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The spontaneous fracture of polymer gels was studied. Contrary to crystalline solids, 
where fracture usually happens instantaneously at a well-defined breaking strength, the 
fracture of a polymer gel can occur with a delay. When a constant force was applied, the 
cracks nucleated and started to propagate after adelay that can be as long as 15 minutes, 
depending on the force. This phenomenon can be understood by calculating the acti- 
vation energy for crack nucleation in arbitrary dimension and accounting for the inho- 
mogeneity of the gel network in terms of its fractal dimension. 

T h e  spontaneous failure of materials under 
stress is, despite its great importance for 
everyday life, still ill understood (1, 2). 
Usual fracture experiments either deter- 
mine a fracture threshold stress by increas- 
ing the stress until the material breaks or 
study fatigue, that is, fracture resulting from 
the application of a cyclic load (1, 2). In- 
stead of varying the stress in time, we stud- 
ied the spontaneous failure of gels subject to 
a constant Dermanent load. We show that 
the energy for the spontaneous nucleation 
of the initial fracture determines the life- 
time of the unbroken material. 

The polymer gels we used are visco- 
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Fig. 1. (A) Rheological determination of the stor- 
age modulus G' and the loss modulus G" as a 
function of frequency. (B) Determination of 
Young's modulus E from the slope of the force 

elastic materials that consist of a polymer 
network dispersed in water. We used three 
different physical gels, all consisting of 
cross-linked networks of agarose polymers 
of different length and cross-linking densi- 
ty. These gels are tough; rheological char- 
acterization shows that their elastic (stor- 
age) modulus is an order of magnitude larg- 
er than their viscous (loss) modulus (Fig. 
1A). Hence, the response of the material to 
an applied deformation is primarily elastic 
(3). 

We Dresent here three-~oint flexion ex- 
periments, in which the two ends of a rect- 
angular gel bar were supported and a known 
and controlled force F was applied at its 
center (Fig. 2). A linear relation between 
force and deformation was found (Fig. lB), 
without much plastic deformation on the 
time scale of the measurement. This linear 
relation permits the evaluation of the 

Young's modulus E of the gels (3); for all 
three gels, we found E = 50 kPa. Applying 
a constant force to the gel bar, we found 
that breaking does not occur instantaneous- 
ly but happens after a certain delay time. 
For a given force, the distribution of the 
time after which the gel breaks is a Poisson 
distribution (Fig. 3). This distribution dem- 
onstrates the random nature of the fracture 
process and allows one to define a mean 
breaking time tb. By changing the force, we 
found that tb is an extremely steep function 
of F. For example, changing the force from 
300 to 550 mN led to a change in tb of 
almost two orders of magnitude, from 15 
min to 20 s. 

If an energy barrier for nucleating a 
crack exists and the nucleation is ther- 
mally activated, tb should be inversely 
proportional to the nucleation probability 
P - exp(-EaC,/kBT), where E,, is the ac- 
tivation energy, kB is Boltzmann's constant, 
and T is the temperature. Although our 
experimental window was very limited be- 
cause of the steep dependence of tb on F, it 
appears that E,, shows a power-law depen- 
dence on F (Fig. 4A). 

It has previously been suggested by Grif- 
fith (4) that such an energy barrier might 
exist for the nucleation of a crack. The 
activation energy results from a competi- 
tion between the cost in fracture (surface) 
energy and the gain in elastic (volume) 
energy for the formation of the initial crack. 
In two dimensions, the energy cost E, de- 
pends linearly on the crack length L and is 
given by E, = rL, where r is the fracture 
energy. The elastic energy gain E, is qua- 

versus deformation curve in the three-point flexion Fig. 2. High-speed photography pictures of the crack propagation. The time between each image is 2 
experiment. ms. 
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Fig. 3. Distribution of t, for a large number of 
experiments at a constant force of 250 mN; the 
curve is a Poisson distribution. 

dratic in L according to E, -- u2L2/E, where 
u is the stress, which is proportional to the 
applied force. The activation energy then 
follows from extremalization of the total 
energy: E,,, -- T2E/u2. This equation shows 
that a power-law dependence of E,,, on u 
and hence on F can be expected, which has 
been used successfully to account for the 
fracture of two-dimensional crystals (5). 

