
 

 

PLEASE SCROLL DOWN FOR ARTICLE

This article was downloaded by:
On: 21 January 2011
Access details: Access Details: Free Access
Publisher Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

International Journal of Polymer Analysis and Characterization
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713646643

Comparison of Chemical Composition Distributions of Poly(methyl
methacrylate)-graft-polydimethylsiloxane by High-Performance Liquid
Chromatography and Demixing-Solvent Fractionation
Tadatomo Kawaia; Shinya Teramachia; Susumu Tanakaa; Shingo Maedaa

a Department of Applied Chemistry, Faculty of Engineering, Kogakuin University, Tokyo, Japan

To cite this Article Kawai, Tadatomo , Teramachi, Shinya , Tanaka, Susumu and Maeda, Shingo(2000) 'Comparison of
Chemical Composition Distributions of Poly(methyl methacrylate)-graft-polydimethylsiloxane by High-Performance
Liquid Chromatography and Demixing-Solvent Fractionation', International Journal of Polymer Analysis and
Characterization, 5: 4, 381 — 399
To link to this Article: DOI: 10.1080/10236660008034634
URL: http://dx.doi.org/10.1080/10236660008034634

Full terms and conditions of use: http://www.informaworld.com/terms-and-conditions-of-access.pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, loan or sub-licensing, systematic supply or
distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation that the contents
will be complete or accurate or up to date. The accuracy of any instructions, formulae and drug doses
should be independently verified with primary sources. The publisher shall not be liable for any loss,
actions, claims, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.

http://www.informaworld.com/smpp/title~content=t713646643
http://dx.doi.org/10.1080/10236660008034634
http://www.informaworld.com/terms-and-conditions-of-access.pdf


Int. f. Polym. Anal. Charact., 
2000 Vol. 5 ,  pp. 381-399 
Reprints available directly from the publisher 
Photocopying permitted by license only 

0 2000 OPA (Overseas Publishers Association) N.V. 
Published by license under 

the Gordon and Breach Science 
Publishers imprint. 

Printed in Malaysia. 

Comparison of Chemical Composition 
Distributions of Poly (methyl 
met h ac r y I at e) - graft- 
p o I yd i m e t h y I si I oxan e by 
High-Performance Liquid 
Chromatography and Demixing- 
Solvent Fractionation 
TADATOMO KAWAI*, SHINYA TERAMACHI, SUSUMl 
and SHINGO MAEDA 

Department of Applied Chemistry, Faculty of Engineering, 
2665-1 Nakano, Hachioji, Tokyo 192-0015, Japan 

TANAKA 

.ogakuin University, 

(Received 79 April 7999; In final form 22 May 7999) 

Poly(methy1 methacrylate)-graft-polydimethylsiloxane (PMMA-graft-PDMS) samples 
with different compositions were prepared by radical copolymerization of PDMS macro- 
monomer with methyl methacrylate. The chemical composition distributions (CCDs) of 
the graft copolymer samples were determined by the high-performance liquid chromatog- 
raphy (HPLC) based on the reversed-phase adsorption mode, using a prepacked column 
of butyl-modified silica gel and the linear gradient elution of acetonitrile and tetrahydro- 
furan. The CCD of one of the graft copolymer samples was also determined by the 
demixing-solvent fractionation using the demixing-solvent pair of dimethylsulfoxid- 
tetrachloroethylene reported by Stejskal et al. The CCD by HPLC was in good agree- 
ment with theoretical CCD, while the CCD by the demixing-solvent fractionation was 
narrower than those by the HPLC and the theoretical calculation. 

Keywords: Chemical composition distribution; Graft copolymer; Reversed-phase 
adsorption HPLC; Compositional fractionation; Demixing-solvent fractionation 
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382 T. KAWAI et al. 

INTRODUCTION 

The graft copolymers prepared by macromonomer technique are very 
interesting and important, as it is easy to control the length and the 
average number of grafts by the technique. Since it is predicted theo- 
retically that the chemical composition distributions (CCDs) of such 
graft copolymers are broad even if the conversion is very the 
determination of the CCDs of such graft copolymers is an interesting 
subject. 

