droxy-3-methoxystyrene) (PHMS) and sty
rene-4-hydroxystyrene (St-HS) copolymers. 
The glass transition temperatures (Tg) of these 
styrene derivatives are ca. 20 to 80K higher 
than that of polystyrene. These styrene deriva
tives have been. found biodegradable10 and 
have some advantageous mechanical proper
ties, especially high strength compared with 
that of polystyrene.8 These results have been 
attributed to the hydrogen bonds formed be
tween hydroxyl groups of these polystyrene 
derivatives. Moreover, we studied the effects 
of the location of hydroxyl groups in the 
aromatic ring on the formation of hydrogen 
bonding between the polyhydroxystyrene de-

219 



K. NAKAMURA, T. HATAKEYAMA, and H. HATAKEYAMA 

rivatives. It was clarified that the readiness of 
the formation of hydrogen bonding was in the 
order of 3,4,2-positions of the aromatic ring.7 

In this study, poly( 4-acetoxystyrene) (P P
AS), poly( 4-acetoxy-3-methoxystyrene) (PA
MS), poly( 4-acetoxy-3,5-dimethoxystyrene) (P
ADMS), (PPHS), poly
(4-hydroxy-3-methoxystyrene) (PHMS), poly
( 4-hydroxy-3,5-dimethoxystyrene) (PHDMS) 
and patially hydrolyzed acetate polymers were 
prepared and contained hydrophilic hydroxyl 
and hydrophobic methoxyl groups in the 
aromatic rings of polystyrene. The effects 
of hydrogen bonding on the glass transition 
temperatures (Tg) and heat capacity ( CP) of 
these polymers were studied by differential 
scanning calorimetry (DSC). The phase tran
sition of water sorbed on the polymers was 
also measured by DSC. The relationship be
tween bound water content as an indication of 
hydrogen bonds and chemical structure of the 
polymer, especially the combination of sub
stituent groups, was studied. 

EXPERIMENTAL 

Sample Preparation 
4-Hydroxy-3,5-dimethoxystyrene Monomer 

(HDMS). Sinapic acid was prepared by the 
interaction of syringaldehyde (1 0 g) with 
malonic acid (1 0 g) in the presence of piper
idine (1 ml) in 10 ml pyridine for about 20 h at 
60oC. The product was precipitated with a 5% 
HCl solution and recrystallized from water 
containing a small amount of methanol. 
Sinapic acid (1 0 g), freshly prepared precipitat
ed copper (0.2 g) and hydroquinone (0.3 g) 
were added to quinoline (15 ml). The mixture 
was then heated at 200°C under a nitrogen 
atmosphere until the evolution of carbon di
oxide subsided. The crude mixture was distil
led under reduced pressure (0.1 mmHg). The 
fraction boiling at l10°C was collected. The 
crude HDMS obtained was added to a cold 
1 N hydrochloric acid solution, extracted by 
ethyl ether, dried with anhydrous sodium 
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sulphate and purified by distillation 
4-Acetoxy-3,5-dimethoxystyrene Monomer 

(ADMS). ADMS was prepared from HDMS 
(5 g) by acetylation with the mixture of pyri
dine (30 ml) and acetic anhydride (20 ml). A 
white oil was obtained. 

Poly(4-acetoxy-3,5-dimethoxystyrene) (P A
DMS). Poly(4-acetoxy-3,5-dimethoxystyrene) 
(PADMS) was obtained by bulk polymeriza
tion using 1% of 2,2' -azobisisobutyronitrile 
(AIBN) as an initiator for 2 h at 80°C. PHD
MS was prepared by the hydrolysis of PAD
MS. Partially hydrolyzed PADMSs were pre
pared as follows: PADMS (2 g) was dissolv
ed in 200 ml of acetone and concentrated hy
drochloric acid ( 4 ml) was stirred into this so
lution. The mixture was allowed to stand for 
various time intervals (1 to 24 h) at 65oC. The 
resulting mixture was stirred slowly into a 
large amount of ice cold water, filtered, re
peatedly washed with water, and then dried in 
air. 

