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The chemical homogeneity of a series of copolymers obtained by nucleophilic substitution of organo- 
lithium reagents RCH2Li [R = S(C6H5) , SOCH3, SO2CH 3 and SO2N(CH3) 2] on a high molecular 
weight poly(methyl methacrylate) (PMMA, D---P n = 700) has been studied by different methods, over 
a wide range of substitution degrees (0.14 ~< DS m ~ 0.76). 'Cross' fractionation is much more efficient 
than 'one direction' fractionation, and it allows the determination of 0 -2 variance values as low as 2 x 10 -4 
with" sufficient accuracy. The light scattering method is far less sensitive in this range of low 
compositional polydispersity, even for a suitable system. The fairly high chemical homogeneity obser- 
ved for all the copolymers, prepared either in homogeneous or heterogeneous solution, may be corre- 
lated with both the high molecular weight of the PMMA precursor and the autoretarded kinetics of the 
substitution process. 

INTRODUCTION tative determination of chemical homogeneity is never a rou- 
tine problem, even if a number of methods are available: 

In the previous communications 1-3, we presented a survey fractionation 9'1°, density gradient sedimentation 12'13, li~jat 
of the nucleophilic substitution of stabilized primary organo- scattering 14, gel permeation chromatography ls'16, thin-layer 
lithium reagents RCH2Li onto poly(methyl methacrylate) chromatography 1~'18 or column adsorption chromatography 19. 
(PMMA), as a general route of synthesis of random ketonic Each method has its own limitations, and in a number of 
AB copolymers (A, MMA; B, keto-/3-functionalized unit) of cases the experimental results cannot be taken into account 
the following structure: unambiguously 9'13'16J9'2°. Since the pioneering study of 

Rosenthal and White 21 on acetylated cellulose, 'cross' frac- 
tionation, which is probably the more reliable but the more 

~ l ~ [ J  tedious preparative method, seems to have been neglected 
O / / ~  ] for the analysis of chemical heterogeneity in modified poly- 

mers. On the other hand, in spite of its lower sensitivity, / C \  SC6H5 
CH 2 light scattering is probably the easiest analytical method and, 

I [ R I SOx CH3' with x = 1,2 in ideal cases, it is theoretically expected to give a great deal 
CH 3 R I SO 2 N(CH 3} 2 of information on copolymer structure14. Thus three main 

A B purposes were pursued in the present work: (a) comparison 
of the efficiency of 'cross' and 'one direction' fractionation; 

This process is remarkably free from side reactions. It (b) analysis of the chemical homogeneity by light scattering; 
allows an easy preparation of model copolymers__ of the same (c) correlation between the compositional homogeneity of 
number-average degree of polymerization (DPn) and of the the copolymers and the kinetics of their preparation process. 
same tacticity as the PMMA precursor, the molar substitu- 
tion degree (DSm) being merely monitored by the initial 
ratio [RCH2Li ] 0/ [ester function] 0 for DSm < 0.66. On 
the other hand, copolymer properties are well known to de- EXPERIMENTAL 
pend on compositional homogeneity and on unit distribu- 
tion, which are controlled, in our case, by the molecular Solvents and polymers 
characteristics of the polymeric precursor (DPn and molecu- All the solvents were purified by distillation according to 
lar weight distribution MWD), by the modification reaction standard methods. Special care was taken for very hygro- 
kinetics and by the extent of substitution 4-8. In the present scopic solvents which were previously dried with suitable 
work, we have focused our interest on the chemical homo- reagents: disodium benzophenone complex for tetrahydro- 
geneity of the modified PMMA. furan and dioxane, calcium hydride for dimethTlformamide 

Since copolymers may present a polydispersity with res- (DMF) and N-methylpyrrolidone (NMP). 
pect to both molecular weight and composition, the quanti- All the copolymers under investigation were obtained by 
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reaction of the appropriate organolithium reagent on a radi- F' v ~/V~/,a = exp 3'(e + Ka) 
cal PMMA (-~w = 0.95 x 105,/~n = 0.69 x 10 ) of predomi- 
nantly syndiotactic structure (I = 0.05, H = 0.37, S = 0.58) with K = (V 1 - V~) (X1A - X1B) + (V2 - V~) (X2A -- X2B) 
as described previously 1-3. The assay number in the diffe- 
rent Tables refers to the experiment number of the proceed- where V.r, a and F i are the volume fractions of the compo- 
ing communication 3. nent (7,a) of the copolymer and of the solvent i respectively, 

