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ABSTRACT The molecular weight dependence of critical gel properties was determined for poly(c-capro- 
lactone) diol end-linked with a three-functional isocyanate. The critical gels exhibit the typical scaling 
behavior with a power law relaxation spectrum H(X) = Go/r(n)(t/Ap, X > b, where GO = G, was found to 
be the modulus of the fully cross-linked polymer and XO = vo/G, was found to depend on the viscosity of the 
difunctional prepolymer, 70. The relaxation exponent, n, decreases with increasing cross-linker concentration 
(increasing stoichiometric ratio, r = [NCOI/[OHl) and increasing molecular weight of the prepolymer. This 
suggests that the fractal dimension of the critical gel increases with increasing molecular weight and stoi- 
chiometric ratio. 

Introduction 
The mechanical properties of polymeric materials are 

highly dependent on molecular weight. The zero-shear 
viscosity (qo) of a large number of polymeric liquids was 
found to depend on the weight-average molecular weight 
(M,) as 

90 OC M," (1) 
with 1 I cy I 2.5 for M ,  I M ,  and a = 3.4 for M ,  1 M ,  
where M ,  is the entanglement molecular weight.172 The 
equilibrium modulus (G,) of a rubbery solid decreases with 
the molecular weight between cross-linking points, Me:3 

G, a 1/M, (2) 
Although these relationships are well understood for 
polymeric liquids and solids, little is known about the mo- 
lecular weight dependence of the mechanical properties 
of a cross-linking polymer which undergoes a transition 
from a liquid to a rubbery solid. The average molecular 
weight increases and the molecular weight distribution 
broadens with increasing extent of reaction, and both 
diverge at  the gel point. The molecular weight of end- 
linking polymers before cross-linking determines the 
strand lengths in the evolving network. It, therefore, is 
assumed that the molecular weight of the initial polymer 
components (M,) is an important parameter for the gel 
behavior. 

Recently, rheological experiments have revealed that 
the critical gel (CG), which is the ideal material exactly 
a t  the gel point (GP), exhibits a continuous power law 
relaxation time spectrum (CW ~ p e c t r u m ) ~ ? ~  

H(X) = HoX-n, A, < x < 03 (3) 
which results in a relaxation modulus 

G(t )  = [H (X)e - t /A  dX/X r St-", &, < t (4) 

Gel strength (S = HoI'(n)) and relaxation exponent (n) 
are the only material parameters which characterize the 
linear viscoelastic properties. X, indicates the shortest 
time of the power law behavior (lower cutoff) due to glass 
transition or entanglement effects. The same scaling 
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behavior is also apparent in dynamic mechanical exper- 
iments where the storage modulus (G') and the loss 
modulus (G") at  GP are 

G' =  tan 6 = sonr ( i -n )  COS 6, o < < 11% (5) 
The phase angle (6) between stress and strain is inde- 
pendent of frequency (0) but proportional to the relaxation 
exponent 

6 = n1r/2 (6) 
The initial experimental studies4+ for the determina- 

tion of S and n focused on a cross-linking poly(dimeth- 
ylsiloxane) (PDMS) system, and the effects of stoichi- 
ometry and dilution have been investigated in great detail. 
The value of n varied over about the entire range between 
0 and 1, depending on molecular composition and cross- 
linking conditions. 

Theories7-lo predict the power law behavior of CGs as 
well as the exponent (n) in conjunction with a fractal 
dimension which derives from the statistical self-similarity. 
Some theories actually suggest that the exponent (n) 
should be independent of molecular structure. 

The complicated dimensions of S, Pa s", suggest that 
it is composed of a material characteristic modulus and 
a time.4 Experiments can be modeled with a relation 
between S and n of the forms 

S = Go&," (7) 
where X, and Go are material-specific constants. I t  was 
found that Go and COX, were very close to the modulus of 
the fully cross-linked material and the zero-shear viscosity 
of the prepolymer, respectively. 