Poly( 4-hydroxystyrene) (P PHS), poly( 4-ace
toxy-styrene) (PPAS), partially hydrolyzed 
P PASs, poly( 4-hydroxy-3-methoxystyren.e) (P
HMS), poly( 4-acetoxy-3-methoxystyrene) (PA
MS) and partially hydrolyzed PAMSs were 
prepared by essentially the same method as in 
the case of PHD MS. reported previously. 3 •6 

Measurements 
Gel Permeation Chromatography (GPC). 

The molecular weight (M w) and distribution 
(Mw/Mn) of the polymers were obtained with a 
Toyo Soda gel germeation chromatograph, 
Model HLC-801. The chromatograph was 
calibrated by plotting the molecular weight of 
monodisperse polystyrene (Pressure Chemical 
Co.) against the elution volume. Values of Mw 
and M.)M" were l.Ox 105 and 3.1 for PPAs, 
9.8 x Hf and 2.8 for PPHS, 2.2 x 105 and 3.2 
for PAMS, 1.0 x 105 and 3.0 for PHMS, 1.1 x 
105 and 4.1 for PADMS, 9.9x Hf and 3.7 for 
PHDMS, respectively. 

Infrared Spectroscopy (IR). A Nihon-Bunko 
Model IR-G infrared spectrophotometer was 
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used for the determination. The degree of 
hydrolysis of each polymer was calculated 
using the equation reported previously.3 

Differential Scanning Calorimetry (DSC). 
The glass transition temperature (Tg) and 
phase transition of sorbed water were measur
ed with a DuPont 910 DSC. The glass transi
tions temperatures of the polymers were mea
sured using an aluminium open pan under a 
dry nitrogen atomosphere. Tg was determined 
from the DSC curve as the intersection of the 
extension of the base line with a line tangent to 
the maximum slope of the endothermic peak. 
The bound water content of each polymer was 
measured by a method similar to that reported 
previously; 11 i.e., the water content was evalu
ated from the enthalpy of melting. However, 
an aluminium open pan was used for the 
measurement in this experiment. Therefore, 
the total water content was calculated from the 
enthalpy of vaporization obtained from the 
DSC curves instead of measuring the sample 
weight in a sealed pan. In order to avoid 
experimental errors, DSC runs were repeated 
three times in each experiment. The DSC 
curves were obtained at a scanning rate of 
10 K min -l. The melting, crystallization and 
vaporization enthalpies were calculated by ref
erence to the enthalpy of pure water. 

The aluminium sample pans were previously 
exposed to steam in an autoclave at 120oc for 
3 h to eliminate the formation of aluminium 
hydroxide during measurements. The samples 
were first dried in a vacuum desiccator for 
about one week and then about a 5 mg sample 
was weighed. For measurement of polymers 
containing sorbed water, small amounts of 
water were added with a microsyringe and the 
total weight was then measured on a micro
balance. If the water content exceeded the 
predetermined amount, the sample pan was 
allowed to stand for a few minutes until the 
water evaporated. The water content was 
calculated from the following equation, 

Water content= Weight of Added Water/ 
Weight of Dry Sample x 100 (%). 
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The heat capacity ( CP) of dry samples was 
measured with a Perkin-Elmer DSC model II 
by a similar method reported previously. 12 •13 

In this experiment, an open pan was used. 

RESULTS AND DISCUSSION 

Table I shows the degree of hydrolysis (Dh) 
measured by IR, glass transition temperature 
(Tg) measured by DSC, molecular weight of 
monomer unit (M) calculated from Dh, 
bound water content ( Cb) measured by DSC, 
and bound water content per monomer unit 
of each polymer (Bm) calculated from M and 
Cb. It can be seen from Table I that the Tg and 
bound water content are related to the degree 
of hydrolysis, i.e., the number of hydroxyl 
groups of each polymer. 

