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A preparative gel permeation chromatographic (g.p.c.) instrument has been constructed and used to 
separate broad fractions of cyclic poly(dimethyl siloxanes) into sharp fractions with heterogeneity 
indices Mw/M n = 1.05 + 0.02. The number-average molecular weights M n of the cyclic polymer frac- 
tions obtained were as high as 50 000, corresponding to number-average numbers of skeletal bonds 
h n up to 1300. The concentrations of linear poly(dimethyl siloxanes) in all but the highest molecular 
weight cyclic polymer fractions prepared are believed to be negligible. The preparative g.p.c, instru- 
ment was also used to obtain some sharp fractions of linear poly(dimethyl siloxanes). 

INTRODUCTION 

Recently, we have reported the preparation and characteriza- 
tion of fractions of the first synthetic cyclic polymers ~. These 
polymers consist of mixtures of cyclic poly(dimethyl siloxanes) 
[(CH3)2SiO] x, containing up to about 1000 skeletal bonds. 
They are of considerable interest because they belong to a 
class of polymer that is different in type from the linear, 
branched and network polymers that have received such 
close attention over the past fifty years. In fact, a detailed 
knowledge of the properties and molecular conformations 
of cyclic polymers could lead to a better understanding of 
the behaviour of linear polymers, as well as to new insights 
into the properties of rubbers, gels and other systems where 
closed loops are known to be present. As a consequence, we 
have embarked on an investigation of synthetic cyclic poly- 
mers, beginning with the poly(dimethyl siloxanes) described 
in this paper. In connection with such an investigation, it is 
of interest to note that many natural forms of deoxyribo- 
nucleic acid (DNA) are cyclic macromolecules, as has been 
shown by electron microscopy and other methods (see, for 
example, refs 2-7) .  Furthermore, in recent years, there have 
been a number of interesting theoretical studies of the ave- 
rage conformations and physicochemical behaviour of large 
ring molecules, including those described in refs 8-22.  We 
hope to test some of the results of these studies in the future 
using the synthetic cyclic polymers discussed here. 

When investigating the properties of cyclic or linear poly- 
mers, it is clearly an advantage to use fractions that are as 
sharp as possible. As indicated previously 1'23-2s, gas-liquid 
chromatography (g.l.c.) can be used to analyse individual 
dimethyl siloxane cyclics [(CH3)2SiO]x containing up to 
100 skeletal bonds, and sharp fractions containing cyclics of 
this size can be prepared conveniently by vacuum fractional 
distillation. Such fractions have heterogeneity indices 
Mw/Mn which are typically 1.02 +- 0.01. Larger cyclics can 
be fractionated using conventional methods (for example, 
by fractional precipitation using acetone and water1), but 
such methods are time consuming and broad fractions often 
result. It is the purpose of this paper to describe how gel 
permeation chromatography (g.p.c.) can be used to prepare 
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sharp fractions of cyclic (and, incidentally, linear) 
poly(dimethyl siloxanes) with number-average numbers of 
skeletal bonds nn in the range 100 < nn < 1000. A prepara- 
tive g.p.c, instrument was designed and constructed in our 
departmental workshops for this purpose. The fractions of 
cyclic and linear poly(dimethyl siloxanes) obtained had 
heterogeneity indices of 1.05 +- 0.02, which are considerably 
lower than those obtained using conventional fractionation 
methods 1. 

EXPERIMENTAL 

Materials 
In the work described here, cyclic and linear poly(dimethyl 
siloxane) fractions with relatively broad molecular weight 
distributions were refractionated by preparative g.p.c. These 
broad fractions were obtained previously ~. The cyclic frac- 
tions were recovered from a poly(dimethyl siloxane) 
cyclic-linear equilibration reaction in toluene solution at 
383K. The linear fractions were made by fractional preci- 
pitation of Dow Coming DC200 series dimethicones ob- 
tained from Hopkin and Williams Ltd. The cyclic fractions 
consisted of rings [(CH3)2SiO ] x, and the linear fractions 
consisted of chains with the general formula 
(CH3) 3 SiO [(CH3)2SiO ] y Si(CH3) 3 . The number-average 
molecular weights Mn_of the cyclic and linear fractions were 
in the range 4000 < Mn < 15 000 and their heterogeneity 
indices were in the range 1.4 < Mw/Mn < 1.6. 