We have demonstrated that the CCDs of the graft copolymers can 
be determined by adsorption high-performance liquid chromatog- 
raphy (HPLC).[4-71 However, Stejskal et reported the deter- 
mination of the CCD by using demixing-solvent fractionation for 
poly(methy1 methacrylate)-graft-polydimethylsiloxane (PMMA-graft- 
PDMS) prepared from the macromonomer of PDMS. This method 
is applicable for determining the compositional fractionation of 
graft or block copolymers. In the usual systems of selective solvents 
appropriate for compositional fractionation of copolymers, phase 
separation can occur only when polymers are present. Under such 
condition, graft copolymers cannot be separated into fractions 
with different compositions, since graft copolymers form generally 
micelles. In contrast to this, the demixing-solvent fractionation 
approach can avoid micelle formation and separate the sample into 
fractions, since phase separation depends on the nature of the sol- 
vent pair, and the polymer species are partitioned into both phases 
selectively. 

However, the effect of molecular weight on the fractionation is 
inevitable, the~retically,~~~ though the result by Stejskal et al. appears 
to be in good agreement with the theoretical CCD.[*] Therefore, it is 
of interest to compare adsorption HPLC, which was successfully used 
for PMMA-graft-polystyrene  sample^,[^-^ with the demixing-solvent 
fractionation approach. 

In the present paper, the CCDs of PMMA-grafl-PDMS samples 
prepared by the macromonomer technique were determined by adsorp- 
tion HPLC and the CCD of a high conversion sample was determined 
also by demixing-solvent fractionation. The CCDs determined by both 
methods were compared with one another and also with the theoret- 
ical CCD. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
6
:
4
1
 
2
1
 
J
a
n
u
a
r
y
 
2
0
1
1



COMPARISON OF CCD OF GRAFT COPOLYMERS BY HPLC 383 

EXPERIMENTAL 

Synthesis of PMMA-graft-PDMS Samples 

The PDMS macromonomer with methacryloyl end groups was sup- 
plied by Chisso Co. Ltd. (Japan). According to the catalog data, the 
molecular weight was about 10,000. The weight average molecular 
weight (M,) corresponding to standard polystyrene estimated by size- 
exclusion chromatography (SEC) was 1.3 x lo4, and Mw/Mn (M,=  
number-average molecular weight) was 1.03. SEC instrument was com- 
posed of a pump model CCPE (Tosoh Co. Ltd.), a column oven model 
C08000 (Tosoh), a refractive index detector model RI-8 (Tosoh), and 
an ultraviolet detector model UV8011 (Tosoh). SEC measurement was 
carried out by using two TSKgel GMHHR-M columns (Tosoh) and 
tetrahydrofuran (THF) as the eluent. The column temperature was 
30°C, the flow rate was 1 .O cm3/min, the injection volume was 0.1 cm3, 
and the sample concentration injected was 2.0 mg/cm3. 

The graft copolymer samples were prepared by radical copolymeriza- 
tion of the PDMS macromonomer with methyl methacrylate (MMA) 
using 2,2'-azobisisobutyronitrile (AIBN) as the initiator in benzene at 
60°C. The feed compositions are given together with the reaction time, 
the conversion and the characteristics of the graft copolymers in Table I. 
The polymer components in the copolymerization mixtures were preci- 
pitated with an excess amount of methanol. The PMMA-graf-PDMS 
samples were isolated by extracting the non-reacted PDMS macro- 
monomer from the precipitated mixtures with n-hexane using a Soxhlet 
extractor for 24h. The removal of the macromonomer was verified 
by SEC. 

The average compositions of the graft copolymers were determined 
by 'H-NMR at 270 MHz (JEOL EX270) in CDC13. The number aver- 
age molecular weights of graft copolymers were measured by osmo- 
metry (model 230 Wescan Instrument) in benzene solution at 40°C. 

MMA, AIBN and solvents were obtained commercially. They were 
purified by conventional methods. 