V and 11' denoting the supernatant and the precipitated 
Fractionation phases; o is a fractionation parameter; XiA and XiB are the 

The 71 value (volume fraction of the non-solvent in the i solvent interaction parameters with A and B units. 
ternary system polymer-solvent-non solvent) at the first Copolymer fractionation clearly depends on both mole- 
cloud point was determined visually at room temperature, cular weight and composition distribution, and 'one direc- 
starting from 1% (wt/vol) polymer solution, tion' fractionation (successive precipitation using a single 

All the fractionations were carried out at 20 ° + 0.1°C in a solvent-non-solvent system) does not allow, in general, the 
standard way by successive precipitation, adding increments determination of the true chemical distribution 2s. 
of non-solvent into the polymer solution (1% wt/vol as initial Litmanovitch et al. 26,27 have proposed that the actual com- 
concentration). Composition of every fraction was calculat- positional distribution may be fairly approximated by 'cross' 
ed from nitrogen and sulphur elemental analysis. The self- fractionation. The copolymer is first fractionated into inter- 
consistency of the fractionation results was checked by the mediate fractions using a given solvent-non-solvent system, 
comparison between the molecular parameters (/14r w, [r/l, and then, every intermediate fraction is further fractionated 
DSm) measured directly on the crude copolymer and the using a second system; the two fractionation systems must 
corresponding values deduced from fractionation data (% be characterized by K values as high as possible (sensitivity 
recovery, h~t w = ~ w  i x Mwi, ~ m  = ~wi  x DSim, [rl] = to composition) and of opposite signs. 

l l 
~ w  i x [7?] i): a good agreement was always observed. In practice, the choice of the solvent-non-solvent systems 
z The compositional distribution was characterized by two rests upon the study of the variations of the volume fraction 

parameters: the mean square standard deviation: of the precipitant at the first cloud point (71 value)in the 
ternary system copolymer-solvent-non-solvent (finite but 

~ 2  = ~,iW i X (OSim - ~ r n )  2 low copolymer concentration) with composition for a series 
of homologous copolymers of different composition but of 

and the symmetry of the distribution 2: V = U+/U - nearly the same molecular weigh__t. 
The variations of 3'1 versus DS m are plotted in Figure 1 

U + = ~ w  i x (DSim - D-Srn)/Y.wi, with DSim > D-Sm for substituted PMMA bearing keto-/~-sulphonamide groups 
where t 

U - =  ~lWi x (DSm - DS~) /Zw/ ,  with D--S m > DS]m 

The experimental accuracy of nitrogen and sulphur elemental 
analysis is about 0.5%, and it implies an accuracy of about 
0.7% for DSm values; this leads to a broadening of the com- 
position distribution, which may be estimated by an appa- [ 
rent ~2 value of about 5 x 10 -5 xD-S-m 2 for a perfectly ho- N.. mogeneous copolymer. 

 oeurwetnint niomauremen 
The refractive index increments were measured at room 

temperature on a Brice-Phoenix B.P.-1000 V differential re- 
fractometer for k = 5460 A. The light scattering measure- O.5C 
ments were carried out for the same wavelength at r o o m  
temperature on a FICA apparatus. The accuracy of the M w 
determination may be evaluated to about 5% in all cases. ~" 

The viscosity measurements on dilute DMF solutions 
were performed at 25°C using a FICA automatic viscosi- 
meter. Intrinsic viscosity was calculated from extrapolation 

relationship.°f experimental data according to the classical Huggins o.2s I- __. 

RESULTS AND DISCUSSION ~ " 

L Comparison between 'one direction 'and 'cross' fractionations 
o f  a substituted PMMA bearing keto-~-sulphonamide groups 0/25 0 50 
(D---Sm = 0.366, ~lw = 1.43 x 105) O--g m 

According to Topchiev et al. 23 and Teramachi et aL ~a, the 
distribution of an AB copolymer of polymerization degree ~- Figure I Variations of 71 values versus D-~ m for substituted PMMA 
and substitution degree &- (volume fraction of B units in the fractionated with various solvent--non-solvent systems: e,  chloroform- 

ethyl ether; ©, DMF--water; It, acetone--water; % acetone--methanol; 
AB copolymer) between the two phases of a two solvent &, DMF--methanol;/x, c h l o r o f o r m - - p e t r o l e u m  ether for R = 

system (solvents 1 and 2) may be described by the relation: SO2N(CH3)2; +, DMF--methanol for R = SO2CH3 
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Table Ia Fractionation of copolymer R-19; system I, System H: D M F  (solvent)/H20 + 0.5% NH4CI (non-solvent) 
CHCI3--Et20 

