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ABSTRACT: A polymerization procedure for polystyrenes having high molecular 
weight and sharp molecular weight distributions is reported. A drop of n-hexylbenzene 
solution of n-butylithium is added to a THF solution of styrene with strong stirring. 
The initiator can be uniformly dis!ributed throughout the solution to react with impuri­
ties in the solution while the drop is dissolving into the THF. The molecular weight 
distribution of the polystyrenes thus prepared is much sharper than those of mono­
disperse polystyrenes available commercially and their molecular weights can be over 10 
million. 
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The so-called monodisperse polystyrenes, which 
are prepared by the anionic polymerization 
technique, are now widely used in polymer 
science, for example, as standard polymers for 
polymer characterization or when studying the 
effect of polydispersity on physical properties of 
linear polymers. Various samples of mono­
disperse polystyrenes are now commercially avail­
able. However, the molecular weight distribu­
tions of those samples are not generally sharp 
enough and, moreover, the molecular weights 
of the samples available do not cover a high 
enough range of molecular weight. For example, 
to study the effect of molecular weight distri­
bution on the viscoelastic properties of linear 
polymers, which are sometimes governed by 
an average molecular weight higher than the 
z-average or to use them as standard samples 
for GPC, the monodisperse polystrenes are re­
quired to have higher molcular weights and 
sharper molecular weight distributions than the 
samples available commercially at present. It 
is well known that polystyrenes polymerized by 
the anionic polymerization method have generally 
much broader molecular weight distribution than 
poly(a-methylstyrenes) which are also prepared 
by a similar anionic polymerization technique. 1 

The difference between the molecular weight 

distributions of polystyrene and poly(a-methyl­
styrene) arises from their differences in difficulty 
of purification andjor in polymerization rate: 
Although some reagents suitable for purification of 
styrene monomer are now found, 2 the impurities 
in styrene monomer cannot perfectly be removed. 
Moreover, the polymerization rate of styrene is 
so high that the monomer has to be showered 
on the initiator solution by the method of 
Szwarc. 3 The main cause for the broad molec­
ular weight distribution of polystyrenes may, 
therefore, be that some polystyryl anions are 
killed with the impurities during showering. 
On the other hand, a-methylstyrene does not 
polymerize at room temperature and a-methyl­
styrene monomer can therefore be mixed with 
an anionic initiator in the reaction vessel so 
that all the impurities may be reacted with the 
initiator before polymerization. 1 Considering 
these differences between the properties of the 
two kinds of monomers, it can be immediately 
speculated that, if it is possible to react all the 
impurities in styrene with the initiator before 
the polymerization starts, the molecular weight 
distributions of polystyrenes obtained would be 
as sharp as those of poly(a-methylstyrenes). 
Some solution properties of polystyrenes having 
fairly high molecular weights and sharp molec-
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ular weight distributions were reported by 
Fukuda, eta!., recently. 4 It is noteworthy that 
an initiator solution was added to a mixture 
of styrene monomer and solvent in their prepa­
ration of samples, whereas monomer was added 
to a mixture of initiator and solvent in most 
previous experiments. 

This is to report a preparation method of 
polystyrenes having extremely sharp molecular 
weight distributions based on the above idea. 
Using this method, moreover, it is possible to 
prepare samples having extremely high molecular 
weights since all impurities can be reacted with 
initiators before the polymerization starts. This 
polymerization method can be performed on a 
fairly large scale. 

EXPERIMENTAL PROCEDURES 

Purification of Styrene Monomer and Solvents 
Commercial styrene monomer is purified by 

routine methods such as distillation with LiAlH4 

in vacuo. The monomer thus purified is further 
distilled from a mixture of the monomer and 
triphenylmethyl sodium, which is prepared by 
reacting triphenylmethyl chloride with sodium 
metal in THF. 5 Triphenylmethylsodium is kept 
as 0.2-M solution in diglyme. The polymeri­
zation of styrene monomer can hardly occur 
with the anion. 

Tetrahydrofran (THF) is purified by distilla­
tion in vacuo in the presence of potassium a­
methylstyrene anion after the usual purification. 
Diglyme is also purified by a similar method. 

Preparation of Initiator 
The n-butyllithium is prepared in n-hexane by 

an ordinary method. 1 The n-hexane is evapo­
rated and n-butyllithium is dissolved in n-hexyl­
benzene. The concentration of n-butyllithium 
may be 0.1-0.3 N. The n-hexylbenzene is chosen 
since it can be dissolved into THF at a proper 
speed, as explained later. 

