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domains of different densities. This conflict does not in 
fact occur; these domains can exist as long as they do not 
interfere with the statistical properties of each molecular 
chain. 

All the models of polymeric systems now proposed must 
take these facts into account. 
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Sequence Length Distribution in Segmented Block Copolymers 
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ABSTRACT: The effect of the nonequivalent reactivity of the two functional groups in a diisocyanate on the se- 
quence length distribution in segmented block copolymers is calculated on a kinetic basis for a number of polymer- 
ization recipes. In the two-stage recipe, excess diisocyanate monomer first reacts completely with an intermediate 
molecular weight prepolymer then a low molecular weight extender is added. Alteration of the definition of the 
hard block segment in the two-stage process demonstrates that  the distribution follows the most probable form. 
The heterogeneity index is less than 2 because of the relatively short sequence lengths. The number average length 
of the hard block segment under stoichiometric conditions a t  100% conversion is equal to A 1/B 1 when the isocyan- 
ate groups are equally reactive, where A 1 is the initial concentration of diisocyanate and B 1 is the initial concen- 
tration of prepolymer. When the reactivity of the first isocyanate group becomes appreciably greater than that  of 
the second isocyanate group, the number average length of the hard block segment approaches ( A  1 - B 1 ) / B  1. The 
sequence length distribution of the hard blocks, the amount of internal sequences, and the molecular weight of the 
polymer can be varied by alteration of the polymerization recipes and the method of mixing the components. 

Segmented polyurethanes are usually prepared by react- 
ing a diisocyanate (AA) with a hydroxy-terminated polyes- 
ter or polyether (BB) to form a soft block segment. The ini- 
tial content of diisocyanate (AA) exceeds that of the prepo- 
lymer (BB) so that there will always be an excess of un- 
reacted diisocyanate. The resultant polymer is then ex- 
tended with a low molecular weight diol or a low molecular 
weight diamine (CC) to form a hard block segment. During 
the fabrication of the final article, the hard block portions 
segregate from the soft block segments to form a microhet- 
erogeneous composite.2 

The reactions involved in this process are rather com- 
plex. The urethane bonds I formed from the reaction of iso- 
cyanate with hydroxyl and the urea bonds I1 formed from 
the reaction of isocyanate with amine are somefiat revers- 
ible. If any water is present in the system, it will react with 
an isocyanate group to eventually form an amine plus COS 
gas; the amine can then react further with an isocyanate 
group. Branching and cross-linking reactions can occur by 

reaction of an active hydrogen from a urethane or a urea 
group with an isocyanate group to form allophonate I11 or 
biuret IV groups, respectively. In the presence of catalysts, 
the isocyanate groups self-polymerize to uretidione V, iso- 
cyanurate VI, or a linear polymer VI1 of high molecular 
weight. Furthermore, it has been demonstrated that the re- 
activity of a given isocyanate group in a diisocyanate mono- 
mer may depend strongly on whether or not the other iso- 
cyanate group has reacted.3a 

Because of these complex reactions, little attention has 
been paid to the kinetics of polymerization and, in particu- 
lar, to the precise composition of the soft and hard block 
segments. The mechanical properties of segmented poly- 
urethanes depend strongly on the micromorphology of the 
finished polymer which in turn depends upon the hard and 
soft block composition and on the processing details. A 
very precise study of the effects of segment length and dis- 
tribution has been undertaken by Harrell,3b who combined 
monodisperse hard segments of various lengths with soft 
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segments under stoichiometric conditions. Harrell found 
that thermal and mechanical properties of the polymers 
did depend on the length and distribution of both the hard 
and soft segments. An alternative method is to vary the 
hard block composition by using different polymerization 
recipes. Several recent publications have been addressed to 
this problem, but the hard and soft segments are specified 
by the initial composition of the reactants and not by the 
statistical probability based on the reactivity of the func- 
tional groups i n ~ o l v e d . ~  

Let us consider fo:r the moment the reaction of 2 equiv of 
AA with 1 equiv of BB and assume that all molecules are 
equally reactive independent of molecular weight. The sta- 
tistics of the system require that when all of BB has react- 
ed, all molecules are capped with A-type ends. The mole 
fraction of unreacted AA monomer is 0.5, the mole fraction 
of AABBAA is (0.5):!, that of AA(BBAA)* is (0.5)3, etc. I t  is 
easily seen that  if an A-type end of a monomer reacts faster 
than an A-type end of a polymer molecule, then molecules 
of BB will tend to be capped by AA, leading to a decrease 
in the amount of high molecular weight polymer and in the 
amount of unreactedl AA. On the other hand, if the A-type 
end of a monomer reacts slower than an A-type end of a 
polymer molecule, the distribution is shifted toward an in- 
crease in the amount of high molecular weight polymer and 
in the amount of unreacted AA. Thus, the composition of 
the hard block segment will depend on the relative reactivi- 
ty of the isocyanate units, the initial concentration of the 
reactants, and the procedure used to mix the reacting com- 
ponents. 