Fraction no Weight fraction, w i X 102 DSt~ XDMF,A ~ XDMF,B 

- + K < 0  
1 23.45 0.350 XH20 ,A  ~ XH20 ,B  
2 20.24 0.352 
3 15.13 0.354 
4 11.82 0.354 Cross system." intermediate fractions obtained by system 
5 11.32 0.357 II are further fractionated by system I. 
6 8.32 0.358 Our experimental results are collected in Table l and 
7 3.31 0.358 
8 4.01 0.363 plotted in  Figure 2. 
9 2.40 0.368 For  'one d i r ec t i on '  f r ac t i ona t i on ,  system I [  seems s l igh t ly  

more efficient than system I in spite of a lower [K] value, 
Copolymer recovery: 84%; DS m crude copolymer: 0.366; DS m probably because of its negative K parameter and a greater 
from fractionation: 0.354 

Table lb Fractionation of copolymer R-19; system II, 
DMF-H20 + 0.5% NH4CI f ~,,,e_ ,,,,~,,,, 

Fraction no Weight fraction, w i X 102 Dsi  l ~ •  A 

1 0.83 0.368 
2 5.50 0.365 
3 10.72 0.357 0 .75  
4 5.50 0.371 
5 1.38 0.361 
6 10.60 0.362 
7 15.30 0.358 
8 18.30 0.368 
9 10.45 0.368 0.5(  

10 13.09 0.368 
11 8.26 0.390 

C opolymer recovery: 90%; DS m crude copolymer: 0.366; 
DS m from fractionation: 0.366 

0 ' 2 5  
Table Ic Fractionation of copolymer R-19; 'cross' fractionation 

Fraction no. Weight fraction, w i X 102 DS i [7/] (dl/g) ~_= 

1-1 6.53 0.371 1.055 "~ 
1-2 3.57 0.354 0.775 2 a 4 - -  0 - -  ~ I - -  t I 

1-3 9.17 0.368 0.760 ~ 0:33 0"35 0 3 7  0 - ; 9  
1-4 7.93 0.343 0.531 .~ DS'--m 
1-5 4.20 0.348 0.365 
1-6 2.49 0.357 0.498 / /  
2-1 6.22 0.398 0.651 :a A O 

2-2 16.17 0.351 0.490 5 
2-3 8.01 0.358 0.404 =E 
2-4 3.89 0.348 0.324 LJ A 

O75  

3-1 15.24 0.380 0.326 
3-2 4.82 0.382 0.267 
3-3 8.24 0.366 0.237 
3-4 3.11 0.357 0.164 
3-5 0.47 0.328 0 . 5 0  ~ • 

Copolymer recovery: 90%; Crude copolymer: D-Sm, 0.366; 
[rt] ,  0.487 dl/g; Fractionation data: D-SIn, 0.364; [r~], 0.492 dl/g 

! 
and of  molecular weights ranging from 0.93 for pure PMMA i 
to 1.4 x 105 for the h i g h e s t D S  m (0.415). 0 2 5  / 

Taking into account the efficiency of  the solvent-non- i 
solvent systems and the ease of  fraction recovery (good sedi- 
mentation of  the precipitated phase), we have compared | 
'one direction' and 'cross' fractionations for the copolymer 
R-19 (DS m = 0 .366,M w = 1.43 x 105) selecting the follow- O 0,5 I() L5 
ing systems: [~1] (d I /9) 

System I: CHC 13 ( s o l v e n t ) / d i e t h y l  e ther  (non -so l ven t )  Figure 2 Fractionation of copebCmer R-19. (a): Compositional dis- 
tr ibution; 0, system I, chloroform--ethyl  ether; ©, system I I : 
DMF-water  + 0.5% ammonium chloride: A, 'cross fractionation'; 