The relationship between the degree of 
hydrolysis and the glass transition tempera
tures of the polymers is shown in Figure I. 
The glass transition temperatures of partially 
hydrolyzed P PAS and P AMS increase almost 
linearly with hydrolysis. The glass transition 
temperatures of PPHS, and PHMS obtained 
from 100% hydrolyzed PPAS and PAMS are 
182°C and 142°C, respectively. With increas
ing degree of hydrolysis, the acetoxyl groups 
are substituted by the hydroxyl groups and 
accordingly, hydrogen bonds easily form be
tween hydroxyl groups. However the presense 
of the hydrophobic methoxyl groups attached 
to the 3-positions of the aromatic rings de
creases Tg in the case of partially hydrolyzed 
PAMS compared with the case of partially 
hydrolyzed PPAS. Barb1 pointed out in his 
study of the glass transition temperature (Tg) 
of monosubstituted polystyrene derivatives 
that Tg decreases on introduction of a sub
stituent group at the 3-position in a aromatic 
ring. 

The glass transition temperatures of par
tially hydrolyzed PADMS increase with a 
small degree of hydrolysis and then decrease 
gradually as hydrolysis increases. Tg (132oC) 
of PADMS is higher than the glass transition 
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Table I. Characteristic values of the samples" 

Sample Dh/% T.fC M Bmfmo] 

0 112 162 3.1 0.28 
8 123 159 3.7 0.33 

22 133 153 3.6 0.31 
49 153 141 5.2 0.41 
62 160 136 5.7 0.43 
76 171 130 6.6 0.48 
95 179 122 10.3 0.70 

100 182 120 10.8 0.72 

PAMS 0 115 192 2.0 0.21 
17 122 185 3.4 0.35 
29 127 180 5.1 0.51 
61 134 166 10.9 1.0 I 
76 139 160 12.8 1.14 
89 139 155 14.4 1.24 
97 144 151 16.4 1.38 

PHMS 100 142 150 16.3 1.36 

PADMS 0 132 222 2.6 0.32 
5 142 220 3.3 0.40 

14 147 216 3.8 0.46 
29 139 210 8.5 0.99 
39 135 206 10.5 1.20 
69 129 193 16.5 1.77 
84 126 187 21.0 2.18 
93 121 183 22.9 2.33 

PHDMS 100 108 180 27.9 2.79 

" Dh=degree of hydrolysis; T.=glass transition tem
perature; M =molecular weight of monomer unit; 
Cb =bound water content; Bm =bound water content 
per monomer unit. 

temperatures of PPAS (112cC) and PAMS 
( ll5°C). This indicates that the molecular 
motion of main chain ofPADMS is depressed 
by the methoxyl groups which are attached 
symmetrically at both sides of the hydroxyl 
group at the 4-position of an aromatic ring. 
Moreover, it is considered that the main chain 
motion of PADMS is prevented by three large 
substituent groups, i.e., two methoxyls groups 
and an acetoxyl group. Therefore, Tg of 
PAD MS is 40 K higher than that of poly
styren (92°C). The increase of Tg with a slight 
hydrolysis is due to the weak hydrogen 
bonding between the acetoxyl and hydroxyl 
groups. The decrease of Tg with much hydroly
sis is attributed to the small hydrophilic hy-
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Figure 1. The relationship between glass transition 
temperatures ( T.) and degree of hydrolysis of partially 
hydrolyzed PPAS (0), PAMS (()),and PADMS (e). 

100 150 
Temperature, 'C 

Figure 2. DSC curves of water sorbed on PPHS mea
sured using an aluminium open pan. Scanning rate was 
I 0 K min- 1 and sample weight was about 5 mg. The 
amounts of sorbed water calculated from the enthalpies 
of vaporization curves are: a, 27.9%, b, 9.8%, c, 7.8%, 
and d, pure water. 

droxyl group which is located between two 
large methoxyl groups; that is, the hydroxyl 
groups cannot form hydrogen bonds owing to 
the steric hindrance of methoxyl groups. 

