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ABSTRACT The formation of linear polyesters by the anhydride-curing reaction of phenyl glycidyl ether 
initiated by 1-methylimidazole was studied kinetically, and the conformational properties were determined 
by static and dynamic light scattering and capillary viscometry. The reaction was found to follow a chain 
reaction mechanism, and the degree of polymerization (DP,) obeyed the relationship DP, = a[&] /[Io], 
where [&I and [b] are the initial molar concentrations of monomer and initiator and a is the extent of 
reaction of the epoxy groups. Deviations from firsborder kinetics were found and are mathematically described 
by initiation rate constants ki, which are 10-50 times smaller than the propagation rate kz. This effect is also 
responsible for the observed polydispersities, which are larger than for a simple Poisson process. The mo- 
lecular weight dependences of the hydrodynamic radius Rh, the intrinsic viscosity [ q ] ,  and the second virial 
coefficient A2 obey the scaling laws. Dimethylformamide (DMF) was chosen as solvent and found to be a 
typical marginal solvent. The unperturbed dimensions were determined from the Burchard-Stockmayer- 
Fixman and Cowie-Bywater plots for [q]  and D,, respectively, and consistent results were obtained with the 
experimentally determined values of + = 2.58 X 1029 mol-' and Po = 6.05. A characteristic ratio of C, = 6.13 
and a Kuhn segment length of 1~ = 26.4 x 10" cm were found for this polyester. 

1. Introduction 

contain one or several epoxy groups 
Epoxy resins are oligomeric chemical compounds that 

per molecule. This group has remarkable reactivity toward 
a number of different compounds such as amines, phe- 
nols, acids, and acid anhydrides.' The latter are commonly 
called curing agents since reactions with diepoxies or triep- 
oxies lead to efficiently cross-linked materials with ex- 
cellent physical properties. The curing process is con- 
nected with relatively small volume shrinkageq2 Fur- 
thermore, it is a simple addition reaction, and no low mo- 
lecular weight compounds are released as, for instance, in 
a polycondensation process. 

Curing reactions have been studied extensively in the 
past by many  investigator^.^ In most of these studies, 
mainly the kinetics and the mechanism of cross-linking 
have been the subject of interest. Also, only in rare cases 
has the molecular structure been i n ~ e s t i g a t e d . ~ ~  The 
present paper deals with both aspects. 

Most curing reactions were common step reactions. In 
the case of acid anhydride curing, a different mechanism 
is effective. For the technical epoxy resins, which contain 
free hydroxyl groups, the curing reaction is started by the 
reaction of such a hydroxyl group with the anhydride, to 
generate a monoester with a free carboxylic acid group, 
and this, in turn, reacts with another anhydride:' 
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As a side reaction, ether formation by the reaction of OH 
groups with epoxy groups was found7 
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When pure, monomeric epoxides without OH groups and 
pure anhydrides are used, a reaction can only take place 
in the presence of an initiator, which can open either the 
epoxy ring or the anhydride.8 The initiation by tertiary 
amines was studied by Matejka et al.g They found that 
the tertiary amine formed a zwitterion with the epoxide, 
creating a hydroxylate, which can react with anhydride: 
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The tertiary amine seems to be irreversibly bound to the 
epoxide. This implies that the number of growing chains 
is determined by the number of initiator molecules. This 
mechanism represents an anionic living chain polymeri- 
zation with no termination reaction. For the structure 
formation of the branching system, no precise predictions 
have been made. It is one of the main purposes of this 
paper to check whether such a chain reaction is indeed 
effective. To this end, the other requirements of a living 
chain reaction have to be tested. These arelo as follows: 

(1) The degree of polymerization should be determined 
by the molar ratio [&I / [Io] of monomer to initiator, where 
[Ma] and [IO] are the initial molar concentrations of the 
monomer and initiator. 
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parameters determined here for the chain polymerization 
will be the subject of a forthcoming paper. 