For this study, we selected an end-linking polyurethane 
system consisting of poly(€-caprolactone) diol (PCL) of 
various molecular weights and triisocyanate. PCL is 
usually synthesized by ring-opening polymerization of e- 
caprolactone. The molecular weight is controlled by 
adjusting the ratio of monomer to initiator. PCL is a 
technologically important material which is mainly used 
as a polyurethane resin in combination with other poly01 
components. The evolution of viscosity of PCL urethane 
networks during the cross-linking reaction has previously 

0 1992 American Chemical Society 



Macromolecules, Vol. 25, No. 9, 1992 

0 0 
II II 

OH-((CH 2) ,C-0); R- (0- C- (CHZ )I k OH (8) 

Critical Gel Properties of Polycaprolactone 2423 

(b) 

R: CHI -CH 2 

0 N=C=O 

(a) Poly (E-capmlactone) diol WL) 
(b) isoeynnurate of isophorone diiscyanate (poly-IFDI) 

Figure 1. (a) Poly(ecapro1actone) diol (PCL); (b) isocyanurate 
of isophorone diisocyanate (poly-IPDI). 

Table I 
Molecular Characterization of PCL 

PCL2 PCL4 PCL7 PCL9 PCL20 
M,, (titration) 2.0 X 103 3.8 X lo3 6.6 X lo3 9.2 X 103 1.9 X 104 
functionality 1.99 1.98 1.89 1.88 1.9 
MwIMn 2.18 2.16 2.12 2.10 2.08 

been studied in terms of the kinetics.11J2 The effects of 
cross-linking on mechanical properties and crystallization 
behavior of PCL are also of interest.13J4 

Here we investigate the effect of prepolymer molecular 
weight and stoichiometry on the characteristics of CGs, 
including the values of n, GO, and XO. 
Experimental Conditions 

Materials and Their Characterization. Five poly(t-capro- 
lactone) diols (PCLs) (commercial polymers of Daicel Chemical) 
were end-linked with a three-functional cross-linker, IPDI-T1890, 
supplied by Huels AG (poly-IPDI) (see Figure 1). The PCLs 
were dried at  100 "C for 14 h under vacuum before use to remove 
traces of low molecular weight derivatives as well as water. 
Because COOH is generated when water initiates the ring-opening 
polymerization of t-caprolactone and the ester bond of PCL is 
hydrolyzed, the end groups of the PCL should be OH and COOH. 
The two groups were quantitatively analyzed by titration, and 
number-average molecular weight and functionality were cal- 
culated based on these values. All PCLs in this study are poly- 
disperse, with Mw/M,, of approximately 2 as determined by GPC. 
These characteristics are summarized in Table I. 

The poly-IPDI is virtually an isocyanurate of isophorone di- 
isocyanate containing three free NCO groups per molecule (see 
Figure 1). The manufacturer's information specifies the NCO 
content in the compound as 17.5% by weight, although this value 
is calculated as 18.3% for the trimer. The poly-IPDI is a solid 
with a melting point of 110 "C. It was used without further 
purification. 

Stoichiometrically balanced mixtures of PCL/poly-IPDI were 
prepared for each PCL. In addition, stoichiometrically imbal- 
anced mixtures were prepared for PCL7, which is the best 
candidate for studying stoichiometric effects because its critical 
gels show measurable dynamic moduli over a wide range of sto- 
ichiometric ratio. The stoichiometric ratio (r)  of the system is 
defined here as the initial molar ratio of isocyanate group to 
hydroxy group, [NCO]/[OH]. From Flory and Stockmayer's 
theory of gelationls and assuming that the functionalities of PCL 
and poly-IPDI are exactly equal to 2 and 3, respectively, this 
system is expected to form critical gels for stoichiometric ratios 
in the range 0.5 I r I 2. For covering this range, mixtures with 
r = 0.61, 0.80, 1.00, 1.12, 1.20, 1.41, and 1.76 were prepared. 

For calculation of composition, we used an NCO content in 
the poly-IPDI of 17.5 % by weight on the OH value of each PCL 
determined by the titration. A 60 wt % solution of the poly- 
IPDI in dried dichloromethane was added to the melted PCL 
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Figure 2. Zero-shear viscosities 70 of PCLs at  110 "C plotted 
against weight-average molecular weight M,. The 70 was 
measured as the complex dynamic viscosity with the frequency 
range between 0.1 and 10 rad/s. 

and stirred thoroughly at  80 "C for 5 min to get a homogeneous 
mixture. The mixture was then dried at 100 "C under vacuum 
for 10 min to remove the solvent, cooled to room temperature, 
and transferred into the rheometer. 