XCHC13, A < XCHCI 3,B ~ K > 0 (b): intrinsic viscosity distribution 
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number of fractions (11 versus 9). The 02 values of the apparent experimental weight-average molecular weight ~/~ 
variance, 0.9 and 6.4 × 10 -5 for system I and II respectively, measured in different solvents according to. 
are very low and may be compared, especially for system I, 
with the apparent 52 of about 0.7 x 10 -5 relat__eed to a per- ~ ,  =/~r w + 2P[(vA _ VB)/VAB] + Q[(v h _ VB)/VAB] 2 
fectly homogeneous copolymer of the same DSm (see Ex- 
perimental section). The experimental asymmetry of the where oh, VB and OAB are the refractive index increments 
compositional distribution measured by the V values (V = of homopolymer A, homopolymer B and copolymer AB 
1 for a symmetric distribution, see Experimental section) respectively, J~w is the weight-average molecular weight of 
changes from 1.665 for system ! to 0.876 for system II, and the copolymer, P and Q are parameters directly connected 
thus it has no real physical meaning. The R-19 copolymer with the compositional heterogeneity of the copolymer. 
appears quite homogeneous, when studied by 'one direction' We have previously checked that the VAB values of the 
fractionation, modified PMMA are a linear function of the weight-average 

'Cross' fractionation leads to a significantly higher ~2 degree of substitution (D--S__w_) ~-3 as expected. The relation 
value of about 2.2 x 10 -4, reflecting an actual compositional VAB = OA(1 -- D--Sw) + oBDSw thus allows the calculation of 
distribution which is nearly symmetrical (V = 0.989). This VB, which is not experimentally accessible, since quantitative 
method allows the separation of an important fraction substitution of radical PMMA was unsuccessful 3. 
(wi ~ 0.25) o f D S  m lower than 0.35, which cannot be isolat- For R = SOCH 3, SO2CH3, SO2N(CH3)2 and S C6H5, the 
ed by 'one__ direction' fractionation. The fraction of the VB values in DMF solution, at room temperature and for X = 
lowestDSm has the lowest intrinsic viscosity; this is pro- 5460 A, are respectively of 0.1370 l, 0.11503, 0.09783 and 
bably not significant, since there is no correlation 0.18963 ml/g, while the corresponding v h value is 0.063 ml/g. 
between the slight fluctuations in composition and the intrin- We have thus focused our interest on the modified PMMA 
sic viscosities for the remaining 99.5% of the sample, bearing keto-~-sulphide groups, and we have systematically 

Thus 'cross' fractionation is clearly more efficient than studied the R-35 sample ()1~ w theor. = 1.23 x 105, Mn exp. = 
'one direction' fractionation, in good agreement with litera- 0.85 x 105, D-Srn = 0.307, D-S w = 0.459) in thirteen different 
ture data related to copolymerization products 2a'29. It may solvents. The experimental results are collected in Table 4. 
be noticed that the variance 52 of the R-19 sample is of the Linear regression analysis on the variations of the most 
same order of magnitude as that of a radical azeotropic reliable VA values quoted in the literature (see Table 4) and 
styrene-MMA copolymer (molar fraction of MMA = 0.497) on the experimental VAB and calculated ~ values versus the 
studied by the same method 3° (52 = 1.6 x 10-4), and which solvent refractive index n o leads to the following relationships. 
appears chemically homogeneous according to 'one direction' 
fractionation data 3~. 

Regression 

'One direction ' fractionation o f  various substituted PMMA coefficient 

In spite of its lower efficiency, 'one direction' fractiona- t(°C) = 23 + 2 /- VA = 1.3677 -- 0.9127 n o 0.998 
tion remains a convenient and still reliable method for pre- 
parative purposes, provided a sufficiently sensitive solvent- X = 5460 A OB = 1.1557 -- 0.6718 n o 0.972 
non-solvent system may be found. The separation of chemi- 
cally homogeneous fractions of different molecular weights v(rol/g) VAB = 1.2477 -- 0.7864 n o 0.993 
but of the same composition is of interest for the study of 
morphological and hydrodynamical properties of the copoly- 
mers in dilute solution 1'2. A number of substituted PMMA in good agreement with the empirical Gladstone-Daie 

were fractionated, the choice of the solvent being strong_ ly equati°n~" 
dependent on the solubility of the sample (increasing DSm The o A value in tetrahydrofurfuryl alcohol is quite close 
requires the use of more polar solvents). Our experimental to the predicted value according to the previous relation, but 
results are collected in Tables 2 and 3. As pointed out pre- v A in trifluoroethanol is significantly lower (Oexp. = 0.1730 

versus Vcalc = 0.1889 ml/g) as the literature value in 2,2', viously, the dissymmetry parameters V are of little if any 
physical meaning, but the 52 variance values are in general 3,3' tetrafluoropropano134 ( V e x p .  = 0.141 versus Ocalc. = 

significant of an actual but narrow composition distribution. 0.161 ml/g). 
The lack of any important chemical heterogeneity (deviation For efficient analysis of the chemical homogeneity of 
from the average DS m of more than 10% for a noticeable copolymers, one should find copolymer-solvent systems 
weight fraction of the copolymer, 0.1 for instance) may be meeting a number of important requirements, which are pre- 
reasonably ascertained. Since the 52 values deduced from cisely fulfilled for the R-35 sample: 
'one direction' fractionation data are only underestimated (a) Io A - OBI sufficiently high, > 0.06 ml/g according to 