Analytical g.p.c. 
All the fractions of cyclic and linear poly(dimethyl 

siloxanes) obtained from the preparative g.p.c, instrument 
were characterized by analytical g.p.c. The analytical instru- 
ment was equipped with five columns of Styragel (a cross- 
linked polystyrene gel from Waters Associates Ltd). These 
columns were packed with gels having nominal porosities 
25,100,300, 300 and 300 nm, respectively. Freshly dis- 
tilled toluene was used as the solvent at a flow rate of 
~1 cm3/min. A Waters Model R4 differential refractometer 
was used as the detector. 
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Figure I Schematic block diagram of the preparative g.p.c, instru- 
ment: A, solvent tank; B, still pump; C, constant level device; D, still; 
E, column; F, pressure pump; G, pulsation damper; H, pressure con- 
trol valve; I, filter; J, sample injection valve; K, differential refracto- 
meter (and chart recorder); L, solvent and eluent flow sight glasses; 
M, solvent counter and fraction collector 

The instrument was calibrated separately for cyclic and 
linear poly(dimethyl siloxanes). Plots of the logarithms 
of the number-average molecular weights, ~In, against the 
g.p.c, distribution coefficients were found to be linear and 
parallel for the cyclics and linears in the range 300 </~n < 
10 000 and, following W~ght 26'27, the plots were taken to 
be parallel for values of Mn as high as 100 000. The g.p.c. 
tracings were corrected for imperfect resolution by the 
method of Pierce and Armonas 2s, before being used to de- 
termine the number-average, weight-average and z-average 
molecular weights of the fractions. 

105 Pa (~100 p.s.i.). The solvent flow was damped by an 
adjustable bellows system, and the solvent pressure was con- 
trolled by a diaphragm over-pressure release valve. 

The solvent flow was directed through a filter, and split 
into reference and sample streams which were controlled by 
needle valves. The sample stream was directed through a six- 
port injection valve equipped with a sample loop having a 
nominal capacity of 10 cm 3, passed into the column and 
then a part of it directed into a Waters Model R4 differential 
refractometer detector (see Figure 1). The output of the 
column was fitted with a fraction cutter which was equip- 
ped with an adjustable photoelectric level detector and 
electrically operated release valve. 

Preparative g.p.c, procedure 
For each fractionation, the required amount of 

poly(dimethyl siloxane) (usually 1--2 g) was dissolved in 
approximately 12 cm 3 of toluene and filtered through a 
10 tzm sintered stainless steel filter. The solution was injec- 
ted into the preparative g.p.c, instrument. The volume of 
solvent eluted from the column was measured in counts at 
each discharge of the fraction cutter. The flow rate of the 
instrument was nominally set at about 20 cm3/min. 

Fractionation of the sample was started when the chro- 
matogram began to deflect from the baseline. Fractions 
were collected separately at each count until all the siloxane 
had eluted from the column. The volume of each fraction 
(corresponding to a single count) was 49.1 cm 3. 

The fractions obtained were dried for about 12 h over 
anhydrous magnesium sulphate. Each poly(dimethyl silo- 
xane) solution was filtered, and the siloxane recovered by 
removal of toluene using a rotary evaporator. Each fraction 
of siloxane obtained in this way was purified by washing 
with three successive portions of dried and distilled metha- 
nol. This procedure removed traces of contaminants (inclu- 
ding benzaldehyde and benzoic acid, which were formed as 
oxidation products of toluene in the still). Finally, each 
fraction was dried by warming gently under vacuum at 313K. 

RESULTS AND DISCUSSION 

Preparative g.p.c, instrument 
A block diagram of the preparative g.p.c instrument is 

shown in Figure 1. The column used was ~120 cm in length 
and ~6 cm internal diameter. It was packed and supplied 
by Waters Associates Ltd. 2/5 of the column was packed 
with Styragel having a nominal porosity of 100 nm, and the 
remaining 3/5 was packed with Styragel having a nominal 
porosity of 300 nm. The resolution of the column was 
4040 theoretical plates. 

Toluene was used as the solvent, and it was delivered to 
the pressure pump from an automatic still. The still was 
constructed from stainless steel. It was heated by eight 
150 watt immersion heaters mounted in an outer jacket con- 
taining a commercial heat transfer fluid 'Transcal 65' (sup- 
plied by Shell-Mex and BP Ltd). The level of toluene in 
the still was maintained by pumping it through a constant 
level device, as indicated in Figure 1. 