An extension of the calculation to the 
three-dimensional case has been proposed 
by Pomeau (6). The basic assumption is 
that the extension of the initial (critical) 
crack in the third dimension is also of order 
L. The same calculation then leads imme- 
diatelv to the conclusion that a delaved 
fracture is' not observable in three di- 
mensions; extremalization leads to E,,, - r3EZ/u4. The lifetime depends exponen- 
tially on the activation energy, and thus the 
dependence on the force is simply too steep 
to be observed experimentally. This result 
agrees with everyday experience: A (brittle) 
solid body usually breaks instantaneously or 
does not break, depending on the force. 
Generalizing this same argument to arbi- 
trary dimensionality d of the system, we 
found E,,, - rdEd-1/u2d-2, implying that 
the power-law dependence of E,,, on F is 
determined by the dimension of the system. 
That the activation energy depends on di- 
mension is not surprising because it is de- 
termined bv the ratio of the number of 
bonds that Aeed to be broken to those that 
relax their elastic energy. 

The correct way of "counting" these 
numbers of bonds of the gels is to account 
for the inhomogeneity of the polymer net- 
work. The inhomogeneity of agarose gels 
was studied in much detail recently; it was 
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Fig. 4. (A to C) The acti- 
vation energy (expressed 
as the natural logarithm 
of the breaking time in 
seconds) as afunction of 
the applied force on a 
logarithm-logarithm scale. 
The straight lines are fits 
to a power-law depen- 
dence. Data are for gels 
1 (A), 2 (B), and 3 (C). (D 
to F) The light-scattering 
intensity I(q) (normalized 
to 1 at the smallest wave 
vector) as a function of 
the scattering wave vec- "2 
tor q. The straight lines 8 
are power-law fits that 2 
yield the fractal dimen- 1.5 - 
sion of the gels. The 
scales for the three gels 
are identical. Data are for 
gels 1 (D), 2 (E), and 3 
(F). 

found that the gel network can be well 
characterized as a fractal over the range of 
length scales covered by visible light scat- 
tering (7). Although the fractality obtained 
in this way only extends over roughly a 
decade in length scales, we still refer to the 
gels as being fractal (8). We determined 
their fractal dimension by static light scat- 
tering. For mass fractals, a power-law de- 
pendence of the wave vector-dependent 
scattered intensity I(q) is observed (9), and 
the absolute value of the power equals the 
fractal dimension df. For the different gels, 
we obtained fractal dimensions in the range 
of 1.2 to 1.8 (Fig. 4B), which shows that the 
gels probably form by an aggregation pro- 
cess that limits the range of fractal dimen- 
sions that one can obtain (9). 

Although the length scale probed by 
visible light is the relevant one for the 
fractal behavior (7), it is not evident that 
this scale is also the relevant one for the 
nucleation process. We therefore measured 
the fracture energy by studying the breaking 
strength of samples with a small notch at 
the point at which the crack normally 
starts. By determining the critical stress in- 

tensity factor (given by the stress at which 
the gel breaks) as a function of the length of 
the notch, the fracture energy can be deter- 
mined (1 0). We found r = 155 mN m-', 
twice the surface tension of water, which is 
a reasonable value because the samvle con- 
sists predominantly of water, showing also 
that there is an imvortant contribution to r 
from the polymer network. The critical 
crack length LC is the length at which the 
energy is extremal; from the above argu- 
ments, LC = 2(d - 1)TE/du2, again up to 
numerical factors of order one identical to 
the classical result (1, 2). Putting in values 
for E and r ,  we found LC to be typically on 
the order of 0.1 p.m, exactly the same 
length scale probed by the light-scattering 
experiments. 

The power-law exponent of E,,, versus F 
depends linearly on the df of the gels (Fig. 
5), in agreement with the scaling arguments 
given above. We thus observe a direct rela- 
tion between the (fractal) dimension of the 
system and the time at which the structure 
fails. 

An alternative explanation for the de- 
layed fracture could be that the materials 
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fractal dimension df 

Fig. 5. The absolute value of the measured expo- 
nent of actlvat~on energy versus force as a func- 
ton of the fractal d~menson of the gels The polnt 
at d, = 2 is the measurement of (5) for a two- 
dmensonal crystal The line s the prediction from .. 
the scaling arguments presented in the text. 

are v~sco-elast~c and thus have a n  inherent 
relaxation tlme. However, the three dlffer- 
ent  gels have practically the  same v~sco-  
elastic modul~,  In spite of the  observed large 
difference in  their fracture behavior. hiore- 
over, as 1s evident from Fig. l A ,  n o  visco- 
elastic relaxations were found for low fre- 
quencies. These low frequencies equal the  
inverse of the  measured ti.; the unportant 
visco-elastic relaxat~ons occur a t  much 
higher frequenc~es, higher by several orders 
of magn~tude. Third, the results for the 
two-d~mensional s~ngle  crystals also agree 
with the findings for the  gels. 