I t  is the purpose of this paper to calculate the number 

Table I 
.Relative Reactivities for the Consecutive Reactions of 

Diisocyanates with Two Representative Alcohols 

Relative rate constants 

Ethanol4 l-Butanolb 

Diisocyanate ki  k , h *  ki  k i h  

rn -Phenylene 11 8.4 
p-Phenylene 7 . 7  9 . 2  
4,4‘-Diphenylmethane 2.3 3.2 2.4 2 . 9  
2,6 -Tolylene 2 . 2  6 . 1  
2,4-Tolylene 3.0 25 4.9 11.9 
3,3 ’ -Dimethyl-4,4 ’ - 

diphenylmethane 0 . 4 1  2 . 4  
Dur ene 0.05 2 . 6  
1,5-Naphthalene 2.7 3.5 
1,3-Xylylene 0.20 2 .5  
1,4-Xylylene 0.18 1 . 9  
5 -tert-Butyl-1,3 - 

xylylene 0.19 2 . 7  
lf6-Hexamethy1ene 0.001 2.0 

(standard) (1 .o) (1 .o) 
Phenyl isocyanate 

In toluene a t  30”, excess ethanol.6 In toluene a t  40”, with tri- 
ethylamine catalyst.’ 

average molecular weight of the polymer before and after 
the addition of extender, the average length of the hard 
block segment in the extended polymer, and the distribu- 
tion of the hard block segment length. The variables to be 
considered are the initial concentration of the reactants A 1, 

B1, and C1; the relative reactivity of the diisocyanate 
groups, w ;  the conversion of the extension reaction; and the 
sequence of combining the components AA, BB, and CC. 

General  Trea tment  
Table I, taken from Lenz,j gives the ratio of the first 

reaction rate constant of an isocyanate group to the second 
reaction rate constant for a number of diisocyanates with 
two aliphatic alcohols. One can speculate that the electron 
donating or withdrawing character of a substituent on a 
benzene ring can materially influence the reactivity of a 
given isocyanate; for instance, p -  phenylene diisocyanate 
VI11 as compared to 4-(imino carbony1oxyethane)phenyl 
isocyanate IX. On the other hand, it is not easy to see how 
the reactivity of one end of hexamethylene isocyanate can 
be influenced by the structure a t  the other end by invoking 
electronegativity effects. A proximity effect is suggested by 

0 
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eq 1 and 2, where the proximity effect is rate controlling5 
but no spatial details are given. 

Another way of expressing eq 1 and 2 is to  state that the 
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reactivity of the monomer X is different from that of the 
polymer XI. The relative reactivity of the diisocyanate 
groups is p = k’lk. 

The above arguments can be applied to any symmetrical 
molecule such as those cited in Table I. This will be called 
the symmetrical case. However, the situation might be dif- 
ferent in the case of the nonsymmetrical molecules such as 
tolylene 2,4-diisocyanate (TDI), XII. The reactivity of the 
two isocyanates in the monomer could differ considerably 
owing to steric effects. In addition to the steric effect, a 
proximity effect as indicated in eq 1 and 2 can further af- 
fect the reactivity. If such a situation exists, there must be 
four reactivity constants. The latter case is too difficult to 
be considered here, hence we shall be concerned only with a 
steric effect for the nonsymmetrical case. 

In both cases, one has to  be concerned with the defini- 
tion of a hard block segment. In the simplified reaction 
scheme to be considered, only urethane groups are formed. 
Every prepolymer diol unit ends in a urethane group be- 
cause the initial reaction between excess AA and BB is as- 
sumed to proceed until all B-type ends have reacted, a t  
which point X1O unreacted AA units remain. The extension 
reaction may be conducted with an excess of either AA or 
CC and may not go to complete reaction of available 
groups. Hence there may exist unreacted A- or C-type 
ends. The reacted A- or C-type ends also form only ure- 
thane groups. 