The pressure pump, shown in Figure 1, was constructed 
with four bellows (each 2 cm in diameter). The cylinder 
stroke was adjustable over the range 0-0.8 cm giving solvent 
flow rates between 10-180 cm3/min at pressures up to 7 x 

Preparation of  cyclic and linear poly(dimethyl siloxane) 
fractions 

The result of a typical preparative g.p.c, fractionation of 
a broad cyclic poly(dimethyl siloxane) fraction is shown in 
Figure 2. A total of eighteen sharp fractions were collected, 
and their individual analytical g.p.c, tracings obtained (see 
Figure 2b). After correction for imperfect resolution 26'28, 
the weight fraction and number-average number of skeletal 
bonds nn of each of the cyclic fractions were determined 
from the tracings (see Table 1) The heterogeneity indices 
of all the cyclic fractions were found to be in the range 1.03 
< Mw/M n < 1.06. Similar results were obtained for the pre- 
parative g.p.c, fractionation of broad linear poly(dimethyl 
siloxane) fractions (see Table 2). 

Injections of more than ~ 2 g of cyclic and linear siloxane 
fractions into the preparative g.p.c, instrument resulted in 
broadening of the fractions collected. In order to obtain 
the maximum amount of a particular sharp cyclic fraction, 
several fractions of similar molecular weight from different 
preparative g.p.c, runs were combined and then refractiona- 
ted. The procedure used is illustrated in Figure 3. 
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Figure 2 Fractionation of 1 59  g of a broad cyclic poly(dimethyl 
siloxene) fraction (with Mn = 9510 and ~lw/-M n = 1.59) by prepara- 
tive g.p.c.: (a) preparative g.p.c, tracing of the broad cyr.lic sample 
showing the fractions collected; (b) analytical g.p.c, tracings of the 
individual fractions (see text) 

Table 1 Number-average numbers of bonds t~ n and weights of the 
cyclic poly(dimethyl siloxane) fractions obtained by preparative 
g.p.c, as shown in Figure 2 

Number-average Weights (g)of the 
Preparative g.p.c, numbers of  cyclic fractions 
elution volumes of skeletal bonds computed from 
fractions collected in the cyclic the tracings 
(count numbers) fractions, nn shown in Figure 2 

25 1272 0.005 
26 1098 0.007 
27 904 0.019 
28 759 0.038 
29 662 0.096 
30 527 0.166 
31 468 0.219 
32 397 0.245 
33 339 0.238 
34 277 0.185 
35 217 0.121 
36 170 0.088 
37 132 0.049 
38 107 0.029 
39 78 0.026 
40 61 0.022 
41 47 0.018 
42 40 0.017 

* The heterogene~v indices of all the cyclic fractions were in the 
range 1.03 < Mw/Mn < 1.06 

Concentrations of linears in the cyclic fractions 
As described above, low molecular weight cyclic fractions 

may be obtained from poly(dimethyl siloxane) cyclic- 
linear equilibrates by fractional distillation methods TM. 
Analysis by g.l.c, gives tracings that show peaks which may be 

assigned to the individual cyclic molecules containing up to 
~ l  O0 skeletal bonds. Furthermore, the g.l.c, tracings de- 
monstrate that there are negligible amounts of linear silo- 
xanes present. However, appreciable concentrations of 
linear siloxanes are expected to be present in the higher cyc- 
lic fractions prepared during the course of this work. In con- 
sequence, we have estimated their concentrations by carry- 

Table 2 Number-average numbers of bonds n n and weights of linear 
poly(dimethyl siloxane) fractions obtained by preparative g.p.c, of a 
sample of linear sitoxane wi th/~n = 11 400 and Mw/M n = 1.34 

Preparative g.p.c. Number-average Weights 
elution volumes of numbers of skeletal (g) of the 
fractions collected bonds in the linear linear 
(count numbers) fractions n n fractions 

29 546 0.073 
30 481 0.127 
31 422 0.193 
32 351 0.199 
33 278 0.142 
34 233 0.107 
35 175 0.074 
36 129 0.045 