2. Experimental Section 
Purification of the Starting Materials. PGE p.a. (Merck) 

was dried over CaHz and distilled twice at reduced pressure. PA 
(Merck) was recrystallized twice in toluene. To convert residual 
amounts of phthalic acid in phthalic acid anhydride, PA was 
dissolved in a 5 % thionyl chloride/dioxane solution and refluxed 
for 2 h. After addition of cyclohexane, the precipitate was 
collected and recrystallized twice from toluene. 1-MI (Merck) 
was purified by distillation at reduced pressure. 

Synthesis of the Resins. Copolymerization of PGE and PA 
was carried out in bulk in argon atmosphere at 80-120 'C. A 
well-stirred mixture of PGE and PA ( l . O / l . l )  was heated to the 
desired temperature before the addition of the initiator 1-MI. 
The initiator was added in pure form or dissolved in absolute 
toluene. This mixture was heated for 14 h. One hour after 
initiation, stirring was no longer possible, due to the increased 
viscosity of the reaction mixture. The resins obtained were clear 
and sometimes yellowish. These were precipitated four times in 
dichloroethane/ether or acetone/methanol and finally dried in 
vacuo at 40 'C. 

Extent of Reaction. The content of epoxy groups in the 
epoxy resin was determined by direct potentiometric titration 
using a Titroprocessor E636 with a Dosimat E635 from Metrohm. 
The samples were dissolved in acetone to form a 1-5% solution, 
mixed with a tetraethylammonium bromide solution, and titrated 
with 0.1 N perchloric acid in acetic acid. 

Refractive Index Increment. The refractive index incre- 
ments were measured in DMF at 20 "C with a Brice Phoenix 
differential refractometer. 

Light Scattering. Static and dynamic light scattering (LS) 
were measured simultaneously in DMF at 20 O C  with an automatic 
goniometer and a ALV-3000 structurator/correlator from ALV- 
Langen, Germany. The blue line (& = 496.5 nm) of a Model 
2000 argon-ion laser by Spectra Physics was used as the light 
source. The correlator was coupled to a Victor-Sirius PC where 
the data were treated on-line with the program ODIL written by 
Eisele.'B Details on the instrument and data evaluation are given 
in ref 17. The solution for LS measurements is made dust-free 
by filtration through Milles-HV (0.45-rm) filters and subse- 
quently by floating the cells*8 in a swinging bucket rotor of a L5 
50b Beckman ultracentrifuge at 10 000 rpm for l/2-5 h. Because 
of the low molecular weight of the resins, no angular dependence 
was detectable. Therefore, it was sufficient to measure at 
scattering angles from 30 to 150' in steps of 30'. 

Viscometry. The viscosity of the dilute solution was measured 
in DMF at 20 "C in an automatic Ubbelohde viscometer by Schott, 
Mainz, FRG, and the intrinsic viscosity was determined from 
the concentration dependence as usual. 

Size Exclusion Chromatography. SEC measurements were 
made on a HP 1090 equipped with an RI detector. Three columns 
(7 x 300 mm) filled with Ultrastyragel of pore sizes 1000,500, 
and 100 A were connected in series and calibrated by polystyrene 
standards. Tetrahydrofuran (THF) was used as solvent. 

3. Kinetics and  Mechanism of the Reaction 
3.1. Molecular Weights. To prove the postulated 

chain reaction, seven samples have been synthesized to 
full conversion using different ratios of [Io]/[Mo]. The 
results are listed in Table I and presented in Figure 2. The 
line drawn represents the theoretical prediction for a chain 
reaction that islOJ1 

Mn = Mmon[Mol/ [I01 (2) 
under the assumption of instantaneous initiation. In this 
equation, is the molar mass of the repeating unit, 
and the quantities in square brackets denote the molar 
concentrations of the monomer and initiator, respectively. 

was chosen 
and samples were taken from the reaction vessel after 
certain time intervals and quenched. The extent of 

In a second series, a ratio of [IO]/ [Mol = 

1 
0 ' I  

1, 
Figure 1. Repeating unit in the PGE-PA polyester. The cor- 
responding bond lengths are a = 0.143 nm, b = 0.136 nm, c = 
0.1516 nm, d = 0.1395 nm, and e = 0.1541 nm. 