Rheological Experiments. Oscillatory shear measurements 
in a Rheometrics dynamic mechanical spectrometer used parallel 
plates at a maximum strain amplitude of 10 % . All samples were 
reacted isothermally at 110 "C under a dried air atmosphere. 
This temperature is high enough above the melting point of PCL 
and, judging from the transparency of the samples, neither phase 
separation between the two components nor crystallization of 
the cross-linker occurred. The evolution of the dynamic modulus 
during cross-linking was measured over a span of two decades of 
frequency by consecutive frequency scans. Each scan took less 
than 2 min. Interpolation of the mechanical properties was used 
to determine the state a t  which tan 6 is constant over the entire 
frequency range. 

DSC Measurements. DSC experiments were performed 
under a helium atmosphere in a Perkin-Elmer DSC-2C with a 
heating rate of 20 K/min from 150 to 280 K. The glass transition 
temperature (T,) reported here is a midpoint of the secondary 
transition in the DSC trace. 

Prepolymer Properties. The complex dynamic viscosity (7*) 
of all the prepolymers a t  110 "C was independent of frequency 
between 0.1 and 10 rad/s; i.e., all PCLs behaved as Newtonian 
fluids and 7* may be denoted by the zero-shear viscosity, 70. In 
Figure 2, these values are plotted against the weight-average 
molecular weight. The viscosities of the PCLs with small mo- 
lecular weights (PCL2, PCL4, and PCL7) appear on a straight 
line with a slope of 2.15. The others (PCL9 and PCL 20) are 
above this line and seem to be on a line with a slope of 3.4. The 
molecular weight corresponding to the intersection of the two 
lines, which implies the entanglement molecular weight ( M J ,  is 
slightly larger than the molecular weight of PCL7. The lowest 
value of Tg was found in PCL2. However, the T, of each pre- 
polymer was in a very narrow range between 206 and 209 K. 

Results on Stoichiometrically Balanced Systems 
Properties on Fully Cross-Linked Samples (r = 1). 

Fully cross-linked samples provide useful information 
which helps to understand the  CG properties. Stable 
samples with balanced stoichiometry were prepared from 
the same mixtures as were used for the  determination of 
GP by curing in the rheometer at 130 OC. After 14 h of 
curing we confirmed that the  dynamic moduli did not  
change anymore and that the  cross-linking reaction was 
brought to the highest possible conversion @ - 1). Then 
mechanical dynamic experiments were performed at 110 
OC and at frequencies between 0.1 and 100 rad/s. T h e  
modulus (G*) of all fully cross-linked PCL samples, except 
for PCLBO, was almost independent of frequency as shown 
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balanced systems were prepared through the same pro- 
cedure as before, and dynamic experiments were performed 
at  the same temperature and frequencies. The modulus 
(G*) of the fully cross-linked samples was almost inde- 
pendent of frequency as shown in Figure 7. The only real 
exception is the sample with r = 0.61. 

The values of G* at  w = 0.1 rad/s are assumed to be 
equal to Gem In Figure 8, they are plotted against r. The 
maximum value of G* should be theoretically observed in 
the stoichiometrically balanced system, which has no loose 
strands left in the network structure. In a real end-linking 
system, however, the cross-linking reaction cannot com- 
plete perfectly due to the poor mobility of partially reacted 
cross-linkers a t  the late stage of the reaction. We should 
expect the largest values of G* at  r slightly larger than 1. 
The maximum was observed a t  r = 1.12. A computer 
simulation of end-linking systems16 supports the trend 
that cross-linker-deficient mixtures produce less effective 
elastic networks than those using excess cross-linker. The 
samples’ G* values were distributed over more than one 
decade, from 9.47 X lo4 (r = 0.61) to 1.50 X 106 ( r  = 1.12). 

Although the Tis of these materials have not been 
determined, the increase of Tg induced by cross-linking is 
expected to be less than that of the stoichiometrically 
balanced system due to the imperfection of network 
structure. 