With these restrictions the definition of a hard block seg- 
ment can be considered. When a diisocyanate unit is sand- 
wiched between two prepolymer units 

-AA- 
type 1 

where - represents a flexible prepolymer BB unit, it 
probably will not be involved in phase segregation, hence is 
considered part of the soft block segment.3b Similarly, the 
external segment type 

- AA 
type 2 

is considered as part of the soft block segment, hence all 
units of the form AA(BBAA),-1, where n > 1, are consid- 
ered as soft segments. However, one can argue whether the 
internal segment type 

-AACCAA- 

type 3 

would be crystallizable; the choice may depend on the par- 
ticular combination of diisocyanate and extender molecules 
chosen to form the segmented polyurethane. The next pos- 
sible internal segment would be of the form 

-AACCX,CCAA - 
type 4, s = 1 

where X 1 represents reacted diisocyanates that remained 
as unreacted monomer at  the end of the AA-BB reaction, 
while AA represents diisocyanates that reacted at  one end 
with a prepolymer unit during the AA-BB reaction. Larger 
internal segments can also be formed 

-AAtCCX,),CCAA- 

t > p e  1 

If segment type 3 is considered as part of the soft block, 
then there are exactly s XI units in the hard block segment 
type 4. This number is called the “counted unit” to avoid 
confusion with the usual term “repeat unit” because a vari- 
ety of ways of counting the monomers in a hard block seg- 

Table I1 
Types of Segments Present in Segmented Polyurethanes, 
and Definition of Repeat Units i n  Hard Block Segments 

No. of counted units in  a 
hard block segment 

Model 

Segment types Ib IIC IIId 

(1) -AA--“ 0 0 0 
(2) -AA 0 0 0 
(3) -AACCAA- 0 1 1 
(4) -AA( CCXi)&CAA- S 

(5)  -AA(CCX,), S S S 

(6) -AA(CCX,),CC S s + l  s + l  
(7) X*(CCX,), s + l  s + l  s 
(8) (CCXi), S S S 

(9) (CCx,),CC S S s + l  

s + l  s + l  

- represents a prepolymer segment. The unit that is being 
counted is a diisocyanate residue XI derived from unreacted 
monomer remaining after the AA-BB reaction. The counted unit 
is XI plus one isocyanate unit from each soft block segment unless 
it is segment type 5. d The counted unit is an extender molecule. 

ment will be used. If segment type 3 is considered part of 
the hard block segment, then there are s + 1 reacted diiso- 
cyanates and s + 1 reacted extender molecules in segment 
type 4. Table I1 gives a summary of the segment types so 
far discussed and five more types that are also hard block 
segments. Model I is the designation when segment type 3 
is considered soft and only the XI units are counted. Model 
I1 is the situation when segment type 3 is considered hard 
and the number of diisocyanate units are counted. In both 
of these models, unreacted diisocyanate monomer is con- 
sidered as a hard block portion in order to simplify the 
mathematics. Model I11 is the situation when the number 
of extender units are counted in a hard segment. The only 
difference between models I1 and I11 is which unreacted 
monomer is counted as part of the hard block segments. At 
high conversion, under stoichiometric conditions, the con- 
centration of unreacted monomer approaches zero, and the 
difference between models I1 and I11 vanishes. The impor- 
tance of defining so many models will become apparent in 
the discussion. 

With these definitions of the symmetrical and nonsym- 
metrical cases and the various models of the hard block 
segment, we may proceed to consider the amount of un- 
reacted diisocyanate a t  the end of the AA-BB reaction and 
the distribution of repeat units in a hard block segment 
under the following assumptions: (1) the reactivity of one 
end of a symmetrical diisocyanate monomer depends only 
on whether or not the other end has reacted; ( 2 )  the reac- 
tion between a diisocyanate and a diol is irreversible; (3) if 
one of the diisocyanate ends has reacted, whether the mo- 
nomer is symmetrical or not, the reactivity of the unreacted 
end is independent of the molecular weight of the polymer 
to which it is attached; (4) the extender is a low molecular 
weight diol; (5) the reactivity of any hydroxyl group is inde- 
pendent of molecular weight; and (6) no other reactions 
occur. Because the derivations require great attention to 
detail, which is not required to follow the discussion, the 
results and their implications will be presented now. The 
derivations are in the appendices. 

Results and  Discussion 
Equations A34, A48, A51, A55, A58, A61, and A64 for the 

symmetrical case, model I, and B9-Bll for the nonsymme- 
trical case, model I, were solved on an IBM 1130 computer 
by the RKGS subroutine given in the Scientific Subroutine 
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Table I11 
Values of X l 0 ,  Umreacted Monomer at the End of the  

AA-BB Reaction for the Symmetrical  Case 

Reac- 
tivity 
ratio" 
P =  
k ' / l?  2 3 4 5 6 

Initial Concentration of AIb 

$'? 0.713 1.565 2.471 3.404 4.356 
1 0.500 1.333 2.250 3.200 4.167 
3 0.306 1.159 2.108 3.081 4.065 

12 0.139 1.049 2.031 3.022 4.018 
36 0.066 1.017 2.011 3.008 4.006 
= o  1.000 2.000 3.000 4.000 

aThe  rate of the polymer reaction, k ,  differs from that of the 
monomer, k'. h B1 = I mol/l., C1 = A1 - B1. These are defined as 
stoichiometric conditions. 