(2) The degree of polymerization (DP,) should increase 
linearly with the extent of epoxy consumption a. 

(3) The reaction should follow first-order kinetics. 
(4) Very narrow molecular weight distributions should 

result, which under ideal conditions should obey the Pois- 
son distribution. 

These four conditions can be checked, of course, only 
with linear chains, and for this reason, the monoepoxide 
phenyl glycidyl ether (PGE, 1) was chosen with phthalic 
acid anhydride (PA, 2) as the curing agent and l-meth- 
ylimidazole (1-MI, 3) as the initiator. 

1 3 
2 

Matejka et al. studied, prior to us, a similar curing 
reaction, Le., the copolymerization of phenyl glycidyl ether 
and hexahydrophthalic acid anhydride with benzyldi- 
methylamine as the initiator.12 This anhydride, however, 
undergoes side reactions that prevent the formation of 
high molecular weight polymers.* Further investigations 
showed that phthalic acid anhydride was a better comono- 
mer for this reaction. High molecular weight polymers 
were obtained especially with 1-methylimidazole as the 
initiator-lg Analysis of the polymers obtained showed a 
clean polyester structure. This means that side reactions, 
e.g., homopolymerization of the epoxide, leading to ether 
bonds, can be excluded for this reaction. Hence, we are 
dealing with a strictly alternating copolymerization and 
the PGE-PA compound can be considered as the repeating 
unit in the polyester. The chemical structure of this unit 
and the various bond lengths are shown in Figure 1. 

The structure of the branched polymers like the 
polyester resulting from the reaction of diepoxides with 
anhydrides is often sufficiently characterized by shrinking 
parameters," e.g., the parameter g, which is defined as 
the ratio16 

g = (S2)b/ (S2)1jn (1) 
of the mean square radii of gyration ( S2) of the branched 
(b) to the linear (lin) materials a t  the same molecular 
weight. Hence, a well-defined reference of linear chains 
is needed for a satisfactory characterization of the branched 
products. We applied static and dynamic light scattering 
and viscometry to linear chains resulting from the copo- 
lymerization of phenyl glycidyl ether with phthalic acid 
anhydride and determined the hydrodynamic radius Rh 
= k T / ( 6 1 d I r ) ,  the second virial coefficient Az, and the 
intrinsic viscosity [q] in dimethylformamide (DMF). The 
characterization of the branched products resulting from 
the reaction of diepoxides with anhydrides based on the 
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Figure 2. Change of molar masses as a function of the molar 
ratio of the initiator [b] to monomer [a] concentrations. Solid 
line: theoretical curve, (0) experimental values determined by 
light scattering, (0) experimental values determined by GPC. 

Table I 
Molecular Weights Measured by Static LS and by GPC as a 

Function of Molar Ratio of Initiator IO and Monomer MO 

Wbl/[Mol M&S) MJGPC) Mi/Mua 
0.1 180 0oO 
1.0 30 OOO 25 300 1.22 
2.0 9 600 7 800 1.31 
3.0 12 300 1.34 
4.3 4 300 1.62 
4.8 4 800 1.39 
7.0 3 700 1.36 

a Mw/M, denotes the polydispersity index. 