Critical Gels (r # 1). Again, tan 6 decreases with 
reaction time as exemplified in Figure 9 for the system 
with r = 1.76. The GP occurred a t  about 107 min (t,) after 
the measurement had started. For other stoichiometri- 
cally imbalanced systems, similar results were obtained 
and GPs could be clearly determined. The power law 
behavior in the dynamic moduli is demonstrated in Figure 
10. S and n are summarized in Table IV. The relaxation 
exponent was in the range 0.34 I n I 0.67; Le., it covered 
the middle part of the possible range. 

In Figure 11 the relaxation exponent and the gel strength 
are plotted against the stoichiometric ratio, r. The 
exponent monotonically decreases with increase of r while 
S increases with increase of r. 
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Figure 3. Complex dynamic moduli G* of the fully cross-linked 
materials of PcL2 (O) ,  PcL4 (+), PCL7 (0), PCLlO (A), and 
PCL20 (X)  measured at 110 O C  with shear strain of 1 % plotted 
against frequency w. As the dynamic loss moduli G” were more 
than 1 order less than the dynamic storage moduli G’, C’ were 
almost equal to G*. 

in Figure 3. Its value was assumed to be equal to the 
equilibrium modulus (G,). G* for PCLBO depends on 
frequency and G, could not be determined conclusively. 
However, its value must be very close to G* a t  low 
frequencies. Here we adopted the value of G* measured 
at  w = 0.1 rad/s as G, for further calculations. As eq 2 
suggests, G, decreased with increasing molecular weight 
of the PCL which determines the molecular weight between 
cross-linking points, Me. 

The molecular weight dependence of Tg for the fully 
cross-linked samples was somewhat larger than in the pre- 
polymer (see Table 11). Even then, the difference between 
Tg of PCL2 and PCL20 was still only 8 K. Vitrification 
had no influence on the following experiments. 

Critical Gels (r = 1). The tan 6 decreases with reaction 
time as shown in Figure 4 for PCL7 with the frequency 
as a parameter. We do not know the extent of reaction 
@(t)) and simply plot the measured tan 6 ( w )  as a function 
of time distance from the gel point, (t - tc). The GP, 
which is easily detected by its self-similarity (6 = constant 
over the terminal frequency range), occurred for PCL7 at  
about 49 min (tc) after the measurement had started. This 
time is experimentally important even if it cannot be 
interpreted because the cross-linking reaction has already 
proceededduring the sample preparation. For other PCLs, 
similar results were obtained and GPs could be clearly 
determined. G’ and G” of each PCL at  GP exhibited a 
power law behavior over the entire observed frequency 
range (see Figure 5).  S and n according to eqs 5 and 6 are 
summarized in Table 111. 

The relaxation exponent was in the range 0.31 5 n I 
0.91; i.e., it covered almost the entire possible range (0 < 
n < 1). A low n value implies that the material is a mostly 
elastic body with the limit of G” = 0 at  n = 0 and vice 
versa. 

In Figure 6 the relaxation exponent and the gel strength 
are plotted against the number-average prepolymer mo- 
lecular weight, M,. The exponent decreases with increase 
of M, while S increases with increase of Mn. This result 
offers a remarkable contrast with the mechanical prop- 
erties of the fully cross-linked material in which Ge 
decreases with increase of M,. 
Results on Stoichiometrically Imbalanced 
Systems 

Properties of Fully Cross-Linked Materials (F # 
1). Fully cross-linked samples of stoichiometrically im- 

Discussion 
Magnitude of Molecular Weight Dependent S = 

Gobn. The upper and lower bounds of S are given by the 
dynamic modulus of the fully cross-linked material and 
the viscosity of the un-cross-linked material, respectively. 
The dimension of S coincides with that of the modulus 
and viscosity a t  the respective limits of n - 0 and n - 
1. As the viscosity an4 modulus depend on molecular 
weight, we would assume that S also depends on molec- 
ular weight. Among our test samples, PCL2 has the lowest 
viscosity before cross-linking and the highest modulus 
when cross-linked completely. Therefore for all samples, 
S must lie between - 10-1 Pas  and - 106Pa. The observed 
values of S are distributed in the range 5.1 X lo-’ (Pa 
5 S 5 4.7 X lo4 (Pa which covers almost all of the 
possible range. 