Package (see paragraph at  end of paper regarding supple- 
mentary material).'l The program also computed values of 
conversion; unreacited diisocyanate monomer; unreacted 
extender; the number average number of diisocynaate mol- 
ecules in a hard block segment, s; the number average mo- 
lecular wieght, MT; and the number of monomer units per 
polymer molecule, r i ~ ~ .  Analytical solutions can be obtained 
for models I1 and I1 [. 

Tables I11 and IV give the values of X1O for a variety of p 
and A1 values and ui th  B1 = 1 mol/l. and C1 = A1 - B1. For 
the symmetrical cae,e, X1O decreases with increasing p, ap- 
proaching the limit A1 - 2B1 as p approaches infinity or as 
A1 increases. If the value of p is less than unity (that is, 
polymeric A-type ends react faster than the monomeric A- 
type ends) the result of the AA-BB reaction is a high mo- 
lecular weight oligomer with a large excess of unreacted 
monomer, as predic1;ed in the introduction. 

For the nonsymmetrical case (Table I\') values of Xl0 for 
p = lly are equivalent to those for p = 3 because it makes no 
difference if the Ao end of a diisocyanate monomer of the 
form A n A  is three times faster than the A end or if it is 
three times slower than the A' end. Values of Xl0 for p = 1 
are identical with those given in Table 111. The X10 values 
for the nonsymmetrical case do not decrease as rapidly 
with increasing p a:; in the symmetrical case but still ap- 
proach the limit A1 .- 2B1 at  high values of p or AI. 

The number average molecular weight for the extended 
polymer is computed by assuming molecular weight values 
of 250 for AA, equivalent to MDI, OCN-Ph-CHZ-Ph-NCO; 
2000 for BB, a common value of commercial material for ei- 
ther a polyester or a polyether; and 90 for CC, equivalent to 
butanediol. Table V gives the values for the symmetrical 
case a t  0, 95, and 99% conversion. 

The initial values are consistent with the concentration 
of unreacted monomer; high molecular weight oligomers re- 
sult in more unreacted monomer. As the ratio of Al/B1 is 
increased, the molecular weight drops, owing to the in- 
creased amount of monomer to compete with the partially 
formed oligomer. At high values of p ,  the oligomer is pri- 
marily composed of one unit of prepolymer capped with 
two units of diisocyanate monomer. 

At 95 and 99% conversion, there is little change in i%f~ or 
l f z ~  with increasing p. The primary difference among = l/3, 
1, and the rest is due to small amounts of unreacted diiso- 
cyanate remaining in the mixture. There is essentially no 
unreacted diisocyanate a t  higher values of p. The decrease 
in M,r and m~ with increasing AI is due in part to the in- 
creased molar concentration of the low molecular weight 
monomers relative to the high molecular weight prepolym- 

Table IV 
Values of X10, Unreacted Monomer at the End of the 

AA-BB Reaction for the Nonsymmetrical Case 

Initial concentration of AIb 

ILa  2 3 4 5 6 

3 0.434 1.274 2.200 3.158 4.130 
12 0 .251  1.129 2.088 3.067 4.054 
36 0.132 1.053 2.035 3.026 4.021 
m O  1.000 2.000 3.000 4.000 

Q The initial rate constants of monomer are different. h Stoichio- 
metric conditions. 

er and in part to a lower value of m~ at  the start of the ex- 
tending reaction. 

Table VI presents the number average molecular weight 
and degree of polymerization of oligomer at  0% conversion 
for the nonsymmetrical case. The differences between the 
entries in Table VI us. Table V are due to the differences in 
Xl0. Values of the parameters a t  95 and 99% conversion 
should agree closely with those in Table V because the 
values of unreacted diisocyanate and extender are almost 
identical. 

The number average number of diisocyanate molecules 
in the hard block segments, S ,  is given in Table VI1 for the 
symmetrical case, model I, and in Table VI11 for the non- 
symmetrical case, model I, both a t  95,99, and 100% conver- 
sion. As conversion increases, increases, not because of 
the depletion of unreacted monomer but because of the 
coupling of preformed sequences to make longer sequences. 
The nonsymmetrical case gives slightly higher values for 3 ,  
owing to  the higher values of XIO. Both cases tend toward 
an s of (A1 - B1)/B1 as p becomes large, b u t s  equals A1/Bl 
when p = 1 at  100% conversion. Several authors have as- 
sumed that s is equal to A1 - B1 when B1 = 1, based on a 
simple stoichiometric approach. This value is called the 
"ideal" case in Tables VI1 and VIII. 