Table I1 
Molecular Weights Measured by Static LS and by GPC and 

the Corresponding Polydispersity Index as a Function of 
the Epoxy Extent of Reaction, a ([Io]/[Mo] = IO-*) 

CY Mw(LS) Mw(GPC) MwIMu 
0.366 10 OOO 8 300 1.86 
0.611 19 400 15 700 
0.813 25 OOO 21 OOO 1.25 
0.894 27 100 20 900 1.24 

reaction of epoxy was determined then by potentiometric 
titration according to 

(3) 
where [E] and [EO] are the epoxy concentrations at  the 
time of reaction t and at  the beginning of the reaction. Of 
each of these and the former samples, the molar masses 
were determined either by light scattering or size exclusion 
chromatography. The data are given in Table 11. It shows 
the expected linear increase of M ,  in the course of the 
monomer conversion. 

The data of both series can be combined into one graph 
if M ,  is plotted against a[Mo]/[Io], Figure 3. The straight 
line represents the theoretical prediction for Mn. 

The reaction mechanism predicts a very narrow Pois- 
son molecular weight distribution with polydispersities 
OflO 

a = ([E01 - [EI)/[E,l = 1 - [El/[E,l 

Mw/Mn = 1 + (MmOn/MJ = 1 + IIol/a[Mol (4) 
in an ideal system, where M ,  denotes the number-average 
molar mass. Values between 1.07 and 1.001 should be 
obtained. Much larger values were found, however (Tables 
I and 11). 

The experimental data confirm the suggested mecha- 
nism of a living chain reaction. They show, however, some 
scatter from the predicted values. These are probably 
due to the inevitable experimental errors. The synthesis 
is very sensitive to impurities of the starting materials, 
and the addition of definite, very low quantities of initiator 
is certainly also a source of error. Furthermore, full 

m 
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Figure 3. Plot of molar masses as a function of the extent of 
reaction a and the ratio of monomer to initiator. The meaning 
of the symbols (O,.) and of the solid line is as in Figure 2. (+) 
Data obtained by Matejka et al.12 

conversion (a = 1) was assumed in the series shown in 
Figure 2. As described below, a diffusion control occurs 
a t  the end of the reaction, and full conversion may be 
considered to be unlikely, which explains the observed 
lower masses. 
3.2. Kinetics. The idealized kinetic scheme is described 

by the following two steps 

k l  

*PGE* + PA - *PA* 

kz 
*PA* + PGE - *PGE* 

with the resulting kinetic equations 

d[PA]/dt = -k,[*PGE*][PA] ( 5 4  

d[PGE]/dt = -k,[-PA*][PGE] (5b) 

The time-determining step is the ring opening of the epoxy 
group, as the created alcoholate anion reacts virtually 
immediately.12 Under such conditions, one has 

k, >> k, (6) 
and the two kinetic equations may be contracted into one 

d[M]/dt = -k,[P*][M] (7) 
with 

[MI = [PGE-PA] 
and [P*] is the molar concentration of growing chains. 

Assuming no change of the number of chains in the 
course of the reaction, one has [P*] = [Io], and eq 7 can 
be easily integrated, which yields 

[MI / [ M,,] = e-k2[b1r (8) 
or after introducing the extent of monomer (epoxy) 
consumption as defined in eq 3 

(9) 
Thus, a plot of In (1 - a) against reaction time t should 
yield a straight line, with a slope that gives the rate constant 
122. Three experimental runs have been made under the 
following conditions: 

(A) The initiator was dissolved in toluene and was given 
in a concentration of [IO]/[&] = 2 x 10-2. 
(B) The same initiator concentration as in A was used 

but the initiator was added undissolved. 

1 - a I e-h[blt 



Macromolecules, Vol. 24, No. 17, 1991 Anhydride-Cured Epoxies 4741 

whereas it was added undissolved in B. Evidently the 
solvation of the initiator has some influence. If the rate 
of initiation is less than the rate of propagation, one has 

I + M- P*, 

P*l + M 4 P*z 

hi 

k2 

1 1 

---.- c 
0 2 L 6 8 1 0  

t l h  

Figure 4. Plot of In (1 - a) as a function of time (test for first- 
order kinetics). (A) [b]/[%] = 2 X 10-2, initiator was dissolved 
in toluene. (B) [b]/[&] = 2 X 10-2, initiator was undissolved. 
(C) [b]/[Mo] = 1 x 10-3, initiator was dissolved. 