* The heterogeneity indices of all the linear fractions were in the 
range 1.04 < Mw/Mn < 1.07 
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Figure 3 (a) Analytical 9.p.c. tracing of a combined cyclic 
poly(dimethyl siloxane) fraction with Mw/Mn = 1.10. (b) Prepara- 
tive g.p.c, tracing of the combined cyclic fraction showing the part 
retained as a single fraction (shaded area). (c) Analytical g.p.c, trac- 
ing of the new cyclic fraction retained in (b). It has Mw/Mn = 1.05 
and a number-average number of skeletal bonds t~ n = 195 
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Figure 4 Analytical g.p.c, tracings (corrected for imperfect resolution) 
of three cyclic poly(dimethyl siloxane) fractions with number-average 
numbers of skeletal bonds: (a) t~ n = 107; (b) r~ n = 227; (c) t~ n = 468. 
The shaded areas show the calculated concentrations of linear 
poly(dimethyl siloxanes) in the cyclic fractions (see text) 

ing out a detailed analysis of the particular cyclic-linear 
equilibrate from which the cyclic fractions were derived. 
The equilibrate used contained a total of 593 g of dimethyl 
siloxanes at a concentration of 235 g/dm 3 in toluene solu- 
tion at 383K 1. All but the lowest molecular weight linears, 
present in the equilibrate as 53.6 g/dm 3, were separated 
from the cyclics by fractional precipitation. Their weight- 
average molecular weight Mw was determined viscometrically 
in toluene solution at 298K using the limiting viscosity 
number-molecular weight relationship of Haug and 
Meyerhoff29,3°: 

[1/] = 0.828 x lO-4j~Ow "72 (1) 

The-~w value found (viz 371 600) corresponds to an ex- 
tent of reaction of functional groups p = 0.9996 in the linear 
part of the poly(dimethyl siloxane) in the cyclic-linear equi- 
librate. Following Flory 31, the weight fraction Wy of ay- 
merle siloxane in the linear part of the equilibrate was calcu- 
lated using a relationship which has been shown to apply for 
cyclic-linear poly(dimethyl siloxane) equilibrates by 
Wright 26 and others32'aa: 

Wy = y(1 - p )2py-  1 (2) 

The concentrations of the x-meric cyclic siloxanes in the 
equilibrate were calculated from published molar cycliza- 
tion equilibrium constants Kx for cyclics in toluene at 
383K ~'26. Hence, the relative concentrations ofxmeric  
cyclics andy-meric linears were computed for the relatively 
high molecular weight cyclic fractions obtained by prepara- 
tive g.p.c. 

The calculated concentrations of linear siloxane in three 
cyclic fractions are shown in the analytical g.p.c, tracings 
shown in Figure 4. For the cyclic fraction (a) fin = 107 and 
the calculated percentage concentration of linear siloxanes 
Pl = 0.2%. For the cyclic fraction (b) n-n = 277 and Pt = 
3.3%. For the cyclic fraction (c) nn = 468 and Pl = 11.9%. 

However, the concentrations of linear siloxanes shown 
in Figure 4 are believed to represent upper limits. The higher 
cyclic fractions obtained from the original equilibrate were 
isolated by fractional precipitation procedures 1, that prefe- 
rentially precipitate linears relative to cyclics of similar 
molecular weight. 

This conclusion is supported by the results of viscometric 
studies of the cyclic and linear fractions 1. Measurements of 
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Figure 5 Plots of logarithms of the limiting viscosity numbers [1/] 
of the cyclic (&) and linear (A) poly(dimethyl siloxane) fractions in 
butanone at 293K against the logarithms of their weight-average 
molecular weights/~w, The plots have been obtained by using data 
published in ref 1 

limiting viscosity numbers were made in butanone at 293K 
(a 0 solvent for linear poly(dimethyl siloxane) at this tem- 
perature) a4. In Figure 5, the logarithms of the limiting vis- 
cosity numbers [r/] of the cyclic and linear fractions are 
plotted against the logarithms of their weight-average mole- 
cular weights. The ratio [1/] r~ [1/] I (where the subscripts r 
and I denote cyclics (i.e. rings) and linears, respectively) is 
0.67 for poly(dimethyl siloxanes) with weight-average 
numbers of skeletal bonds nw in the range 30 < nw < 500. 
This experimental value of [1/] r~ [1/] l is identical (within ex- 
perimental error) to that predicted theoretically by Bloom- 
field and Zimm 35, Fukatsu and Kurata 36 and Yu and Fujita 37, 
and namely 0.662. If appreciable amounts of linears had 
been present in the higher cyclic fractions, an experimental 
ratio [1/] r/[1/]l substantially larger than 0.67 would have 
been expected. 
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