In models I1 and I11 for both the symmetrical and non- 
symmetrical cases, s under stoichiometric conditions at  
100% conversion gives 

Substitution of X1O obtained from Tables I11 and IV into 
eq 3, recalling that C1 = A1 - B1, yields exactly the values s 
given in Tables VI1 and VI11 at  100% conversion! This re- 
markable outcome must be due to the distribution of the 
monomers that  make up the hard block segment. Reference 
to Table I1 shows that model I counts the XI units, which, 
except for segment types 5 ,  7, and 8, are exactly the num- 
ber of CC units less one. At 100% conversion, only one mol- 
ecule of infinite molecular weight remains which contains 
only segment type 4 groups. The number average number 
of extender molecules per hard block segment is indepen- 
dent of whether one counts all of the extender molecules 
per segment or all of the extender molecules less one per 
segment. 

Let G ( s )  be the concentration of all extender molecules 
per hard block segment and 

also 



876 Peebles Macromolecules 

Table V 
Number Average Molecular Weight and Degree of Polymerization of "Polymer" as a Function of the Extending 

Reaction for the Symmetrical Case (see eq A23-26) Assuming Molecular Weight Values of 250 for AA, 
2000 for BB, and 90 for CC 

Initial concentration of A 

c1 2 3 4 5 6 

?4 
1 

3 

12 

36 

'/3 

1 

3 

12 

36 

Y3 

1 

3 

1 2  

36  

8083 

4750 

3492 

2862 

2660 

7.97 

5.00 

3.88 

3.32 

3.14 

36,400 

26,900 

26,400 

26,400 

26,400 

55.9 

41.5 

41.0 

41.0 

41.0 

175,000 

131,000 

130,000 

130,000 

130,000 

270.7 

201.7 

201.2 

201.2 

201.2 

5427 

3625 

2926 

2616 

2540 

5.60 

4.00 

3.38 

3.10 

3.03 

20,600 

15,300 

15,030 

15,030 

15,030 

42.0 

31.2 

30.7 

30.7 

30.7 

99,400 

73,950 

73,700 

73,700 

73,700 

203.2 

151.4 

150.9 

150.9 

150.9 

In order to meet the criterion that the same is obtained 
when s - 1, s 2 2 is used to count the number of extender 
molecules per hard block segment instead of s, the fol- 
lowing equation must be true. 

0% Conversion 
4505 

3250 

2772 

2571  

2524 

4.78 

3.67 

3.24 

3.07 

3.02 

95% Conversion 

15,300 

11,400 
37.3 

27.8 

27.3 

27.3 

27.3 

11,200 

11,200 

11,200 

99% Conversion 

73,900 

55,000 
180.7 

134.6 

134 .1  

134 .1  

134 .1  

54,800 

54,800 

54,800 

403 1 

3062 

2699 

2551  

2517 

4.36 

3.50 

3.18 

3.04 

3.02 

12,700 

9,450 

9,260 

9,260 

9,260 

35.0 

26 .1  

25.6 

25.6 

25.6 

61,200 

45,600 

45,500 

45,400 

45,400 

169.5 

126.4 

125.9 

125.7 

125.7 

3 740 

2950 

2657 

2540 

2513 

4.10 

3.40 

3.14 

3.04 

3 .01  

11,110 
33.6 

25.1 

24.5 

24.5 

24.5 

8,270 

8,100 

8,100 

8,100 

53,600 
162.7 

121.2 

120.7 

120.7 

120.7 

39,900 

39,700 

39,700 

39,700 

s = 2 s = 2  

This result immediately implies 

3 

s = l  s - 2  

and 

CsG(s)  = KC(S - 1)G(s) (8) 
9 = 1  s = 2  

where K is a constant. Examination of the distributions in 
common use in macromolecular chemistry found in ref 12 

reveals that only the most probable distribution conforms 
to eq 7 and 8. Thus 

m 

m 

C(r + 1 - a)F(r)  = p"- ' / ( l  - p )  

m C(r + 1 - a)*F(r )  = pa-1(1 + p)/(l  - p )  (12) 
r=o 

where a = 1, 2 , 3 ,  etc. 
Hence the distribution of extender molecules in the hard 

block segment must conform to the most probable distribu- 
tion. The weight average number of extender molecules per 
hard block segment is then 

s, = (1 + p)/(l  - p )  (13 ) 
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Table VI 
Number Average Molecular Weight and  Degree of 
Polymerization of “Polymer” as a Function of the 
Extending Reacition for the  Nonsymmetrical Casea 

Initial concentration of A, 

li. 2 :3 4 5 6 

3 4225 334’9 3063 2922 2837 

12  3254 283:3 2717 2661 2628 

36 2842 26213 2582 2560 2547 

4.53 :3.75 3.50 3 .37  3 .30  

3.67 3.30 3.19 3.14 3 .11  

3.30 3 .11  3 .07  3.05 3.04 
Same values of molecular weight of monomers and prepoly- 

mers as in Table V. 