SpatoricoaS: its value increases from 0.121 in trifluoroetha- values which may strongly depend on the fractionation sys- 
tem, the apparent increase of the variance with DSm has not nol to 0.154 ml/g in pyridine. 
to be considered as a definitely established characteristic (b) OA and VB both as high as possibleand of the same 
feature, sign, in order to determine an apparent Mw* as close as pos- 

sible to the true/~r w vaiue36: v A = 0.173 and VB = 0.294 ml/g 
in trifluoroethanol for instance. 

Study o f  the chemical homogeneity o f  substituted PMMA (c) VA ~ 0 and OB high, in order to allow the direct deter- 
by light scattering mination of the weight-average molecular weight of the B 

Since the pioneering work of Stockmayer et aL 32 and component in the AB copolymer36: o A = --0.003 and v B = 

Benoit et al. 33, light scattering has been often used for the 0.147 ml/g in 2-methylpyridine. 
study of compositional homogeneity in copolymers with (d) The copolymer itself has a sufficiently high molecular 
rather disappointing results in a number of cases 16'2°. The weight (/~fw theor. = 1.23 x 105) and degree of substitution 
method 14 rests upon the analysis of the variations of the (D---S w = 0.459), in order to avoid any trouble from a possible 
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Table 2a 'One direction' fractionation for copolymer R-12 Table 2d 'One direction" fractionation for copolymer R-10 
substituted PMMA [R = SO2N(CH3) 2] substituted PMMA [R = SO2N(CH3)2] 

Fraction Weight fraction, Fraction no Weight fraction, w i X 102 DSim [~] (dl/g) 
no w i X 102 DS~ [77] (dl/g) M w  X 10 -s 

1 2.00 0.743 0.950 
1 7.80 0.148 0.690 2.36 2 3.86 0.729 0.800 
2 9.65 0.148 0.675 2.13 3 2.21 0.795 

0.700 
3 9.65 0.145 0.630 2.04 4 3.81 0.753 
4 6.68 0.146 0.560 1.87 5 14.44 0.778 0.680 
5 17.83 0.141 0.545 1.59 6 10.70 0.747 0.650 
6 10.39 0.144 0.465 1.36 7 3.45 0.729 0.600 
7 9.72 0.147 0.415 1.22 8 11.32 0.784 0.550 
8 10.39 0.140 0.365 0.94 9 13.53 0.770 0.480 
9 12.62 0.142 0.285 0.88 10 11.88 0.764 0.375 

10 5.27 0.147 0.161 0.36 11 6.06 0.791 0.332 
12 9.67 0.786 0.295 

90% Copolymer recovery 13 2.80 0.770 0.220 

D--S m [~] (dl/g) /~w X 10 -5 
85% Copolymer recovery 

Crude copolymer 0.142 0.450 1.37 
Fractionation data 0.144 0.485 1.48 D--S m [n] (dl/g) 

Crude copolymer 0.755 0.527 
Fractionation data 0.769 0.515 

Table 2b 'One direction' fractionation for copolymer R-16 
substituted PMMA [R = SO2N(CH3) 2] 

Fraction Weight fraction, Table 2e 'One direction' fractionation of copolymer R-22 
no w i X 102 DS i [n] (dl/g) Mw X 10 -s substituted PMMA [R = SO2CH 3] 

1 8.09 0.252 0.815 2.59 Fraction Weight fraction, 
2 13.87 0.247 0.705 2.26 no w i X 102 DSim [~] (dl/g) Mw X 10 4 
3 10.26 0.236 0.627 1.93 
4 13.58 0.250 0.549 1.70 1 15.28 0.312 1.250 3.57 
5 16.11 0.231 0.490 1.36 2 11.22 0.317 0.880 2.30 
6 13.15 0.238 0.420 1.10 3 9.96 0.302 0.754 1.98 
7 12.35 0.239 0.305 0.80 4 4.42 0.300 0.687 1.76 
8 5.49 0.238 0.240 0.545 5 8.62 0.319 0.670 1.58 
9 7.08 0.237 0.1 54 0.31 6 13.32 0.309 0.480 1.26 