Polymerization Procedure 
The apparatus as shown in Figure 1 is pumped 

to 10-6 mmHg and sealed off. The whole ap­
paratus is carefully washed with the cumyl­
potassium solution or the potassium a-methyl­
styrene anion solution in flask W 1 , which can 
be recovered in flask W 2 • The anion remaining 
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Figure 1. The polymerization apparatus. 

on the glass wall is washed away with THF 
which is directly distilled from the THF solution 
of the washing reagent in W 2 • The flask W 2 is 
sealed off. THF in flask S is introduced into 
the reaction vessel R and the styrene monomer 
in flask M is transfered into the reaction vessel 
by distillation. The n-hexylbenzene solution of 
n-butyllithium in ampule I is transfered into V 
and it is then added dropwise to the reaction 
mixture by lowering a glass rod with a magnet. 
The initiators in the first drop may be killed by 
reaction with impurities in the reaction mixture. 
If no polymerization occurs with the first drop 
in about 20 min, the second drop is added. The 
second drop of initiator usually causes the poly­
merization. 

Since it takes time to dissolve n-hexylbenzene 
into THF at -78°C, all initiators are uniformly 
spread throughout the solution when the drop 
is dissolved. That is, the concentration of n­

butyllithium in n-hexylbenzene and the size of 
the drop are controlled depending on the amount 
of polymerization mixture so that the drop may 
dissolve into the THF and spread the initiator 
throughout the solution uniformly. Usually it 
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takes a few seconds and the whole impurity may 
be reacted with the initiator during the time. 

In the present experiments, 20 g of styrene 
was polymerized in 4! of THF. 

Fractionation 
The molecular weight distribution of poly­

styrene prepared by this method is very narrow 
without fractionation. However, the tail part 
of the polymer can be removed with no trouble 
when the polymer is precipitated in a mixture 
of methanol and toluene. The head part of 
the polymer is cut off by adding methanol to 
the toluene solution of the sample, to remove a 
fragment of the initiator used. 

Characterization Procedures 
The weight average molecular weights of the 

samples were determined by the light-scattering 
method in trans-decaline at 30°C using a Fica 
50. The molecular weight distributions of the 
samples were checked by the sedimentation­
velocity method in MEK at 25°C using an ana­
lytical ultracentrifuge Beckman-Spinco Model 
E. The sedimentation coefficient S0 is related 
to the molecular weight of polystyrene b/ 

S0 =5.3 X 10-15 Mw 0 ' 44 in MEK at 25°C ( 1) 

but this equation is applicable up to M=3 x 106 • 

RESULTS 

The weight average molecular weight of samples 
No. 201 and 401 were found to be 1.4 x 106 and 
1.2x 107, respectively. However, the figure for 
No. 401 is tentative because of its rather high 
value. If we calculate their molecular weights 
from their sedimentation coefficients using eq 1, 
we have M= 1.8 x 106 and 1.8 X 107 , respectively. 
The reason for the differences between both values 
is not clear but is not important for the present 
purpose. 

Sedimentation patterns of the present samples 
and all other polystyrenes thus prepared show 
that their molecular weight distributions are very 
sharp in all cases. The distribution of sediment­
ation coefficient of No. 201 was read at different 
times and extrapolated to infinite time by the 
method of Baldwin and Williams to eliminate 
the effect of diffusion. 7 The sedimentation 
constant distributions obtained at three polymer 
concentrations were extraporated to zero polymer 
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Figure 2. The integral molecular weight distribu­
tion curve of polystyrene No. 201 having Mw= 
1.4x 106. 

Figure 3. An example of sedimentation pattern of 
polystyrene No. 401 having Mw= 1.2 x 107: solvent, 
MEK, concn, 0.0655 gjml; speed of rotation, 25980 
rpm; angle, 70°; time, 31 sec. 

concentration. The final distribution curve of 
the sedimentation coefficient obtained can be 
converted to the molecular weight distribution 
of the sample if we assume that eq 1 is applic­
able. The molecular weight distribution curve 
of sample No. 201 thus determined is shown 
in Figure 2 as an example. The standard devi­
ation of molecular weight from the number­
average molecular weight may be estimated from 
the data in Figure 2 to be 

The value of j\fw!Mn is related to the standard 
deviation by 
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Thus, MwJM,. of No. 201 may be about 1.02. 
The molecular weight of another sample 401 

was so high that it was difficult to determine 
the sedimentation coefficient distribution of this 
sample by the sedimentation-velocity method. 
A sedimentation pattern obtained for a solution 
of concentration 0.0655 gjdl at 25980 rpm are 
shown in Figure 3 to show that the molecular 
weight distribution of the sample is very sharp. 
The sedimentation pattern does not significantly 
diffuse with time even at low concentrations. 