We reported in a previous paper5 that the 
bound water is defined as water molecules 
which act to break the hydrogen bonding and 
then attach closely to hydroxyl groups of the 
polymers. In this study, we also measured 
crystallization, melting and vaporization of 
water sorbed on PPHS using DSC. Figure 2 
shows the DSC curves of water sorbed on 
PPHS measured with DuPont 910 DSC using 
open pans. In general, when a sample con
taining sorbed water is cooled from room 
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temperature to - 1 oooc, two exothermic peaks 
of crystallization of water are observed (curve 
a). One is a sharp peak (Peak I) observed at 
about -15oC; the other is a broad small peak 
(Peak II) observed at about - 35°C. However, 
the first-order transition of water is not ob
served unless the water content exceeds a 
certain amount (curve c). After exceeding this 
water content, Peak II appears at about 
-35oC (curve b). The shape and temperature 
of Peak I accord well with those for the 
crystallization of pure water (curve d). The 
melting of water sorbed on P PHS starts from a 
temperature lower than that of pure water. 
However, the melting of water is not observed 
when a small amount of water is sorbed on the 
sample (curve c). The vaporization curve of 
sorbed water was continuously observed in the 
higher temperature region than at the melting 
temperature of water. The vaporization of 
sorbed water is usually observed even if the 
crystallization and melting of water are not 
observed (curve c). The shapes and tempera
tures of the phase transition curves of water 
vary depending on the water content, kind of 
samples, chemical structure and number of 
hydroxyl groups. For example, the end tem
peratures of vaporization of water sorved on 
PPHS, PHMS, PHDMS and pure water were 
ll2°C, ll0°C, 94°C, and 8l°C, respectively. 

Bound water content ( Cb) and the number 
of moles of bound water attached to a mono
mer unit of the polymer (Bm) were calculated 
from the following equations: 

or 

and 

Bm = MCb/ 100/ 18(mol) 

where, We (mg) is total added water, Wr (mg) 
is free water (Peak 1), W, (mg) is the weight of 
dry sample, Wnr (mg) is nonfreezing water, 
WP2 (mg) is feezable bound water (Peak II), 
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M is the molecular weight of monomer unit of 
the polymer and 18 is the molecular weight of 
water. The detailed explanation of bound 
water was reported previously. Cb and Bm 
determined by the enthalpy of the phase 
transition of water sorbed on each sample are 
listed in Table I. The bound water content of 
each polymer increased with the degree of 
hydrolysis. The increase of bound water owing 
to the hydrolysis of PHDMS was the largest, 
that of PHMS next and that of P PHS, the 
smallest. These three polymers have one hy
droxyl group per monomer unit. Therefore, in 
the case of P PHS, water molecules are re
stricted by the hydroxyl groups. However, it 
is suggested that in the cases of PHMS and 
PHDMS, water molecules are restricted not 
only by hydroxyl groups but also by other 
steric effects. 

Figure 3 shows the relationship between 
bound water content per monomer unit (Bm) 
and the degree of hydrolysis of each partially 
hydrolyzed acetate polymer. The number of 
mol of bound water attached to the mono
mer unit increases with hydrolysis. The in
crease of bound water is from 0.28 mol to 
0. 72 mol for P PHS, from 0.21 to 1.36 for 
PHMS and 0.32 to 2.79 for PHDMS, re
spectively. These acetate polymers, PPAS, 
PAMS and PADMS, have almost the same 
bound water content of about 0.3 mol per 
monomer unit. We reported previously5 that 
the bound water content of hydrophobic 
polymers such as polystyrene (PSt) was zero. 
This indicates that these acetates are weakly 
hydrophilic polymers, i.e., these polymers 
have very weak hydrogen bonds owing to the 
C = 0 bond in the acetoxyl group. This is also 
supported by the fact that the glass transition 
temperatures of these acetate polymers are 
higher than that of PSt. 