S and n are strongly coupled as shown in Figure 12. 
One could attempt a straight line through the data 
according to eq 7. A least-squares fit (not shown) would 
give Go = 9.77 X 106 Pa  and b = 3.09 X s for the 
parameters in eq 7, and G o b  is calculated as 3.02 X 10-1 
Pa s. As Scanlan et al.6 found in the PDMS system, GO 
and G o b  are of the same order of magnitude as the equi- 
librium modulus of the fully cross-linked materials (G,) 
and the zero-shear viscosity of the prepolymer (TO), 
respectively. With the new data we can explore this 
relation further. If we assume that Go and Gob perfectly 
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Table I1 
Properties of Prepolymers and Fully Cross-Linked Materials (r = 1) 

PCL2 PCL4 PCL7 PCL9 PCL20 

VO, Pa s 1.63 x 10-l 6.30 X 10-l 2.30 6.12 7.89 X 10' 
Tg, K (prepolymer) 206 209 208 209 209 
G,: Pa 1.19 x 106 1.03 X lo6 6.88 X lo5 4.95 x 105 4.03 X 105 
Tg, K (cross-linked material) 222 216 214 214 214 

a Measured as G* at 110 OC at w = 0.1 rad/s. 
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Figure 4. Evolution of tan 6 of PCL7 during isothermal cross- 
linking reaction at 110 OC with the frequency of 1 (v), 3.162 (X), 
10 (A), 31.62 (O), and 100 (+) rad/s. The maximum strain 
amplitude was 10%. 
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Figure 5. Dynamic storage G' (0) and loss G" (+) moduli for 
PCLZO (-). PCLlO (- - -). PCL7 (---I, PCL4 (- - -). and PCLP 
(- -) at the gel point plotted against frequencyw. The temper- 
ature was 110 OC and the maximum strain amplitude was 10%. 

Table I11 
Relaxation Exponent n and Gel Strength S of PCL Critical 

Gels 
PCL2 PCL4 PCL7 PCL9 PCL20 

n 0.91 0.83 0.61 0.38 0.31 
S, Pa an 5.1 X 10-l 1.5 X 10' 3.6 X lo2 9.5 X 103 4.7 X lo4 

coincide with Ge and 70, then S and n should be located 
on lines represented as 

S = Ge(o,,/Ge)" (8) 
where the two parameters are functions of molecular 
weight. In fact, we might be able to describe the molec- 
ular weight dependence of S through the well-known mo- 
lecular weight dependence of Ge and o ~ ;  see eqs l and 2. 
For each of the samples, G, and TO have been determined 
initially (Table 11), and n is known from G' and G" 
measurements of the critical gel. 

Figure 12 shows a comparison of the experimental S 
values (squares) with the corresponding calculated values 
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Figure 6. Relaxation exponent n (0) and gel strength S (+) 
plotted against the number-average prepolymer molecular weight 
M,. 
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Figure 7. Complex dynamic moduli G* of the fully cross-linked 
materials of PCL7/poly-IPDI measured at 110 OC with shear 
strain of 1 % plotted against frequency w. 

(crosses on dashed lines according to eq 8). There are 
only small discrepancies between calculated and exper- 
imental values, and the shapes of the curves are very 
similar. This observation may suggest that GO and AO are 
functions of prepolymer molecular weight and that their 
values are close to Ge and oo/Ge. A particular value of n 
is observed for each of the gels depending on its prepoly- 
mer molecular weight, as long as r = 1. 

Stoichiometry Dependence of S. The values of S 
and n change vastly with composition, even for constant 
molecular weight of the prepolymer. PCL7 is used as an 
example and, according to the preceding discussion, its S 
is expected to be in the range between - 1 Pa s and 106 
Pa. The observed values of S are distributed in the range 
8.8 X lo1 (Pa sO.6') I S I 1.9 X lo4 (Pa so.%). 