B ‘ 1 - - - -0 - - - - - o- ---.- A 
*\ 

0 1 2 3 4 5 6 1 8  
b[ blt 

Figure 5. Same plot as in Figure 4 but now as a function of 
k&]t. The dotted line represents the case ki = kz. The curves 
are shifted to the right the larger the difference k2 - ki is. 

Table I11 
Change of the Number of Nonreacted Epoxy Groups (1 - a) 

with Time of Reaction’ 
(A) ks/ki = 27.0 (B) kp/ki 10.2 (C) kz/ki = 45.4 
t ,  h 1 - a  t ,  h 1 - a  t ,  h 1-a  

0.25 0.917 0.75 0.661 1.00 0.644 
0.75 0.855 1.50 0.369 2.00 0.389 
1.26 0.698 2.00 0.200 3.00 0.187 
1.75 0.636 2.50 0.143 5.00 0.106 
2.75 0.360 3.25 0.098 
3.75 0.225 4.25 0.070 
4.75 0.109 6.25 0.057 
6.75 0.053 9.00 0.053 
9.75 0.042 

a (A) The initiator waa dissolved in toluene; [ b] / [ &] = 2 X 10-2. 
(B) The initiator was undissolved; [IO]/[&] = 2 X 10-2. (C) The 
initiator waa diseolved in toluene; [IO]/ [ I&] = W. kit rate constant 
of initiation. kz: rate constant of propagation. 

(C) The same procedure as in B was applied but with 
a lower concentration ratio of [b]/[Mo] = 

The results are shown in Figure 4. Only in an inter- 
mediate range of conversion is the expected linear decay 
observed, from which the apparent first-order kinetic rate 
constants kz were taken. The data are listed in Table 111. 
The results of these three series of kinetic experiments 
can be represented in a more universal graph, if the data 
are plotted against the reduced time kz[b]t, which is shown 
in Figure 5. 

The observed behavior can be interpretated as follows. 
Beyond a conversion of about 85%, the curves level off, 
and the reaction finally completely ceases a t  a conversion 
between 90% and 98%. Such behavior is typical for the 
onset of a diffusion control that is caused by approaching 
the glass transition point, eventually having all reactions 
frozen in. This interpretation is supported by the fact 
that curve C presents the longest chain. The difference 
of curve A from curve B results from the fact that in run 
A the initiator was dissolved in toluene before injection, 

This implies that the concentration of growing chains is 
not constant right from the beginning but reaches its final 
value only after a certain time when all initiator molecules 
have reacted. 

Thus, instead of eq 7, a more complete kinetical scheme 
has to be considered 

d[M]/dt = -ki[I][M] - kz[P*][M] (11) 
Since the number of growing chains [P*] is just the number 
of already reacted initiator molecules, Le., [P*] = [IO] - 
[I], one has 

d[M]/dt = -k,[Io][M] + (kz-ki)[Il[Ml (12) 
and 

Integration yields 

and 

where the approximation was made that the monomer 
concentration did not change in the time interval of 
initiation. 

The experimental curves should not be satisfactorily 
described with the kinetic scheme when ki/ k2 was assumed 
to lie in between l/10 and l / W .  The solid lines in Figures 
4 and 5 correspond to this theory; the actual values are 
given in Table 111. Equation 15 makes it clear why curves 
A-C do not form one common line in the plot of Figure 
5. The dotted line represents the behavior when ki = kz.  