As shown in Figure 3, the amount of bound 
water increases with hydrolysis. However, the 
rate of increase varies for each sample. The 
amount of bound water of a completely hy
drolyzed sample is 0. 72 mol for P PHS, 1. 36 for 
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Figure 3. The relationship between bound water con
tent per monomer unit of the polymers and degree of 
hydrolysis of partially hydrolyzed P PAS ( 0 ), PAMS 
(()),and PADMS (e). 

PHMS and 2.79 for PHDMS. The differences 
in these values cannot be explained solely by 
the existence of hydroxyl groups. However, 
the effects of the methoxyl groups seem very 
large. With regard to the chemical structure 
of a hydrolyzed polymer, the hydroxyl or ace
toxyl group is located at the 4-position and 
methoxyl group is located at 3- and/or 5-
position of the aromatic ring for each poly
mer. The different amounts of bound water 
among polymers are hard to explain if we 
consider only the restriction of water mole
cules by hydroxyl groups. It is therefore rea
sonable to take into account the location of 
methoxyl groups, which afford space where 
water molecules sterically interact with the 
hydroxyl and methoxyl groups of the poly
mers. This indicates that the bound water is 
markedly influenced by hydrophilic and hy
drophobic group combinations in an aro
matic ring of the polymers. 

In the case of PHDMS, the glass transition 
temperatures of polymers having different 
degrees of hydrolysis show maximum values 
at about 14% as shown in Figure 1. On the 
other hand, bound water content of these 
polymers increases linearly as shown in 
Figure 3. In the cases of P PHS and PHMS, 
hydrogen bonding between main chains can 
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Figure 4. The relationship between heat capacities ( CP) 
at lOOC and the degree of hydrolysis of PAD MS. 

easily occur as the number of hydroxyl groups 
increases. With regard to differences between 
the result obtained in this experiment and 
those previously reported,3 •5 •7 it is important 
to take into consideration the higher order 
structure of PHD MS. 

Figure 4 shows the relationship between the 
heat capacity ( CP) at 1 oooc and the degree of 
hydrolysis of PADMS. CPs were carefully 
measured after annealing at 180°C for 10 min 
in order to avoid moisture absorption during 
holding. It can be seen from Figure 4 that CPs 
of partially hydrolyzed PADMS decrease 
from 0.39 to 0.35 cal g- 1 deg- 1 until about 
14% of the hydrolysis and then increase 
gradually from 0.35 to 0.40calg- 1 deg- 1 with 
hydrolysis. The CP of PHDMS being about 
14% of the hydrolysis indicates a minimum 
value. This minimum CP value corresponds to 
the maximum Tg value of partially hydrolyzed 
PADMS. These facts suggest that the higher 
order structure varies with degree of hydroly
sis and that the packing density of main 
chains of PHDMS having 14% of the hy
drolysis shows the highest value among all 
samples. Therefore, the molecular motion of 
main chain of 14% hydrolyzed PHDMS is 
strongly prevented and accordingly Tg of the 
polymer indicates the highest value. 

From the above results, it is concluded that 
the hydroxyl groups in hydrolyzed P PAS, 
PAMS and PADMS have important roles in 
hydrogen bonding. The molecular motion of 
these polymers is prevented by increasing the 
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number of hydrogen bonds between the main 
chains. The differences among the glass 
transition temperatures of P PHS, PHMS and 
PHDMS are due to the methoxyl groups 
introduced into the 3- and/or the 5-positions 
of the aromatic rings of these polystyrene 
derivatives. Moreover, bound water mole
cules are restricted not only by hydroxyl 
groups but by steric interactions between the 
hydroxyl and methoxyl groups. The heat 
capacities are dependent on the conformation 
of these polymers which are strongly in
fluenced by hydrogen bonding. 
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