The equilibrium modulus (Ge) is one of the parameters 
in the model (eq 8). This equilibrium modulus strongly 
depends on stoichiometry. It has a maximum a t  about r 
N 1 and vanishes as r approaches its upper and lower 
critical stoichiometric ratio, r - 2 and r - 0.5. For a first 
attempt a t  describing the data, we choose the maximum 
value G,,,, found at  r = 1.12, as a reference value. 
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and squares are the data points. Discrepancies between 
the experimental values and the calculated values increase 
with decreasing r (i.e., increasing n). These discrepancies 
would further increase if, instead of G,,,, the stoichi- 
ometry-dependent values of Ge were used for the calcu- 
lation. Although a stoichiometrically imbalanced mixture 
forms an imperfect network chemically, it still has 
potentiality to gain G,,,, if remaining loose ends could 
be connected into the network. Therefore, Ge," is 
considered to be the determining material constant, which, 
however, depends on precursor molecular weight. 

At  the beginning of the cross-linking reaction, unre- 
acted cross-linker acts as a diluent and decreases the 
viscosity of the mixture. Using the viscosity of the mixture 
(instead of that of the prepolymer) would decrease the 
calculated values of S. The magnitude of this effect 
depends on n and concentration of cross-linker, which 
depend on stoichiometric ratio as well as prepolymer mo- 
lecular weight. In some cases, slightly better agreement 
could be obtained by considering this effect. The presence 
of cross-linker in the fully cross-linked samples should 
also affect Ge, depending on concentration and size of the 
cross-linker molecule. So far, however, we could not obtain 
sufficient data to discuss these effects. 

Molecular Weight and  Stoichiometry Effect on the 
Relaxation Exponent. Effects of prepolymer molecular 
weight and stoichiometric ratio on viscoelasticity of critical 
gels have been reported for several systems. Scanlan et 
aL6 explored a PDMS system at  two different prepolymer 
molecular weights of 1 X lo4 and 4 X lo4. Its entanglement 
molecular weight of 24 50017 is between the two. As the 
main object of the study was to investigate the effect of 
stoichiometry and dilution, only two data points are 
available to see the effect of molecular weight on n and 
S with the same stoichiometry and dilution. However, we 
recognize the same tendency, namely that n decreases and 
S increases with increase of molecular weight as observed 
in the PCL system. For example, in the case of the 
materials with balanced stoichiometry and no diluent, n 
was determined as about 0.5 and 0.2 and S was -103 (Pa 

and -lo4 (Pa so.2) for the short and the long pre- 
polymer molecules, respectively. As regards the stoichi- 
ometric ratio effect, the relaxation exponent of the short 
molecule decreased from about 2/3 to 0.5 with cross-linker 
concentration increasing tor  = 1 and then it became almost 
independent of r. This observation seemed to be the same 
for the two molecular weights. For the long molecule, n 
decreased from about 0.4 to 0.2 at  r I 1 and adopted a 
constant value of about 0.2 at  r > 1. 