HPLC Measurement 

The chemical composition distributions of the graft copolymer sam- 
ples were determined by reversed-phase HPLC. The HPLC instrument 
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was composed of two pumps model 510 (Waters), a controller model 
680 (Waters), a column oven with temperature control system (Waters), 
a U V  detector UV-8 model I1 (Tosoh), and an evaporative light scat- 
tering detector (ELSD) Mk 111 (Alltech). A prepacked butyl-modified 
silica gel column [p-Bondasphere C4 (Waters), 0.39mm x 150mm, par- 
ticle diameter 5 pm, pore diameter 100 A] was used. The column tem- 
perature was 30°C, the flow rate was 1 .0 cm3/min, the injection volume 
was 0.02 cm3 and the sample concentration injected was 0.1 mg/cm3. 
The eluent combination of THF and acetonitrile, both of which were 
chromatographic grade from Wako Pure Chemical Industries Ltd., 
were used. The gradient program of the eluent was as follows: 

~~ 

Time (min) 0 1 16 21 22 32 42 
THF(vol%) 0 40 80 80 100 100 0 

The wavelength of the UV detector was 254nm. The ELSD condi- 
tions were as follows: evaporator tube temperature 121.2"C, air pres- 
sure 100 kPa, attenuation range 1/32, and recorder range 500 mV. 

Demixing-Solvent Fractionation 

The demixing-solvent system was used dimethyl sulfoxide (DMSO) 
and tetrachloroethylene (TCE), according to Stejskal et af.[81 The mix- 
tures of both solvents and the mixture containing 0.5 wt% of a high- 
conversion sample of the graft copolymer (S596) were placed in a 
series of sealed glass ampules, respectively. The TCE contents in the 
ampules ranged from 45 to 100wt% in 5wt% increments. The tem- 
perature was slowly increased and decreased between room tem- 
perature and 60°C (I"C/h). The phase separation temperature was 
determined visually as the point of center between the temperatures 
where the turbidity appeared and disappeared. From these data, the 
cloud points curve was constructed, as shown in Figure 1 .  

The composition of the demixing-solvents used for the fractiona- 
tion was 65 wt% of TCE from the cloud points curve (see Figure l). 
In a test tube with a stopper, 85 g of the demixing-solvent was added 
to 3.0g of the copolymer sample (S596). In another test tube only the 
demixing-solvent with the same composition was added. The solution 
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1 phase 

2 0 '  ' ' ' ' ' ' ' ' ' ' ' 
40 60 80 100 

TCE (wt.%) 

FIGURE 1 
DMSO/TCE/S596 sample system. 

Cloud points curves of DMSOiTCE demixing-solvents pairs and the 

was heated to 60°C until a clear solution was formed, then the test 
tubes were placed in water bath and kept at 19°C for 12 h until phase 
separation was completed. The upper phase was removed with a syr- 
inge and the polymer in the phase was precipitated into excess metha- 
nol. The fraction recovered was dried in vucuo. To the lower phase, 
which contained most of the copolymer sample, the upper phase in 
another tube containing only solvent mixture was added, and then the 
system was heated to 60°C until the solution became clear. The solution 
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TABLE I1 Results of demixing-solvent fractionation 

Fracfion Fractioriation Yield Weight PDMS 
code temperature (g) fraction (mol%) 

u-1 19 
M-2 20 
u-2 20 
M-3 22 
u-3 22 
u-4 24 
u-5 26 
U-6 27 
u-7 28 
u-8 29 
u-9 30 
u-10 31 
u-11 32 
u-12 33 
U-13 34 
u-14 35 
u-15 36 
U-16 37 
U-17 38 
u-18 39 
U-19 40 
u-20 41 
u-2 1 42 
u-22 44 
U-23 46 
U-24 48 
U-25 50 
U-26 52 
L-27 53 
U-27 53 