7 10.52 0.305 0.395 0.90,5 
8 3.58 0.332 0.390 0.80 

92% Copolymer recovery 9 7.43 0.295 0.315 0.66 
10 10.52 0.298 0.268 0.52 

DSm [n] (dl/g) Mw X 10 -5 11 5.12 0.308 0.195 0.33 5 

Crude copolymer 0.240 0.470 1.38 
Fractionation data 0.241 0.498 1.46 90% Copolymer recovery 

DS~ m [7]] (dl/g) Mw X 10 -5 

Table 2c 'One direction' fractionation for  copolvmer R-3 Crude copolymer 0.299 0.615 1.45 
substituted PMMA [R = SO2N(CH3) 2] Fractionation data 0.308 0.634 1.62 

Fraction Weight fraction, 
no w i X 102 DSim ['q] (dl/g) M-- w X 10 -5 

1 12.99 0.382 0.810 2.18 dependence of  o A and VB on molecular weights of A and B 
2 7.37 0.380 0.765 1.98 components in the copolymer 37. 
3 9.81 0.389 0.575 1.37 Among the twelve solvents tested eleven solvents, cover- 
4 3.35 0.388 
5 15.09 0.390 0.523 1.33 ing a wide range of OAB values from 0.228 ifl trifluoroethanol_ 
6 6.79 0.390 0.445 1.03 to 0.059 ml/g in pyridine, lead to a remarkably constant M *  
7 10.06 0.388 0.385 0.81 value of  (1.35 -+ 0.04) x 105, quite close to the theoretical 
8 5.87 0.386 0.380 0.79 ]~fw (1.23 -+ 0.07) x 105 calculated from the corresponding 
9 6.37 0.405 0.272 0.56 values of  the molecular weight of  the PMMA precursor and 

10 3.35 0.386 0.265 0.535 
11 5.03 0.385 of the substitution degree. The higher ]ffw* value determin- 
12 6.54 0.379 0.240 0.45 ed in toluene, 1.72 x 105, may be discarded, since aggrega- 
13 3.52 0.400 0.175 0.305 tion does occur in this solvent at room temperature (the 
14 3.86 0.406 second virial coefficient is negative, and the intensity of the 

scattered light is exceedingly sensitive to small variations of 
91% Copolymer recovery temperature).  Our copolymer sample thus appears chemi- 

cally homogeneous, but at the limit of the sensitivity of the 
O-"S m [r~] (all/g) /~w X 10 -s method.  In particular we were not able to find suitable sol- 

vents of  high refractive indexes (low values of  VAB), where 
Crude copolymer 0.395 0.525 1.12 - -  
Fractionation data 0.388 0.478 1.14 M* is the most sensitive to slight fluctuations in composition 

in the copolymer:  aggregation is by far more important  in 
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Table 3 Fractionation data on substituted PMMA bearing keto-/3-functional groups COCH2R 

Run R Conditions of synthesis DS--- m Fractionation system 5 2 X 10 5 V 

R-12 SO2N(CH3) 2 THF, heterogeneous phase 0.142 CHCI3/petroleum ether 0.9 0.96 
R-16 SO2N(CH3) 2 THF, heterogeneous phase 0.240 CHCI3/petroleum ether 4.9 1.66 

0.366 CHCI3/ethyl ether (system I) 0.9 1.67 
R-19 SO2N(CH3) 2 THF, heterogeneous phase 0.366 DMF/H20 + 0.5%NH4CI (system II) 6.4 0.88 

0.366 'Cross fractionation' 22 0.99 
R-3 SO2N(CH3) 2 THF + HMPA, homogeneous phase 0.395 Acetone/petroleum ether 4.9 1.08 
R-10 SO2N(CH3)2 THF + HMPA, homogeneous phase 0.760 DMF/ethyl ether 31 0.62 
A-3 SOCH 3 DMSO, homogeneous phase 0.289 CHCI3/petroleum ether 3.8 0.62 
R-22 SO2CH 3 THF + DMSO, homogeneous phase 0.299 Acetone + MeOH (1 vol: lvol)/MeOH 6.4 0.89 

B 

Tab/e 4 Light scattering study of copolymer R-35 (R = SC6Hs, DS m = 0.307) 