'4 fracture that propagates very slolvly 
and suddenly becomes unstable, a so-called 
creep fracture, n ~ u l d  be another explana- 
tion for our experimental results (1 1) .  A 
typical example is a small crack in a wind- 
shield; it does not propagate because the  
crack front is trapped o n  ilnpurities in the  
material. In  studylng the  fracture dynamics 
of the gel 1 ~ 1 t h  high-speed photography 
(Fig. 2 ) ,  we sometimes saw this l a t t~ce  trap- 
ping, but it never lasted longer than a frac- 
tion of a second. Thus, the  energy barriers 
involved In lattice trapplng are much small- 
er than the  barrier for the  nucleation of the  
~ni t ia l  crack, and it seems unlikely that this 
mechanisln applies. More generally, our re- 
sults cannot be understood by considering a 
distribution of preexisting flaws that grow 
and lead to the  failure of the  material, 
because in the  three-point flexion geoluetry 
of our experiment, the  initial crack always 
starts to propagate opposite to  where the  
force is applied. 

W e  have demonstrated and explained 
the existence of a delayed fracture in  a n  
inhomogeneous soft solid. These results 
should be relevant for the  food industry 
(1 2) ,  in which polymer gels are widely used. 
However, they could also have implications 
for the strength of a larger class of compos- 
ite materials such as two-phase or polycrys- 

talline materials, the  fracture properties of 
which have only been described phenome- 
nologically ( 2 ,  13) .  
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Thermographic Selection of Effective Catalysts 
from an Encoded Polymer-Bound Library 

Steven J. Taylor and James P. Morken* 

A general method is introduced for the rapid and simultaneous evaluation of each 
member of large encoded catalyst librariesforthe ability to catalyze a reaction in solution. 
The procedure was used to select active catalysts from a library of potential polymer- 
bound multifunctional catalysts. From -7000 beads screened (31 50 distinct catalysts), 
23 beads were selected for catalysis of an acylation reaction. Kinetic experiments 
indicate that the most strongly selected beads are also the most efficient catalysts. 

I n  the  d e v e l o ~ l n e n t  of new catalysts. 
many lteratlons of d e s ~ g n  and redeslgn are 
usually r equ~red  to  Increase catalyst actlv- 
~ t y .  Accord~ngly,  many research groups 
have begun to  use combinatorial chemis- 
try ( 1 )  and solid-phase synthesis ( 2 )  to  
rapidly produce large numbers of potential 
catalysts. Despite recent progress in  eval- 
uating the  thesmodynamlcs of equilibrium 
processes involving polymer-bound librar- 
les ( 3 ) ,  lnethods for assessing t h e  kinetics 
of reactions ~ n r ~ o l v ~ n g  polymer-bound re- 
agents have not  been available. T h ~ s  clr- " 

cumstance has prevented the  analysis of 
very large libraries (12' t o  lo6 members),  
because screenino for small-molecule cat- 

'2 

alysts requires an  indlr~idual assay for each 
member of a catalyst library. Here.  we 
report the  development of a general 5x1- 
gle-pot assay for large, encoded polymer 
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bead-bound catalyst libraries, which we 
used to  select active catalysts from -7202 
encoded catalyst beads (3150 d~f fe ren t  
catalysts) prepared through "split and 
pool" solid-phase synthesis. This  method 
is directly applicable to  libraries of larger 
s i ~ e .  

Most chemical reactions have a mea- 
surable heat  of reaction AH:, and thus 
temperature T has been used to  survey t h e  
progress of catalytic reactions (4) .  Because 
all catalysts i n  a parallel library assay are 
evaluated under the  same reaction condi- 
tions, the  most active catalyst will cause 
the  largest temperature change ( A T  
turnover frequency X AH:). Recent ad- 
17ances in t~vo-dimensional r ea l - t~me  infra- 
red ( IR)  thermography have made spatial 
resolution of temperature possible through 
lneasurelnent of blackbody radiation. 
Therefore, IR thermography may be used 
to  simultaneously compare the  rate of 
each reaction, in  a n  array of reactions, by 
~neasuring the  relative reaction tempera- 
tures. This  concept was imaginatively used 
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