0.08774 0.0301 
0.00881 0.0030 
0,00457 0.0016 
0.00725 0.0025 
0.00288 0.0010 
0.02587 0.0089 
0.01732 0.0059 
0.05246 0.0180 
0.03934 0.0135 
0.05043 0.0173 
0.07283 0.0250 
0.09570 0.0329 
0.11939 0.0410 
0.11560 0.0397 
0.12398 0.0426 
0.15724 0.0540 
0.22964 0.0789 
0.29255 0.1005 
0.21930 0.0753 
0.33984 0.1167 
0.10016 0.0344 
0.09359 0.0321 
0.08184 0.0281 
0.09042 0.031 1 
0.07498 0.0258 
0.13782 0.0473 
0.15311 0.0526 
0.07829 0.0269 
0.01335 0.0046 
0.02548 0.0088 
2.91178 1.00 

35.68 
28.83 
29.50 
27.13 
21.14 
41.45 
37.68 
42.50 
35.74 
35.42 
40.28 
41.42 
40.80 
39.33 
41.29 
42.41 
44.10 
44.58 
44.82 
46.44 
45.95 
47.69 
49.08 
50.10 
49.97 
52.84 
53.15 
54.17 
55.16 
54.86 

was cooled to 20°C and kept at the temperature for 12 h. After phase 
separation was completed, the upper phase was removed and the poly- 
mer was recovered from the phase. The procedure was repeated, by 
increasing the temperature stepwise, as shown in Table 11. 

RESULTS AND DISCUSSION 

Synthesis of PMMA-graft-PDMS Samples 

The copolymerization condition and the characteristics of the copoly- 
mers are shown in Table I. The number-average number of graft 
per copolymer molecule (m,) and the number-average degree of 
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388 T. KAWAI et al. 

polymerization of backbone (P,) were calculated from the average 
composition, M,, of the copolymer and M,, of the macromonomer. 

The macromonomer contents of the graft copolymer samples were 
smaller than those of the feeds, respectively. The difference between 
compositions of the feed and the copolymer became smaller as the 
conversion increased. The results mean that the relative reactivity of 
the macromonomer is lower than that of MMA. The monomer reac- 
tivity ratios were rMMA = 1.53 and rpDMS = 0.69, which were estimated 
by the Kelen-Tudos method from the data of the low conversion 
samples (S303, S503 and S703) in Table 1. These values were obtained 
from the data in the region of very low mole fraction of PDMS, 
because the molecular weight of the macromonomer is higher than the 
MMA. Therefore, the reliability of the values were not very high. 
These values were, however, used to calculate the theoretical CCDs. 

Theoretical Calculation 

In general, the CCDs consist of two parts: one is the statistical CCD 
that originates from the statistical nature of copolymerization process, 
the other is the conversion CCD. The reactivities of two monomers are 
different from each other, in general, so that the composition of mono- 
mer feed drifts with the conversion. 

For the statistical CCD of graft copolymers synthesized by the 
macromonomer technique, two theories are proposed by Stejskal et al. 
One is based on the statistics of random coupling of grafts to back- 
bones,”] the other is obtained by modification of the Stockmayer 
theory for statistical copolymers.[21 The modified Stockmayer theory is 
inadequate for samples with a small number of branches, whereas the 
former theory, in which the most probable distribution of degree of 
polymerization is assumed for the backbone, is applicable for such 
samples. Since the number of branches is small in the present samples, 
the random coupling theory was used. 

According to the theory, the weight-base compositional distribution 
function W(x) is given by the following equation:”l 
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COMPARISON OF CCD OF GRAFT COPOLYMERS BY HPLC 389 

where composition x is given by the weight fraction of the backbone 
part (MMA in the present calculation), X is the average value of x, and 
m, is the number-average number of grafts (PDMS) per copolymer 
molecule. 