Refractive index increments (ml/g) 

Solvent _ 25 °Ca MwX 10 -s -0 5460A VA UB UAB 

Trifluoroethanol 1.2905 0.1730 0.2938 0.2285 1.32 
Acetone 1.3581 0.1321 c 0.2494 0.1860 1.43 
Ethyl acetate 1.3715 0.1180 c 0.2407 0.1744 1.41 
Tetrahydrofuran 1.4066 0.0870 c 0.2162 0.1464 1.34 
Dioxane 1.4218 0.0696 c 0.1858 0.1230 1.39 
Dimethylformamide 1.4334 0.0630 c 0.1896 0.1212 • 1.21 
Chloroform 1.4446 0.0616 c 0.1876 0.1195 1.32 
Tetrahydrofurfuryl alcohol 1.4499 b 0.0440 0.1613 0.0979 1.42 
N-Methylpyrrolidone 1.4680 b 0.0176 c 0.1675 0.0865 1.36 
Toluene 1.4980 0.0004 d 0.1544 0.0712 1 o72 e 
2-Methylpyridine 1.5023 --0.0035 d 0.1466 0.0655 1.34 
Pyridine 1.5115 --0.0119 d 0.1426 0.0591 1.37 
Chlorobenzene 1.5239 -0.0260 c 0.1530 0.0563 

a Johnson B. L. and Smith H. in 'Light Scattering from Polymer Solutions', (Ed. M. B. Huglin), Academic Press, London, 1972 p 27 
b 25uC ' 

n D , Organic Solvents, Riddick, J. A. and Bunger, W. B., Wiley Interscience, New York, 1970 
c Huglin, M. B. in 'Polymer Handbook', (Ed. J. Brandrup and E. H. Immergut), 2nd edn, Wiley Interscience, New York, 1975, IV-267 
d Extrapolated values 
e Second virial coefficient is negative, and the polymer solution is aggregated 

- - *  
t M w = 1.356 × 105 1.696 [(v A -OB)/OAB ] 2 

.------ The negative Q value has no physical meaning, and it 
1.5 ~[ i 1 ......_-~ . merely reflects the fact that the J14rw* fluctuations are within 

- , ~ _ _ _ . ~  .~ the experimental accuracy. Assuming that a difference of 
• ~ + about 15% - * × - - between Mw and ~I w in the most sensitive solvent 
I~ (OAB minimum = 0.059 ml/g in pyridine) is high enough to 

be significant of an actual compositional heterogeneity, one 
IO may evaluate the lowest limit of heterogeneity which may 

be detected. For the R-35 sample, we have found: (72 = 
4 6 a/~l w < 2.2 x 10 -2, i.e. about 8.8% of the maximum value 

I(VA_VBI/VAB }]2 of Q/Mw (0.25 for an equal weight mixture of homopolymers 
A and B). 

Figure 3 Variations of the apparent molecular weight M w o f  In  spite o f  a number  o f  favourable parameters in our  case, 
copolymer R-35 in various solvents. , Experimental 
regression line; - - ,  calculated line for o -2 = 2.2 x 10 -2 light scattering study of compositional homogeneity remains 

a rather poorly sensitive method, because of a yet too narrow 
solvents like chlorobenzene (OAB = 0.056 ml/g) for instance, range of VAB values easily available, and of a too low value 

Since for copolymers of sufficient chain length obtained of the molecular weight of the copolymer sample as. 
by chemical modification of a homopolymer precursor there 
is no correlation between the fluctuations in composition Correlation between chemical homogeneity of  the substituted 
and the molecular weight (as we have previously checked by PMMA and characteristic features of their preparation 
fractionation), the variations of Mw* may be merely described The chemical homogeneity of copolymers obtained by 
according to2°: modification of a polymeric substrate is a complex function 

of the molecular characteristics of the precursor (DPn and 
Mw = ~rw + Q[(VA - OB)/VAB] 2, with Q = 52 × ~'l w MWD), of the extent of substitution (D-Sm) and of the re- 

action kinetics. For sufficiently long chains, the influence 
Regression analysis on the variations of our experimental of the molecular weight distribution becomes negligible; 