Chambon et al.ls cross-linked a polyurethane system 
consisting of monodisperse poly(propy1ene oxide) (PPO) 
with a molecular weight range of 500-2000 and reported 
that n did not depend on M,. At balanced stoichiometry, 
the relaxation exponent was consistently a t  about 0.5 and 
S increases with decreasing M,. They also observed a 
significant increase of Tg induced by cross-linking, de- 
pending on the molecular weight. It, therefore, is con- 
ceivable that the molecular weight effect on S and n is 
somewhat masked by the closeness to Tg, which also 
depends on prepolymer molecular weight. In comparison, 
the increase of Tg of PCL due to cross-linking is very small 
even a t  high conversion of the cross-linking reaction as 
shown in Table 11. Vitrification has only negligible effects 
on PCL rheology at  the experimental temperature of 110 
OC. Therefore as far as the molecular weight dependence 
of S and n is concerned, these two results cannot be directly 
compared. Investigations of the stoichiometry effect19 by 
using a PPO with molecular weight of 965 agreed well 
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Figure 8. Complex dynamic moduli G* of the fully cross-linked 
materials of PCL'l/poly-IPDI measured at 110 "C with shear 
rate of 1 rad/s plotted against stoichiometric ratio r. 
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Figure 9. Evolution of tan 6 of PCL'l/poly-IPDI with r = 1.76 
during isothermal cross-linking reaction at 110 O C  with the 
frequency of 1 (v), 3.162 (X), 10 (A), 31.62 (O) ,  and 100 (+) rad/s. 
The maximum strain amplitude was 10%. 
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The second parameter is the zero-shear viscosity (70) of 
the prepolymer. Here we used the viscosity of the pre- 
polymer, partially because we could not determine the 
initial viscosities of the already reacting PCL/poly-IPDI 
mixtures. This most simple choice of parameters, when 
used in eq 8, already gives a close representation of the 
data. The dashed line in Figure 13 represents the model 
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Table IV 
Relaxation ExDonent n and Gel Strength S of PCL7 Critical Gels 

~~~ ~ 

r 
0.61 0.80 1.00 1.12 1.20 1.41 1.76 

0.59 0.57 0.52 0.34 n 0.67 0.64 0.61 
S, Pa an 8.8 x 10' 2.2 x 102 3.6 X lo2 

0.8 3 +o 

0 * 7 ! 0  0.6 

0 * 4 j +  0.3 + 5 
Tp j102" 

I10 
0.5 1 .o 1.5 2.0 

r 

Figure 11. Relaxation exponent n (0) and gel strength S (+) 
plotted against stoichiometric ratio r. 
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n 

Figure 12. Experimental values (0) and calculated values (+) 
of the gel strength S plotted against the relaxation exponent n. 
Each dashed line connected equilibrium modulus G, and zero- 
shear viscosity 90 of each PCL. 
with those on the short PDMS molecule, although the 
functionalities of cross-linker were different (4 for PDMS 
and 3 for PPO). 

Critical gels from low-M, precursors have been reported 
to have high relaxation exponents. Examples are epoxidesg 
and polyesters20in bulk condensation. This same behavior 
seems to be prevailing with the PCL of low molecular 
weight. 

The n value obtained for PCL20 (above the entangle- 
ment molecular weight) is relatively small as found in the 
long molecule of PDMS. Such small n values were also 
found in physical cross-linking systems including radiation- 
cured polyethylene21 and crystallizing polypropylene.22 In 
these systems, the molecular weight between physical 
cross-linking points is believed to be longer than the 
entanglement molecular weight. 

As long as prepolymer molecular weights were below 
M,, n was mostly reported to be 0.5 in balanced stoichi- 
ometry systems. In this case, however, 0.5 is not a universal 
value but would be expected only for the prepolymer with 
molecular weight of -8 X lo3 (r = 1) or r - 1.2 (Mn = 
6600). 

found that n has a value close to 2/3 for 
a polyurethane system in which the cross-linker concen- 
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Figure 13. Experimental values (0) and calculated values (+) 
of the gel strength S plotted against the relaxation exponent n. 
A dashed line connected equilibrium modulus G, of the fully 
cross-linked material of PCL7/poly-IPDI with r = 1.12 and zero- 
shear viscosity 90 of PCL7. 

tration was sufficiently offset to achieve a critical gel a t  
complete conversion. Recently, Muller et al.23 reported 
that the two values (0.5 and 2/3) could be observed in a 
poly(ethy1ene oxide) system diluted by dioxane, depending 
on stoichiometry. Our observation also suggests that n 
becomes close to 2/3 with r approaching the lower critical 
limit. In the region of excess amounts of cross-linker, it 
may become independent of r as observed in the PDMS 
and PPO systems. Such a lower limiting value of n has 
not been found for the PCL system. 

Experimental results seem to suggest that there is no 
universalvalue of n, while some theories predict a singular 
n value for all critical gels. Theories relate the dynamic 