The conversion CCD should not be neglected for the high conver- 
sion samples, because the reactivities of two monomers are different 
for the present copolymer. For the conversion CCD, the weight-base 
compositional distribution function g(x) is given by the following 
equation:“ ‘1 

where yo and y are weight fractions of MMA in the monomer feed at 
zero time and at a given time, respectively, rl and r2 are the monomer 
reactivity ratios of MMA (1) and PDMS (2) ,  respectively, tis the ratio of 
molecular weights of the two monomers ( M o ~ / M o ~ ) ,  a! = r2/( 1 - r2), P = 

The instantaneous composition of the copolymer, x ,  can be calculated 
from y by using the copolymerization equation: 

r1Kl - Y l ) ,  Y = ( v 2  - 1>/[(1 - rd(1 - 1211, b = t(1 - r2)” - TI) + t(1 - rd1. 

(3) 
y2(r1 - t> f y t  

X =  
y2[t(r2 - I )  + - 11 + y(1 - 212t + t )  + r2 t ’  

If the conversion is not loo%, g(x) must be normalized to the final 
conversion, $f. The relationship between the conversion, +, and y is 
given by 

If yf denotes y at $f calculated by the above equation, the conversion 
CCD should have a range from xo to xt corresponding to yo and yf, 
respectively. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
6
:
4
1
 
2
1
 
J
a
n
u
a
r
y
 
2
0
1
1
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The total CCD of the sample was calculated by multiplying 
Equations (1) and (2), taking into account that x in Equation (2) is the 
average composition of instantaneous copolymer shown by 2 in 
Equation (1): 

W ( X )  = l: W(X,  x)g(x) dx. ( 5 )  

In these calculations, the data in Table I, rMMA = 1.53 and Y ~ D M S  = 
0.69, were used. The theoretical CCD curves of low-conversion sam- 
ples S303, S503 and S703 are shown in Figure 2(a), and the theoretical 
CCD curves of various conversion samples S508, S524 and S596 are 
shown in Figure 3(a), respectively. 

CCDs by HPLC 

The chromatograms obtained by the ELSD are shown in Figure 4. 
The PMMA-graft-PDMS samples were eluted from the components of 
higher MMA content to those of lower MMA content. Since PMMA 
is a polar constituent and PDMS is a non-polar constituent, the pre- 
sent elution order is according to reversed-phase adsorption mecha- 
nism. That is, the present graft copolymers were separated according 
to their chemical compositions. In our previous paper, we reported 
that the molecular weight dependency of the separation is negligible in 
the range of high molecular weight for adsorption."'] The molecular 
weights of the present samples are highly sufficient to ignore the molec- 
ular weight dependency. 

The response of the ELSD depends on many factors such as the num- 
ber of particles, the average particle size, the particle size distribution 
and the refractive index, which depend upon experimental conditions. 
Therefore, the chromatograms cannot be converted into CCDs in a 
straightforward manner. In this paper, the relationships between the 
response and the polymer concentrations at respective elution volumes 
were determined phenomenologically to convert the chromatograms 
to the CCDs. 

In general, it is known that both logarithmic plots of ELSD 
responses vs. polymer concentrations are linear.['21 However, in the 
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0.0 0.25 0.5 0.75 1 .o 
PDMS Content (wt.%) 

0.0 0.25 0.5 0.75 1 .o 
PDMS Content (wt.%) 

FIGURE 2 Chemical composition distribution curves of low-conversion samples, 
S303, S503 and S703 (a) theoretical calculation, (b) determined by HPLC. 

present work, the plots of total peak areas of chromatograms (responses) 
vs. the polymer concentrations injected were approximated by straight 
lines passing through the origins for the respective samples, since the 
polymer concentrations were very low. The respective response factors 
(response/concentration = R) were plotted against the copolymer com- 
positions (average PDMS content, &). The relationship is illustrated 
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FIGURE 3 Chemical composition distribution curves of high-conversion samples, 
5508, S524 and S596 (a) theoretical calculation, (b) determined by HPLC. 

in Figure 5 can be approximated by 

The elution time at the peak position (V,) for each sample was 
plotted against Xo, as shown in Figure 6 (dashed line). The relationship 
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1 I I I I I I I I I I I I 

8 10 12 14 16 18 20 

Retention Volume (ml) 

FIGURE 4 Chromatograms of PMMA-graft-PDMS samples. 

is approximated by 

However, this equation cannot be used to convert the chromatograms 
into the CCD curves, since the compositions at the peak positions do 
not necessarily correspond to the average compositions of the Sam- 
ples. To obtain a quantitative CCD, the chromatogram was divided by 
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0 20 40 60 80 100 

Composition (PDMS contents wt.%) 

FIGURE 5 The dependency of the response factor on the copolymer composition 
for the samples, S303, S503 and S703. 