Mw values versus [(Va -- VB)/VAB] 2 (Figure 3) leads to the ~]=u_gntitative correlations between chemical homogeneity and 
relation (R = 0.994): DPn, DSm and the kinetic parameters have been theoretically 
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derived, by both Monte Carlo simulations 39 and analytical homogeneous solution 42, would lead to a maximum ~2 value 
calculations using Markovian approximations 4'4°m. Assure- of about 1 x 10 -4, as deduced from the chart of Plate et 
ing that the substitution kinetics may be completely describ- a/. 4°'41, assuming that variations of ~ 2 versus -DSm may be 
ed by the three rate constants k0, k 1 and k 2 related to the neglected within the narrow range 0.366 < D S  m < 0.5. The 
reaction site ~ in its three chemically different environments experimental ~2 value of about 2.2 x 10 -4 is just between 
(AAA, A/~B and BAB respectively) it has been shown that the two calculated values, and it would be misleading to 
the chemical homogeneity of the copolymer increases with hope for better agreement with either of them, taking into 
the precursor DP n and is strongly dependent on substitution account the previous assumptions and the accuracy of the 
kinetics: autoaccelerated kinetics (k 0 < k 1 < k2) leads to g2 experiment, ai value. Thus, for the high molecular weight 
drastic enhancements of the chemical heterogeneity, in sharp copolymer investigated in this study, the observed composi- 
contrast with simple kinetics without any neighbouring tional heterogeneity is in good agreement with the autore- 
group effects (k 0 = k 1 = k2), and even more with autoretard- tarded kinetics of the substitution process. 
ed kinetics (k 0 < k 1 < k2) which gives the highest chemical However, it does not seem possible to estimate quantita- 
homogeneity, tively the respective contributions of the molecular weight 

The experimental results collected in Table 3 clearly show and of the autoretarded kinetics to the narrowing of the 
that the substituted PMMA are all characterized by a fairly composition distribution. The study of chemical homoge- 
high chemical homogeneity over the whole range o f D S  m neity is not sufficient to ascertain unambiguously the kine- 
investigated (DS m < 0.76), whatever the reaction conditions tic characteristics, which have to be studied independently. 
are: homogeneous solution, when both the organolithium The recent work of Plate et  al. 43 on the autoretarded 
reagent and the modified polymer are soluble in the reaction quaternization of poly(4-vinylpyridine) by benzylchloride in 
medium (CH3SOxCH2Li , with x = 1 or 2, in presence of homogeneous solution has to be pointed out: a single set of 
DMSO and (CH3)2NSO2CH2Li in presence of HMPA); constants ko: kl: k 2 = 1" 0.3:0.3 does allow a perfect agree- 
heterogeneous solution, when the modified polymer precipi- ment between experimental data and theoretical values for 
tates out of the solution as soon as the substitution degree both kinetics and compositional distribution. 
reaches a critical value of about 0.20 (C6HhSCH2Li and 
(CH3)2NSO2CH2Li in THF). The substitution process is CONCLUSION 
characterized by autoretarded kinetics, as a result of increas- 
ing steric hindrance and electrostatic repulsion between the 
reagent RCH} and the polycarbanionic chain 1- 3: The ketonic-/~-functionalized copolymers derived from 

PMMA by nucleophilic substitution of primary stabilized 
organolithium reagents retain the molecular characteristics 

l .H2/CH3 CH3 CH3I ,CH9/CH3 of the precursor (D--fin, MWD and tacticity), and show fairly 
~ : ~ C  ~ ~ / . , ~ . ~ j  high chemical homogeneity over a wide range of composi- 

[ [ + 2 RCH2 ~ I [ + CH36.R__CH 3 tions. This important feature, which may be correlated 
? = O  / C = O  C=O /C with both the high molecular weight of the polymeric pre- 

__=O cursor and the characteristic autoretarded kinetics of the 0 0 (3 / (ZH 
I [ I I reaction process, points out the interest of chemical modifi- 

CH3 CH3 CH 3 R cation of polymers as a preparative method of well defined 
(A) tA) (A) (B) random copolymers, since for copolymerization reaction 

products the compositional heterogeneity is narrow and 
k0(A~A ) > k 1 (B~A) > k2(B~kB) well ascertained only in a few cases, such as azeotropic 

copolymerization. 

Thus the fairly high chemical homogeneity of the substituted 
PMMA may be readily taken into account by the conjugated ACKNOWLEDGEMENTS 
effects of the high molecular weight of the polymeric precur- 
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out a strongly dipolar aprotic solvent like DMSO or HMPA, to acknowledge Dr Rempp for his constant interest in this 
is thought to be a favourable factor increasing chemical ho- study, and critical review of the manuscript. This work was 
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