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SUMMARY

Polystyrenes were prepared by keeping temperature and the amount of phosphorus pen—
toxide constant, but changing the monomer concentration.

Rate of polymerization was found to be proportional to the second power of the monomer
concentration. The number average degrees of polymerization were determined by the vis-
cosity measurements. From the slope of the graph plotted 1/DP versus 1/[M],, the ratio of
(kg [S10 + kt)/kp was found to be 0.11%*,

Dependence of the rate of polymerization of styrene on the concentration of phoshorus
pentoxide was observed as the first order reaction in the experiments conducted at three different
temperatures. At these temperatures the overall rate constants were determined as follows:

at 4 20 °C; 10.0 x 10~* 12 mol™2 sec—!
at 4 5 °C; 7.6 x 10~4 12 mol—2 sec—!
at — 20 °C; 0.9 x 10-%12 mol~2 sec—!
and the total activation energy (E,) was found to be 46.1 kj mol—!,

Polymerization reaction were performed by adding of varying amounts of water into the
reaction vessel. The rate of the polymerization increased as the amount of water increased; pas-
sing throungh a maximum, and then started to fall as the amount of water increased. At the
maximum rate the ratio of [H,0]/[P,0,] was computed to be 0.69. Although the water effected

the rate of polymerization as indicated above, the molecular weights of the polymers produced
were not effected by the amount of water.

* If the normal transfer reactions take place as well the normal termination reactins, the
following equation exists between the number average degree of polymerization and the monomer

concentration

___IT___ ktl‘—m + ktl"S [S ]0 + kt x 1
DP k, K, 73
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INTRODUCTION

The cationic polymerizations are the polyaddition reactions in which
the growing species are electrophilic. This kind of polymerization is com-
monly intiated by protonic acids, Lewis acids, alkylmetal compounds,
etc. A large summary of initiators used at the cationic polymerization

of styrene have been given by J.P. Kennedy'.

Styrene was polymerized as cationic by SnC1,2), TiC1,®, A1C1;@
etc, which are Friedel-Crafts catalyts and water was used as a coca-
talyst for these initiators. H,50,% F,CCOOH®, CC1,HCOOH and
C1,CCOOH ™, HC10,® which are the strong acids have been also used

as initiator at the cationic polymerization of styrene.

Styrene had been previously polymerized by phosphorus pentoxide
by R. Asami and N. Tokura®. Liquid SO, was used as solvent in their
works. But they didn’t deal with the reaction mechanism. In this work,
we tried to do this.

EXPERIMENTAL

Purification of Materials

Styrene: Styrene obtained through the courtesy of Petkim, Yarim-
ca, was preserved in the Deep Freez adjusted to —-30 °C. Before use, the
styrene was purified by using the method of N. Kanoh et al10®,

Chloroform: The method suggested by S. Okamura‘lD for the puri-
fication of ethylene chloride was used.

Ethanol: Ethanol used to precipitate the ploymers was provided
by TEKEL (The administration of the Turkish Monopoly) and it was
used without any purification.

Toluene: Toulene Trude mark “Merck’ was used without any pu-
rification.

Preparation of Polymers:

The polymerization reactions were carried out at 0 °C in the chlo-
roform solution in which the amount of P05 was kept constant at a
value of 0.036 mol 1-1 while the concentration of styrene was changed.
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The duration of each reaction time was 60 minutes. The rate of poly-
merization was measured by means of the gravimetric method. The
results are summarized in Table I.

Table L

Effect of monomer concentration on the rate of polymerization carried out in the chloroforma
at 0°C. [P,05], == 0.036 mol 1~!, Time of polymerization: 60 min.

-d
ML, | S LY NS e ( — [M]) log M] | [M]2
dt dt
(mol 1-! sec—1)
0.875 0.858 0.47 -5.33 ~0.07 0.74
1.750 1.692 1.45 -4.84 0.23 2.86
2.188 2.085 2.86 —4.54 0.32 4.35
3.500 3.161 6.31 ~4.20 0.50 9.90
4.375 3.618 14.50 3.84 0.56 | 13.09

Limiting viscosity numbers of the polymers were measured in to-
luene at 25 °C. The results are summarized in Table II. A graph plotted,
log (-d [M]/dt) versus log [M] is shown in Fig. 1. From the slope of the
line it was found that the rate of the polymerization is a second order
fonction of the concentration of styrene.

Table I

Variation of the viscosity average molecular weight with the monomer concentration.
(K = 4.4x10~2ml g~1, o0 = 0.65¢21)) ‘

[n} . i
M1, (ml g1 M x10- 1/DP 1/{M],
1.750 6.3 2.1 0.05 0.57
2.188 8.1 3.1 0.03 0.46
3.500 12.1 5.7 0.02 0.29
4.375 17.5 10.0 0.01 0.23

A graph plotted 1 /DP versus 1/[M lo is shown in Fig. 2. From the
slope of this line, the value of (ki |S]o + k¢) /k, was found to be 0.11.