...a'..; Before converge 

-0-; After converge 

t 
O ' " ' ' * " " " " ' '  

90 110 130 150 170 

Elution volume (ml) 

FIGURE 6 Elution volume vs. composition calibration curves of the PMMA-graft- 
PDMS samples. 
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equal intervals at the respective elution volume (Vi). The Vi was 
converted to the composition (Xi) by using the Equation (7), and the 
height of the chromatogram from the base line (hi) at each position 
was changed to the relative concentration (Hi) using 

where Ri was calculated from Xi by Equation (6). 

the chromatogram by 
The average composition of each sample (21) was calculated from 

Then, the average elution volume ( VI) for each samples was calculated 
using Equation (1 1) substituting 31 for XO, and then VI was plotted 
against 20 to obtain 

Again, Vi was converted to Xi by Equation (ll),  and the average 
composition ( ~ I I )  was calculated by Equations (8)-(lo), and then VII 
for each sample was obtained from ZII by Equation (11). The same 
procedure was repeated several times. The average composition thus 
calculated approached but did not necessarily agree with the original 
values. In the 4th calculation, the equation converged and the values 
nearest to the Xo values were obtained for the respective samples. Then 
the equation (solid line in Figure 6) was used to calculate the CCDs 
for all samples. The ordinates of the CCDs were normalized by taking 
into account the slope of the equation. The obtained CCDs for low- 
conversion samples (S303, S503 and S703) are shown in Figure 2(b) 
and the CCDs of high-conversion samples (S508, S524 and S596) are 
shown in Figure 3(b). The average compositions thus calculated are in 
good agreement with the original values by ‘H-NMR, considering the 
approximation in the calculation and the experimental error of the 
NMR method. The differences are 0-2.0%, as shown in Table 111. 
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TABLE I11 
tents wtX) 

Chemical compositions of PMMA-graft-PDMS samples (PDMS con- 

Sample code S303 S503 5703 S508 S524 S596 
~ ~ ~ ~~ ~~ 

NMR 23.7 35.7 55.4 36.5 38.5 44.0 
HPLC calibration 23.7 36.4 55.4 35.7 38.5 42.0 

The experimental CCDs of low-conversion samples are shown in 
Figure 2(b). The CCDs are very broad. The experimental CCDs of 
sample S703 and S303 are in good agreement with the theoretical 
CCDs, but the experimental CCD of S503 is broader than the theo- 
retical one. The disagreement may be caused from the experimental 
error of the value of M, obtained by osmometry, which was used to 
calculate the theoretical CCD. 

The experimental CCDs of different conversion samples obtained 
from the monomer feeds of almost same compositions are shown in 
Figure 3(b). The CCDs became broader in the high macromonomer 
content region as the conversion increased. The tendency agreed with 
that of the theoretical CCDs. The direction of broadening corresponds 
to the fact that the average composition of the copolymer approaches 
the feed composition as the conversion increases, and also is not in con- 
flict with the values of the reactivity ratios obtained from the copoly- 
merization data. 

Demixing-Solvent Fractionation 

The cloud points curves for the demixing-solvent pairs of DMSO and 
TCE, and the demixing-solvent pairs containing a high-conversion 
sample of the copolymer (S596,0.5 wt%) are shown in Figure 1. Both 
curves are very similar to those by Stejskal et al.,[*] although the copoly- 
mer samples are different with one another in terms of molecular 
weight and the composition. 