exponent n with information about the molecular structure 
a t  GP. The structure may be represented by a fractal 
dimension df, which is defined by Rdf - M, where R is the 
radius of gyration and M the mass of a molecular cluster. 
An experimental value of n = 2/3 coincides with a theoretical 
prediction8yg represented as 

(9) 
where d = 3 is the space dimension and the fractal 
dimension df is determined to be 2.5 based on the 
percolation theorye2* In its derivation, it was assumed 
that Rouse modes dominate the dynamic behavior of each 
cluster in CG. The value Of  2/3 may be observed for a low 
cross-linker concentration system of PCL7 or a stoichi- 
ometrically balanced system with prepolymer molecular 
weight of about 5 X lo3, but 2/3 is not a universal value for 
all PCLS. 

All the CGs from stoichiometrically balanced mixtures 
should have similar network structures. Their main 
differences originate from variations in the strand length 
between cross-linking points. Increasing strand length 
might enhance the excluded volume effect. To account 
for this, Muthukumarlo suggested that the fractal dimen- 
sion, if the excluded volume effect is fully screened, 
becomes 

(10) 

n = d/(d, + 2) 

a, = 2df/(d + 2 - 2df) 
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imental representation of the molecular weight dependent 
S values is based on the molecular weight dependence of 
the initial viscosity (SO) and of the final modulus (G,) of 
the fully cross-linked polymers: S = G,(qo/G,)". The mo- 
lecular weight dependence then enters through qo and G,. 
This equation is valid for a wide range of stoichiometric 
ratios. 

The relaxation exponent of PCL critical gels decreases 
with increasing molecular weight and stoichiometric ratio. 
The theories cannot predict the experimental values of n 
but suggest that the fractal dimension increases with 
increasing molecular weight and stoichiometric ratio. 
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In this case, eq 9 should be written as 

n = d(d + 2 - 2df)/2(d + 2 - df) 
The lower limit is given by n = 0 (resulting in df = 2.5 with 
d = 3) and the upper limit is prescribed by the maximum 
fractal dimension df = 3 (resulting in n = 2/3). Therefore, 
n is allowed a range of values 0 I n I 2/3, depending on 
the extent of screening. Since eqs 9 and 11 are based on 
the Rouse model, they might not be applicable to the 
system in which there are entanglements. However, only 
the values obtained for the CGs of PCL2 and PCLI, which 
supposedly are free of entanglement, are outside of the 
expected range. 

A difference of reactivity of the functional groups of 
cross-linker molecules might also affect the fractal di- 
mension. It was pointed out that, if two of the functional 
groups of the cross-linker have higher reactivity than the 
rest, chain extension reaction dominates a t  the initial stage 
of the cross-linking reaction, so that in the vicinity of GP 
the growth of the network structure becomes similar to 
"vulcanization".25 This may change the fractal dimension 
of CG from the value predicted for the percolation theory 
to the value of the branching t h e ~ r y . ~ ~ ? ~ '  Although we 
may not have to consider this phenomenon as long as each 
mixture follows the same chemistry, the stoichiometry 
effects might be explained by this transition from cross- 
linking to vulcanization. Let us consider the case of the 
lowest concentration of cross-linker that can give CG (r 
= 0.5 in this case). When the cross-linking reaction stops 
exactly a t  GP, due to the deficiency of the cross-linker, all 
functional groups of the cross-linker have reacted while 
there remain significant amounts of unreacted end groups 
of polymer chains. Consequently, this particular CG 
consists of only three functional cross-linking points. With 
increasing concentration of the cross-linker, the CG 
contains a larger and larger fraction of partially reacted 
cross-linker and unreacted cross-linker. Cross-linker 
molecules of which two groups have reacted act just as 
chain extenders in CG, and the degree of chain extension 
structure, which depends on the stoichiometry, should 
affect the fractal dimension as discussed before. 

Although real systems involve these factors which affect 
the fractal dimension, the above equations suggest that 
the relaxation exponent increases with decrease of the 
fractal dimension. Our observation, therefore, can be 
qualitatively elucidated: As the prepolymer molecular 
weight or the stoichiometric ratio is decreased, the 
structure becomes more open and df is lower, leading to 
an increase in n and decrease in S. 
Conclusions 

The relaxation of poly(t-caprolactone) critical gels 
follows a power law in time (CW spectrum). The critical 
gel rheological properties, n and S, strongly depend on the 
molecular weight and the stoichiometric ratio, assuming 
values over the entire possible ranges. Limits are pre- 
scribed by 70 and G, of the polymer system. An exper- 
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