DISCUSSION 

The polymerization rate of the free polystyryl 
anion is so much faster than that of its ion-pair 
and the initiator concentration in the present ex­
periments is so low that it may be assumed that 
the propagation rate of the polystyryl anion is 
proportional to the product of the concentration 
of free styryl anion [LE] (molj/) and that of the 
styrene monomer [M] (gjl): 

-d[M]jdt=K[LE][M] (2) 

where k is the propagation rate constant of the 
free polystyryl anion. The molecular weight of 
polystyrenes obtained, Mn, is given by the ratio 
of the amount of styrene polymerized and the 
concentration of active end such as 

Mn=([M]0 -[M])/[LE] 

=[M]0 ·X/[LE] 
( 3) 

where [M] 0 is the initial concentration of mono­
mer (g/1) and x is the conversion at time t. 
By integrating eq 2 and using the relationship 
of eq 3, we have 

M = [M]0 (1-e-k[LE]t) 

"' [LE] 
( 4) 

Since the molecular weight distribution arising 
from the statistical reason in propagation is 
almost negligible, 8 it may be assumed that the 
molecular weight distributions of the present 
samples arise mainly from the finite time required 
to mix the initiator with monomer. If Llt is 
required for the mixing, the polystyrene obtained 
may have an ambiguity in its molecular weight by 

LJM = [M]o [l-e -k[LE]Jt/2] ( 5 ) 
"' [LE] 

400 

Thus, the dispersion of molecular weight in the 
polystyrene may be expressed by 

LJM,. _ [l-e-k[LE]Jtf2] 

Mn -[1-e-k[LEltJ 

In most experiments, we have 

[l-e-k[LE]t]=i:l 

and, hence, 

=i=[l-e-k[LE]Jtf2] 

n 

( 6) 

( 7) 

In the present experiments, [LE] can be cal­
culated from the amounts of polymer obtained 
and their molecular weights: [LE]=3.6 x 10-6 and 
4.2x 10-7 moljl for experiment No. 201 and 401, 
respectively. If we estimate Llt by adding a 
drop of ink into water at the same experimental 
conditions but at room temperature, Llt is about 
2-3 sec. Since the initiator drop is dissolved 
into THF at -78°C, which has a little higher 
viscosity than water, Llt in the present experi­
ments may be a little longer than 2-3 sec. Let 
us assume Llt=6 sec here. 

The anionic polymerization kinetics of styrene 
were extensively studied by Szwarc and his 
coworkers. 9 The propagation rate constant of 
free styryl anion with Li+ counter ion in THF, 
however, has not yet been determined. The rate 
constant with Na+ and Cs+ counter ions in THF 
were determined at various temperatures, while 
the value with Li+ was determined in tetrahydro­
pyrane (THP). It appears to be reasonable from 
those data to assume that the propagation rate 
constant of free anion is almost independent of 
counter ion species and solvent. The propagation 
constant of free polystyryl anion in THF at 
-78°C estimated from the above data is 3-10 
x 103 (ljmol sec). 

Using the propagation constant k, [LE] and 
Llt thus estimated, we can calculate LlMnfM,. 
from eq 7, such as 

LlMn/Mn=O.ll-0.03 for No. 201 

=0.013-0.004 for No. 401 

It is reasonable that sample Nos. 401 and 201 
have extremely sharp molecular weight distri­
butions. However, the molecular weight distri­
bution of sample No. 201 observed is still broader 
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than the distribution thus estimated. If we 
choose a more proper experimental condition, 
the molecular weight distribution could be 
sharper. 

As can be seen from eq 7, the value of JMj M 
is governed by ,Jt if [M]0 and [LE] are kept 
constant. To keep the standard deviation of 
molecular weight ,JMjM within 10%, that is, 
to obtain Mw/M,.;s; 1.01 for the samples having 
M,.=1.4x 106 and 1.2x 107, ,Jt should be shorter 
than 6 and 48 sec, respectively. This time for 
mixing the initiator with monomers uniformly 
may determine the upper limit of the polymeri­
zation scale by this method, though the poly­
merization condition should still be improved. 
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