Table VI1 
Number Average L,ength of Hard  Block Segments as a 

Function of Initial1 Concentration, Conversion, and  
Reactivity Ratio for the Symmetrical Case, Model I 

(see also Figure 1) 

Initial concentration of A, 

‘13 
1 
3 

12 
36 

‘/3 
1 
3 

12 
36 

‘/3 
1 
3 

12 
36 
Ideal 

2.63 
1.82 
1.40 
1.15 
1.07 

3.26 
1.96 
1.43 
1.16 
1 .07  

3 .48  
2 .00  
1.44 
1.16 
1 . 0 7  
1 .00  

95% Conversion 

3 .21  3 .69  
2 .51  3 .10  
2.15 2.82 
1.96 2.67 
1.90 2.63 

99% Conversion 

4.22 5.10 
2 .89  3.77 
2.33 3.24 
2.07 3 .00  
2 . 0 1  2.94 

100% Conversion 

4.60 5.60 
3 .00  4.00 
2.38 3.36 
2.10 3 .10  
2.03 3 .04  
2.00 3 .00  

4.09 
3.60 
3.39 
3.28 
3.25 

5.93 
4.63 
4.12 
3.90 
3 .84  

6 .71  
5.00 
4.35 
4.09 
4.03 
4.00 

and the heterogeneity index is 

s,/s =: 1 + p = 1 + X ? / G  

4.45 
4.03 
3.88 
3 .80  
3.78 

6 .73  
5.46 
4 .97  
4.76 
4 .71  

7.76 
6.00 
5.35 
5.09 
5.03 
5.00 

(14) 
Because the parametler p is not close to unity, the ratio of 
weight to number average sequence length is not equal to 2. 
Calculated values of the heterogeneity index are given in 
Tables IX and X for the symmetric and nonsymmetric 
cases. The distribution is narrower for low values of AI and 
high values of p, that is, conditions which favor low values 
of XI? 

The value of s for .models I1 and I11 for either the sym- 
metrical or the nonsymmetrical case as a function of con- 
version can be obtained easily. Figure 1 shows the depen- 
dence of S as a function of conversion for the symmetrical 
case with h = 1h or 36 under stoichiometric conditions for 
the different models. The length of the hard block segment 
is more difficult to control a t  large values of AI  and a t  small 

Table VI11 
Number Average Length of Hard Block Segments as a 

Function of Initial Concentration, Conversion, and  
Reactivity Ratio for the Nonsymmetrical Case, Model I 

Initial concentration of A, 

P 2 3 4 5 6 

95% Conversion 
3 1.67 2 . 4 1  3.04 3.57 4.04 

12  1 .31  2.10 2.80 3.38 3.89 
36 1 . 1 4  1.97 2.68 3.30 3.82 

99% Conversion 

3 1.75 2.68 3.58 4.45 5.30 
12  1 .33  2.25 3.18 4.07 4.93 
36 1.15 2.08 3 . 0 1  3 .91  4.78 

100% Conversion 

3 1.77 2.75 3.75 4.75 5.75 
12 1 .34  2.30 3.29 4.29 5.29 
36 1.15 2 .11  3 .11  4.11 5 .11  
Ideal 1.00 2.00 3.00 4.00 5.00 

Table IX 
Heterogeneity Index, &/s, for the Symmetrical Case 

at 100% Conversion 

Initial concentration of A, 
~ 

P 2 3 4 5 6 

‘/3 1 . 7 1  1.78 1.82 1.85 1.87 
1 1.50 1.67 1.75 1.80 1.83 
3 1 . 3 1  1.58 1.70 1.77 1 . 8 1  

12  1.14 1.52 1 .68  1.76 1.80 
36 1.07 1 . 5 1  1.67 1.75 1.80 

Table X 
Heterogeneity Index for the Nonsymmetrical Case 

at 100% Conversion 

Initial concentration of A, 

li. 2 3 4 5 6 

1 1.50 1.69 1.75 1.80 1 .83  
3 1.43 1.64 1.73 1 .79  1.83 

12 1 .25  1.56 1.70 1.77 1 . 8 1  
36 1.13 1.53 1 .68  1.76 1.80 

values of h. Because the various models of the hard block 
segments give essentially the same values, there is little 
departure, if any, from the most probable distribution in 
the range of 95-100% conversion. Similar conclusions can 
be obtained from an examination of S as a function of con- 
version for the nonsymmetrical case, model I, Table VIII. 
Models I1 and I11 differ from model I (Table XI) by even 
smaller amounts than in the symmetrical case. 