The more specified kinetic system of eq 10 describes 
the temporal development of each growing chain [P*j] 
and leads to a system of coupled differential equations. 
This set is easily solved for ki >> kz by the use of generating 
functions and gives the familiar Poisson disribution for 
the chain length. When ki C kz, the integration procedure 
becomes rather complex. Several approaches have been 
published previously.1s21 The results of our more com- 
prehensive calculations will be reported separately in a 
forthcoming paper (a limit of M,/M, I 1.4 was derived). 
However, even without an analytical solution, a qualitative 
consideration leads immediately to the conclusion that 
such “creeping” initiation must cause a rather broad size 
distribution in the beginning of the polymerization, which 
should become narrower in the course of time, eventually 
leading to the Poisson distribution. Inspection of Table 
I1 demonstrates this behavior experimentally. Only in 
two cases were higher values for M,/M, (>1.4) found by 
SEC measurement, and this may be caused by traces of 
monomer still present in the system. These results will 
be checked in a further study by measurements with SEC 
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coupled with a low-angle laser light scattering (LALLS) 
detector. 

Macromolecules, Vol. 24, No. 17, 1991 

4. Conformational Properties 

As already mentioned in the Introduction, the deter- 
mination of various conformational properties is consid- 
ered to be an important task in order to gain a reliable 
reference state for the properties of the highly branched 
clusters in the corresponding diepoxy curing (e.g., Bis- 
phenol A diglycidyl ether-phthalic acid anhydride 
(BADGE-PA)). Most elucidating is the determination of 
the shape of the particle scattering factor 

P,(q) = R,/R,=, (16) 
where 

q = (47r/X) sin 812 
with X = A o / ~  being the wavelength of the light in solution 
and no being the solvent refractive index. 8 is the 
scattering angle, and Re is the scattering intensity (Ray- 
leigh ratio) a t  this angle. Most of the obtained polyesters 
are too small as to show deviations from unity in the series 
expansion of PAq) 

P,(q) = 1 - 1/3(S2),q2 + ... (17) 
and the geometrically defined mean square radius of 
gyration (S2), could not be measured. 

The determination of the translational diffusion coef- 
ficient, D,, however, is not restricted. Applying the Stokes- 
Einstein relationship as a definition, one can obtain a 
hydrodynamically effective radius 

R h  = kT/6?rq@, (18) 
with 70 being the solvent viscosity. 

Furthermore, the second virial coefficient A2 and the 
intrinsic viscosity [ v ]  of the samples were measured in 
DMF by static LS and capillary viscometry. The results 
are plotted in Figures 6-8 against the molecular weight 
M, on a double-logarithmic scale. The M, dependences 
can be represented by 

R - 1 54 x 1 0 - 9 ~  0.53*0.01 - M " ,  cm (19) 

A, = 3.18 X 10-2Mw-0*38*0*06 - WA2, cm3 mol g-' (20) 

h'  * W 

The various exponents are inter-related (scaling laws22), 
and it is indeed easy to show that in the limit of sufficiently 
large molecular weights 

aA,  = 3 u  - 2 

a, = 31J - 1 

( 2 2 4  

(22b) 

one realizes that these scaling laws for flexible chains are 
very well satisfied with an average value of 

This result may be compared with that for the linear 
Bisphenol A diglycidyl ether-Bisphenol A (BADGE-BA) 
solution in diglymea#b 

u = 0.56 f 0.01 

Y = 0.53 f 0.01 PGE-PA in DMF 

M" 

Figure 6. Molar mass dependence of the hydrodynamic radii 
for (0) linear BADGE-BA polyethers in diglyme, (0) strongly 
branched BADGE/BA polyethers in diglyme, and ( e )  linear 
PGE-PA polyesters in DMF (this work). (BADGE = Bisphenol 
A diglycidyl ether, BA = Bisphenol A, PGE = phenyl glycidyl 
ether, PA = phthalic acid anhydride). R h  was determined from 
diffusion measurements using the Einstein-Stokes relationship. 

10- *1  1 

i I 

10-4 L 
10) l o L  i o 5  

Mw 

Figure 7. Molar mass dependence of the second virial coefficient 
for (0) linear BADGE-BA polyethers in diglyme and ( e )  linear 
PGE-PA polyesters in DMF. 