Effect of Phosphorus Pentoxide:

By keeping the concentration of styrene constant, the polymeriza-
tion reactions were conducted at three different temperatures ({20 °C,
+ 5 °C, -20 °C) for various amount of P,05 in chloroform. The duration
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Fig. 1. A plot of log (-d [M]/dt) versus log [M]

of each reaction was 30 minutes. The rates of polymerization were cal-
culated by gravimetric method. Viscosity moleculer weights of the poly-
mers were measured by the Ubbelohde viscometer. The results are

given in Table III.

Dependence of the rate of the polymerization on the concentration
of P,05 is shown in Fig. 3. Fig. 3 implies that the rate of the polymeriza-
tion is a first order function of the concentration of P,05. On the other
hand the molecular weight of the polymers does not depend on the con-
centration of P,05 as seen from Table III.

From the slope of the lines in Fig. 3. the overall rate constants were
calculated for three different temperatures by using the following rate
equation

Ry, = k [P205], IM],2 = kq [P205],

at + 20 °C; k = 10.0 x 10412 mol—2 sec™1
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Fig. 2. Aplotofl /]ﬁ versus 1/[M]0 ‘

Table III
Effect of phosphorus pentoxide on the cationic polymerization of styrene in chloroform.
[M], = 1.460 mol 11, time; 30 min.

B L) BRSPE [0l .
t°C P05, | 4 (ml g=1) B x10-2
(mol 1-! sec™!) : )
+20 | o0.028 9.7 4.3 1.2
0.480 12.4 4.5 1.2
0.072 17.1 4.2 1.1
0.127 28.4 5.0 1.5
0.143 36.2 - -~
0.054 7.1 5.8 1.8
0.104 14.0 . 6.2 2.0
+5 0.136 22.0 5.5 1.6
0.143 26.0 - -
0.048 0.2 - -
‘ 0.064 1.6 11.3 5.1
—20 0.101 2.0 10.8 4.8
0.163 2.9 118 5.5
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at + 5 °C; k = 7.6 x 104 12 mol—2 sec™!
at — 20 °C; k = 0.9 x 104 12 mol—2 sec—1

and from the graph plotted logk versus 1 /T, the total activation energy
was found to be 46.1 kj mol~! (Fig. 4).

36

32+

1 |
0 0
04 008 012 016
P
= [P 0g] .
Fig. 3. Dependence of the rate of polymerization on the concentration of P,0; at three different
temperatures
Effect of Water Concentration:

Effect of water concentration on the rate and the molecular weights
of the polymers was investigated.
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Fig. 4. A plot of log k versus 1/T

To do this, styrene was polymerized for 45 minutes in chloroform
by changing the concentration of H,0. Rates of polymerization and the
molecular weights of the polymers were measured.

The rusults are shown in Table IV and Fig. 5.

It is evident from these results that the concentration of H,0 ef-
fects the rate of the polymerization; as the concentration of H,0 increa-
ses the rate of the cationic polymerization increases passing through a
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maximum, then starts to decrease. At the maximum rate, the ratio of
the concentration of H,0 to that of P,05 is 0.69

Table. TV.

Effect of H,0 concentration on the cationic polymerization of styrene at 5 °C in chloroform
[M1, = 1.460 mol 17, [P,0;], = 0.073 mol 1~}; time: 45 mim.

SN U T M x10-3
[H,0] Pol % de
(mol i1 sec™ 1)
0 25.2 13.6 1.8
0.020 40.7 22.0 -
0.042 45.90 24.3 2.1
0.070 42.0 22.7 1.7
0.120 20.1 10.9 2.2
0.230 3.4 1.8 —
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Fig. -5. The variation of the rate of polymerization with the concentration of H,0

DISCUSSION

The rate of polymerization is proportional to the second power of
the monomer concentration. This result is similar to that of Peperd2,
Jordan and Mathieson 4, Brow nand Mathieson and Sakurada et al1%;
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in their studies they have wused SnCl,, AlCl,, CC1,HCOOH and
CCl; COOHR, I, as catalyst.

As the monomer conceniration increased, molecular weights of
polymers increased. It is seen from Fig. 2. that this increase is linear.

Since the intercept of the line 1/DP against 1/[M |, is smaller than
zero, chain transfer to monomer doesn’t take place. The slope of this
straight line (k,, ; [S1o + ki) /k, is equal to 0.11; for the cationic poly-
merization of styrene initiated by I,41 and SnC1,9%, ky [k, is equal to
3.0x10-1 and 5.1x1075 respectively. The value we have found is highly
greater than these. This can be explained as that there is a chain transfer
to the solvent.