Examination of Tables VI1 and VI11 a t  100% conversion 
immediately shows that S is larger than that for the ideal 
case where p is finite. This means that properties which de- 
pend upon the hard block length will show this dependence 
a t  lower values of the A1IB1 ratio than predicted by the 
ideal case. In the two-stage polymerization considered thus 
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Table XI 
Total Number and  Internal  Number of Hard Block Sequences per Polymer Molecule for the 

Symmetrical Case, Model I 

Initial concentration of A 

2 3 4 5 6 

P Total  Internal  Total  Internal Total  Internal Total  Internal  Total  Internal  

y3 3.82 
1 2.85  
3 2.24 
12 1.24 
36 0.64 

v3 1 4 . 8 1  
1 12.86 
3 10.75 
12 6.02 
36 4.20 

A 

2.07 
1.93 
1.75 
1.03 
0.54 

12.92 
11.84 
10.24 

5.81 
4.07 

t ' .O 

95 97 99 I00 

% CONVERSION 

3.45 
2.77 
2.76 
2.75 
2.74 

12.58 
11.66 
12.52 
12.74 
12.75 

@=36 

95% Conversion 
1.63 3.17 1.32 2.95 1.10 2.78 0.93 
1.58 2.53 1.24 2.33 0.98 2.17 0.80 
1.82 2.56 1.42 2.33 1.11 2.15 0.88 
1.93 2.60 1.52 2.36 1.18 2.17 0.93 
1.95 2 . 6 1  1.56 2.37 1.20 2.17 0.94 

99% Conversion 

10.60 
10.36 
11 .51  
11.86 
11.91 

B 

I I I 

9 5  97 9 9  I1 

% CONVERSION 

10.96 8.93 10.84 8.55 8.80 6.73 
10.03 8.58 8.73 7.19 7.71 6.13 
10.92 9.67 9.42 8.04 8.23 6.77 
11.35 10.18 9.77 8.44 8.49 7.06 
11.44 10 .31  9.85 8.54 8.55 7.14 

- 
S 

7.0 

6.0 

5.0 

4.0 

3.0 

2.0 

I .o 

1 

Figure 1. The number average number of counted units in a hard 
block segment, 8, as a function of conversion for the symmetrical 
case when p = % and p = 36, under stoichiometric conditions, B1 
= 1 molh., A 1 = 2, 3, 4, 5, and 6 mol/l. in ascending order. For p = 

(-  - -). The method of counting the units varies among cases I, 11, 
and 111. 

%: j . 1  = j. 11 (--) and 111 (. . .). For p = 36: 3 I = 9 111 (--) and 3 11 

far, on increasing the ratio A1/BI to obtain longer hard 
block segments, the molecular weight of the resultant ex- 
tended polymer is reduced. Can a recipe be found in which 
the average hard block length is varied while maintaining 
the molecular weight reasonably constant? One method 
would be to  react varying amounts of diisocyanate mono- 

mer, Az, with an excess amount of extender, Cz, to form an 
oligomer of the form CC(AACC)t. This mixture can then be 
combined with the reaction mixture from the Al-Bl reac- 
tion to form the final polymer. This scheme has been incor- 
porated into the computer program to allow one to calcu- 
late the number average molecular weight and the number 
average length of the hard block segments under a variety 
of polymerization conditions. In general, if s depends on 
conversion in the two-step synthesis, the dependence is in- 
creased in the three-step synthesis. On the other hand, a t  
low values of total diisocyanate concentration, long se- 
quence lengths should be able to be produced. 

A.n alternative method of forming a segmented block co- 
polymer is to combine all three reactants simultaneously in 
a one-stage polymerization. For the most general case one 
can write 

.U + BB * AABB 

+ BB A BBAABB 

AA -I- CC * AACC 

AACC + CC CCAACC 

That  is, the first reaction of the monomer AA with BB in 
the symmetrical case has a specific rate constant pk ,  while 
the rate of AA with CC is y u k .  The specific rate constant 
for a polymer chain with an A-type end reacting with a B- 
type end is k, while that reacting with a C-type end is uk. 
The value of u probably is different from unity; see Table I. 
Appendix C gives the derivation for S for the limiting case 
when Y = 1. At 100% conversion under stoichiometric con- 
ditions 

0.15) - s = A J B ,  

which is independent of p and equal to the two-stage pro- 
cess when w = 1. Of course, as u departs from unity, devia- 
tions from eq 15 will occur. 