The fractionation data are summarized in the Table 11. The recovery 
was 96.8%. The PDMS content increased excepting some reversals, as 
the fractionation temperature increased. The middle phase appeared 
in the second and the third steps of the fractionation, since the polymer 
concentration of the solution for the fractionation was higher than that 
for the determination of the cloud points curve (0.5 wt%). The copoly- 
mer components in the middle phases were recovered as fractions. 
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1 

2 0.5 w 

0 

0 20 40 60 80 100 
PDMS Contents (wt.%) 

FIGURE 7 
retical calculation, -: determined by HPLC, 0 : demixing solvent fractionation. 

Integral curves of chemical composition distribution of S596; . . . : theo- 

The average PDMS content calculated from the value of the fractions 
and the original sample are 45.0 and 44.Owt%,  respectively. The inte- 
gral CCD curve constructed from the fractionation data is illustrated 
in Figure 7. 

Comparison among CCDs 

In Figure 7, the dotted line is the theoretical CCD, the solid line is the 
CCD curve obtained by adsorption HPLC, and the open circles are the 
results by demixing-solvent fractionation. The three CCDs are similar 
with one another qualitatively. However, comparing the CCDs quanti- 
tatively, the CCD by the adsorption HPLC appears to be in good 
agreement with the theoretical one, while the CCD by the demixing- 
solvent fractionation is narrower than the theoretical one. The differ- 
ence between the CCDs by the demixing-solvent fractionation and by 
the theory is more significant in the region of lower backbone content. 
Strictly speaking the agreement between CCDs obtained by the theo- 
retical calculation and adsorption HPLC is beyond our expectation, 
taking into account that the reactivity ratios used in the theoretical 
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398 T. KAWAI et al. 

calculation is not highly credible and the compositional dependency of 
the response factor used to convert the chromatograms to the CCDs 
was only phenomenological. 

For the demixing-solvent fractionation, it is inevitable from the prin- 
ciples of the fractionation that the CCD is narrower than the true one. 
According to PodeBva et uLr9] the partition coefficient k of the compo- 
nent with a degree of polymerization P and chemical composition w 
between two phases is given by 

Ink = P ( u  - aw), (12) 

where (pi, P and P are the volume fraction of component i, the degree 
of polymerization of a given copolymer species, and number-average 
degree of polymerization of the whole copolymer, respectively; 1 and 2 
indicate two solvent components; A and B show the constituent mono- 
mer units; E =  V2/V1 is the ratio of molar volume of the solvents; x12 

is the interaction parameter between components 1 and 2; and Si is 
Hildebrand solubility parameter of component i. From the equation, 
fractionation of copolymers must occur depending upon both chemi- 
cal composition and molecular weight. Therefore, CCDs of copoly- 
mers with both distributions of P and w obtained by demixing-solvent 
fractionation should be narrower than the true CCDs, according to 
the present results. 

In the results of Stejskal et uLL4] however, both CCDs by demixing- 
solvent fractionation and theory appear to be in good agreement with 
one another, excepting the region of low backbone content. However, 
the theory used in the calculation was the modified Stockmayer theory 
that is effective for only graft copolymers having many grafts, though 
their sample has only 5.1 grafts per molecule. According to our model 
calculations,[31 the CCD by the modified Stockmayer theoryr2] becomes 
narrower than the CCD by random coupling theory”] which is appro- 
priate even for samples of small m,, as m, decreases. In the region of 
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lower backbone content, the difference between both CCDs cannot 
be neglected for a similar sample to the present one with m, = 5. This 
may be the cause of the apparent agreement in their results. 

CONCLUSION 

1. The CCDs of the PMMA-graft-PDMS prepared by the macro- 
monomer technique were determined by gradient reversed-phase 
HPLC. The CCDs obtained were in fairly good agreement with the 
theoretical CCDs. 

2. The CCD of a high-conversion sample was determined also by 
demixing-solvent fractionation. The CCD was compared with the 
HPLC results and with the theoretical CCD. The CCD determined 
by HPLC was in good agreement with the theoretical one, while the 
CCD by demixing-solvent fractionation was narrower than those 
by HPLC and the theoretical calculation. 
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