The rate of polymerization is proportional to the first power of the
catalyst concentration. This result is similar to that of Jordan and Mat-
hieson¥, Brown?, Colclough(?), in their studies they have used A1Cl;,
CC1,HCOOH and CCl; COOH, SuCl, as catalyst. It is seén that mo-
lecular weights of the polymers do not change with the catalyst con-
centration. One may say that chain transfer to the catalyst doesn’t take
place for this ploymerization reaction. This is similar to the results ob-
tained at the cationic polymerization of styrene initiated by H,S0,,
HC104'® and « — methylstyrene catalyzed by H,S0,1%.

The rate of polymerization first increased as the concentration of
water increased then decreased. The similar results were observed for
the cationic polymerization of styrene catalyzed by SnC1,?, A1C1,19,
Al1Et;-H,097 and for o« — methylstyrene catalyzed by BF; (C,Hs),098;
but in the cationic polymerization of styrene catalyzed by H,S0,
the similar results were not observed,

The cationic polymerization of styrene catalyzed by P,05 can be
carried out without using H,0; but since P,05 is hygroscopic, there
must be very small amount of water init. I can be obtained different
kinds of phophoric acids according to the amount of water

H,0 H,0 H,0

P05 == P, = (HPO,), —= H/P,0, —= H,;P0,
~H,0 “H,0 “H,0

— meta - - pyro — — orto -

The strength of these acids are as follow19
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[H20]

———— == 1, metaphosphoric acid
[P205]

[H20]

— —- = 2, pyrophosphoric acid
[P205] '

[H20]

—— = 3, ortophosphoric acid?®

[P205]

Metaphosphoric acid can be obtained by a littie water. The proton which
is necessary for cationic polymerization is suplied by metaphosphoric
acid. Therefore, the factor which increase the concentration of meta-
phosphoric acid, increase the rate of polymerization. In this work, when
[H,0]/[P205] is 0.69, the rateis maximum. Since P,05is hygroscopic,
we can think that P,05 may absorbe water from air before adding in
it. Because of this reason, the ratio of [H,0]/[P,05] will be greater than
that value. When the adding water is icnreased in the media, the concent-
ration of acid will increase, therefore the rate of polymerization will
be maximum by increasing of acid concentration. When we add more
water, the ratio of [H,0]/[P,05] will be greater than 1, pyrophosphoric
acid will start to occur and the rate of polymerization will decrease. If
the ratio of [H,0]/[P,05] is greater than 2, ortophosphoric acid will
be arised and the rate of polymerization will be smaller. Although styrene
can be polymerized by P,05 with 97 9%, conversion of monomer in liquid
SO, it can be polymerized by ortophosphoric acid with 1 %, conversion
in the same circumstances®.

The molecular weight of polymers wasn’t changed by adding water,
since all water in the media was absorbed by P,0s, there are not free

water molecules for transfer to water.

OZET

Fosfor pentoksit miktari ve sicakhk sabit tutularak degisik monomer konsantrasyonlarm-
da polimerler hazirlandi. Polimerizasyon hizlar hesaplandi. Polimerizasyon reaksiyonunun stiren
konsantrasyonuna 2. mertebeden bagh oldugu gériildii. 0 °C sicaklikta elde edilen polimerlerin
molekiil agirliklar limit viskozite sayisindan bulunarak sayica ortalama polimerizasyon dereceleri

hesaplandi.
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1/bP —1 /IM ], dogrusunun egiminden (k.

tr=s

51 + k) /kp oram 0.11 olarak bulundu.

¢ ayr sicaklikta, monomer konsantrasyonu sabit tutulup fosfor pentaoksit miktar: degis-
tirilerek yapilan deneylerden polimerizasyon hizinin fosfor pentaoksit konsantrasyonuna birinci

mertebeden bagh oldugu goriildii.
Toplam hiz sabitleri icin
+ 20 °C da k = 10.0x10-* 12 mol—2 sn—!
4 5 °C da k = 7.6x10~% 12 mol~2 sn—!
— 20 °C da  k = 0.9x10—* 12 mol~2 sn™!
degerleri ve toplam aktivasyon enerjisi icin ise 46.1 kj mol~! degeri bulundu.

Reaksiyon ortamina degisik miktarlarda su katilarak polimerizasyon yapild:. Ortama ka-
tilan su miktar ile nce polimerizasyon hzinin arttig1, sonra bir maksimumdan gegerek azalmaya
basladizn ve maksimum hzda [H,0]/[P,0,] oraninm 0.69 oldugu belirlendi. Ortama katilan
su polimerizasyon hzim etkiledigi halde, elde edilen polimerlerin molekiil agirhklarm etkile-

memistir.
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