as a function of conversion a t  
low values of f i  and high values of A I  shown in Figure 1 is 
caused by coupling of hard block segment types 5-9 in 
Table I1 in the final steps of conversion. The total concen- 
tration of hard block segments is given by Zg(s)I, while the 

The nonlinear increase in 
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total concentration of internal segments is given by zO(s) 
(see eq A62 and A63). Division of Zg(s)' or XO(s) by the 
concentration of polymer molecules yields the total and in- 
ternal number of hard block segments per polymer mole- 
cule. For A I  = 6 molfl., only about 40% of the hard block 
segments are internal sequences a t  95% conversion, the re- 
maining 60% being terminal chains or isolated sequences. 
From 95 to  99% conversion, the per cent of internal se- 
quences raises from 4.0 to 80%. Of course, at 100% conver- 
sion, all hard block segments are internal. 

Conclusions 
The sequence length distribution for the hard block seg- 

ment in sequential block copolymers prepared by a two- 
stage process has been calculated from the derived kinetic 
expressions. Two cases are considered: one in which the di- 
isocyanate monomer has a reactivity different from that of 
a terminal isocyanate group in a polymer chain, the other 
in which the reactivities of the isocyanate groups in the mo- 
nomer differ because of steric reasons. Because there are no 
major differences in the results of the two cases, it  is not 
considered worthwhile to extend the treatment by combin- 
ing the two cases. A number of models of the hard blocks 
are considered wherein the method of counting the repeat 
unit is varied. All models considered lead to the same num- 
ber average sequence length at  100% reaction under stoi- 
chiometric conditions. Such a result can only occur if the 
distribution of repeat units in the hard block segment is of 
the most probable foi-m. The heterogeneity index of the 
hard block segments is less than 2 because only short se- 

d:: 

quence lengths are produced. Control of the sequence 
length and the molecular weight of the polymer can be af- 
fected by altering the proportions of diisocyanate, prepo- 
lymer, and extender and by the method of mixing the reac- 
tants. 
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ABSTRACT: The thermodynamic description of the large principal deformations of elastomers requires four ther- 
modynamic energy functions and their associated free energies. The significance of, and relationship between, these 
potential functions is discussed and their interrelations are derived. The internal energy contribution to the retrac- 
tive force or the extension in an elastomer is used as an example of the application of the concepts introduced. 

The  thermodynamic (more precisely thermostatic) de- 
scription of the deformation of a solid system is more com- 
plex than that of a fluid (gas or liquid) system. In the lat- 
ter, volume and pressure are the only mechanical parame- 
ters to  be taken into account. In the former, the set of me- 
chanical parameters must be enlarged, in the general case, 
to the 6 + 6 = 12 components of the strain and stress ten- 
s0rs.I This paper discusses the thermodynamic potential 
functions which are useful in describing the thermodynam- 
ics of large principal deformations of elastomers and the 
general relations between their differentials and those of 
various sets of independent variables. Because a n  elasto- 
mer may be regarded as a homogeneous isotropic solid, its 
deformation can be described more simply than that of a 
general solid. The potential functions for the thermody- 
namics of elastomers introduced here are defined in a way 
which makes them consistent with the definitions of the 
potential functions in the thermodynamics of fluids. The 
following discussion aims to  provide an exhaustive treat- 
ment of the formalism of the thermodynamics of elasto- 
mers. 

Potential Functions 

internal energy U as 

where dQ is the element of heat absorbed, and d W  is the el- 
ement of work done, by the system on its surroundings. If 
the process is conducted reversibly 

The first law of thermodynamics gives the change in the 

dC‘ = dQ - d W  (1) 

dQ = TdS (2 1 

where T i s  the (absolute) temperature and S is the entropy. 
Flory2 has shown that the element of elastic work, dW, 
done by a homogeneous isotropic system in a large princi- 
pal deformation is given by 

3 

i=l  
d W  = - V x f i d  In h i  (3 ) 

where V is the deformed volume, the t ,  are the principal 
true stresses, and the A, are the principal extension ratios 
defined as the ratios of the stretched lengths, L,, to the un- 
stretched lengths, L,o. 

Thus, the change in the internal energy is given by 

dU = TdS + V C t i d  In X i  
i 

and the change in the associated (Helmholtz) free energy, 
defined by 

A = LT - TS  (5)  

becomes 

dA = -SdT + V x t i d  In hi 
i 

The last terms in eq 4 and 6 contain both the work of ex- 
tension and the work of expansion. The two must be sepa- 
rated because changes in volume may be induced both by 
the application of forces or extensions and by changes in 
temperature. We consider that  the principal true stresses 
are 

ti = ( L i f i / V )  - P (7) 