' 0 ° 7 1  

2 
103 l o 4  i o 5  1 o6 

MW 

Figure 8. Molar mass dependence of the intrinsic viscosity of 
(0) linear BADGE-BA polyethers in diglyme, (0) strongly 
branched BADGE-BA polyethers in diglyme, and (e) linear 
PGE-PA polyesters in DMF. 

and the branched series4dJja 
u = 0.61 f 0.01 

For comparison, the corresponding dependence of [ 71 is 
also plotted in Figure 8. Two points are immediately 
obtained. 

(i) The branched materials show different qualitative 
behavior from that of the linear chain; in particular, they 
no longer obey the scaling laws of eq 22. For this reason, 
these samples will not be discussed further in this paper. 

(ii) The anhydride-cured linear polyesters show a flatter 
increase in the dimensions and are, in the whole range of 
molecular weights, considerably smaller than those of the 
polyethers. The exponent Y = 0.53 is closer to that for a 
system under 6' conditions (A2 = 0, u = 0.5) than for a good 
solvent system (A2 > 0, u = 0.595). Thus, DMF is for the 
PGE-PA polyester a typical marginal solvent. The lower 
absolute values would indicate a higher flexibility of the 
polyester compared to that of the polyether; however, see 
the more detailed discussion below. 

This statement can be made more quantitative by 
applying the Burchard-Stockmayer-Fixman (BSF)23*24 
plot to the intrinsic viscosity measurementa and the Cowie- 
Bywater (CB)25 plot to the hydrodynamic radii (Figures 
9 and 10). These plots are based on the approximate 
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Table IV 
Bond Length I ,  Characteristic Ratio C,, and Kuhn Segment 
Length g for the PGE-PA Polyester, Polystyrene (PS), and 

the BADGE-BA Linear Polyether 

I 

I 
100 200 300 400 

0 061 

M :'2 

Figure 9. Burchard-StockmayerFixman plot of the intrinsic 
viscosity data for the PGCPA polyesters in DMF. 

I i 

MJ" 
0 100 200 300 400 

Figure 10. Cowie-Bywater plot of the hydrodynamic radii for 
the PGE-PA polyesters in DMF. 

equations24126 

[.1]/M'/2 = KO + BM'I2 (23) 
and 

In these equations, the constants KO and A are given as 

KO = A29, (25) 

A = (6R,,t/M)'/2 (26) 

and contain the unperturbed dimension R,,e. The two 
other parameters 90 and PO are defined through the 
hydrodynamic interaction in viscosity and diffusion, 
respectively 

a0 = 2.58 x 1 0 ~  mol-' (27) 

Po = 6.05 (28) 

Two comments have to be made here 
( i )  In the Fox-Flory relationship2' for the viscosity in 

a 8 solvent, the theoretically predicted value" is 90 = 2.84 
X 1029 mol-'. The value in eq 27, however, corresponds 
to the experimental result of Krigbaum and Carpenter.Bvm 

(ii) The PO parameter contains the ratio 1 /p  = &/RE. 
The value PO = 5.11'' was derived by using the Kirkwood- 
Riseman value for p = 1.504.90 Experimentally, however, 
p = 1.27 was found in a 8 system.31 Recently, this result 
has been confirmed in Monte Carlo simulations by Freire 
e t  alea2 (PO = 6.2 f 0.2). 

The plot in Figure 9 gives KO = 0.067 f 0.003 cm3 g-312 
moW2 and A = (6.38 * 0.29) X lo4 cm moW2 g-ll2, and 
that in Figure 10 gives APO/GT = (2.04 f 0.05) X lo4 cm 
m o W  g1/2 and A = (6.36 f 0.15) X 104 cm m o W  g-112 
in very good agreement to each other. 

A quantitative measure of the chain stiffness is either 
the characteristic ratio a t  large Mw33 

C, = 6R,:/nl2 (29) 
or the length of a Kuhn segment l ~ , ~  which is obtained 
from C, viaap36 

1, = IC, (30) 
Both of these relationships require the knowledge of the 

~~ ~~ ~ ~ ~~ 

1081, cm C, l081~, cm 
PGE-PA 4.3 6.13 26.4 
PS" 2.6 9.8 24.6 
B ADGE-BAS' 12.8 1.34 17.2 

virtual bond length 1 of a repeating unit (n = M,/Mo is 
the number of repeating units per chain, not to be mixed 
up with Nk, the number of Kuhn segment lengths 1~ per 
chain). The virtual bond length can be estimated from 
the bond lengths of the individual bonds as given in Figure 
1 and was found to  be 

1 = 4.31 x IO* cm (31) 
With the molecular weight of the repeating unit of MO = 
298.3 g mol-', we finally find C, and 1 ~ .  The values of the 
molecular parameters thus obtained are given in Table IV 
together with the results for polystyreneM (PS) and for 
the BADGE-BA linear p~lyether.~' These results appear 
to be confusing at  first sight and need detailed consid- 
eration. 

The characteristic ratio C, as introduced by F l o e  is 
a measure of the extent a real chain is expanded relative 
to the freely jointed chain as a result of fixed bond angles 
and hindered rotation of the monomeric units around their 
bonds. Another measure for chain rigidity is the Kuhn 
segment lengthM I K ,  which is a step length just as large as 
to guarantee random flight statistics. C, and 1~ are related 
to each other by eq 30. Often the Kuhn segment length 
is taken as a quantity that uniquely defines the stiffness 
of chains; e.g., the longer the Kuhn segment, the stiffer 
the chain. This view implies difficulties, because from 
the C, data we would conclude PS to be the stiffest chain 
followed by a rather flexible PGE-PA (similar to  poly- 
isoprene) and finally a nearly ideally flexible BADGE- 
BA chain. Choosing, on the other hand, 1~ as the basis, 
the order in rigidity would be PGE-PA > PS > BADGE- 
BA. 

In fact, 1~ is not a unique chain stiffness parameter but 
depends on the average bond length 1 of the monomeric 
unit. If 1~ is normalized with respect to this length, the 
characteristic ratio is obtained. Thus, C, certainly is the 
better parameter if chain stiffness is considered to arise 
from a hindered rotation. The contribution of the rodlike 
bond length is neglected here. 

If chain stiffness is estimated from the dimensions of 
the coil, then the length of the bond has to be taken into 
account. The chain with the larger intrinsic viscosity may 
be expected to be the stiffer chain. Such behavior is indeed 
often observed, but the conclusion is not in every case 
correct. This can be recognized from the Fox-Flory 
relationship 

[ql = (PR,S/M (32) 
which can be expressed in terms of C,, 1, and the molar 
mass MO of the monomeric unit 

[q] = (Cm12/6Mo)3/2M'/2 (33) 
Using the data for C, and 1 as given above and the molar 
masses of MO = 284 g mol-' for BADGE-BA and 298 g 
mol-' for PGE-PA, one finds for the intrinsic viscosities 
in the 8 state 

[ ~ l S ~ & B A  = 2.88[~lPG&pA (34) 
Although there is almost no rotational hindrance in the 
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BADGE-BA poly(hydroxy ether), the intrinsic viscosity 
and also the radii of gyration are predicted to be consid- 
erably larger than those for the PGE-PA polyester in spite 
of the considerably hindered rotation. The reason for this 
apparent contradiction arises from the much larger bond 
length in the poly(hydroxy ether) and contributes with its 
square, while C, has only a linear weight (see eq 33). 

Hence, if we speak of chain stiffness, we have to specify 
whether this quantity is based on C,, i.e., hinderedrotation, 
or on the overall dimensions. As long as the bond lengths 
of the different polymers do not differ too much, both 
estimates are in line, but with strongly differing bond 
lengths, the opposite behavior is concluded. 
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