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Some Recent Studies of Polymer Reactivity 

H. MORAWETZ 

Department of Chemistry 
Polytechnic Institute of New York 
333 Jay Street 
Brooklyn, New York 11201 

A B S T R A C T  

The following aspects of polymer reactivity a r e  discussed: 
(a) effects due to differences in the microenvironment of the 
polymer domain and the solvent; (b) effects due to spatial  re- 
quirements of enzymatic attack on polymer side chains; (c)  
heterogeneous reactions of gel-bound functional groups with a 
reagent in a solution phase; and (d) the relation of the conforma- 
tional mobility of a polymer and i ts  low molecular weight analog. 

In considering reaction rates  of polymeric reagents, i t  is useful to 
use as a point of departure the assumption that the chemical behavior 
of a functional group should, in principle, be independent of the size of 
the molecule to which it i s  attached. The causes which may lead to 
pronounced deviations between the reactivity of polymeric reagents 
and their analogs a r e  reasonably well understood, and I have sum- 
marized previously the literature up to 1975 [ 11. Here I should 
merely like to discuss some recent developments in this area. 

I N F L U E N C E  O F  T H E  N A T U R E  O F  T H E  C H A I N  
B A C K B O N E  O N  S I D E  CHAIN R E A C T I V I T Y  

The following factors [ 21 may lead to a significant difference 
between reaction rates  of functional groups attached to polymer chains 
and analogous low molecular weight reagents. 

(a) Energetic interactions between a polymer and a low molecular 
weight reagent may either concentrate or deplete the small  molecules 
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3 12 MORAWETZ 

in the polymer domain and this will affect their reaction rate  with 
functional groups appended to the polymer. 

(b) Since the polymer backbone makes a contribution to the effec- 
tive solvent medium in i ts  immediate neighborhood, this medium may 
be appreciably different from the pure solvent. If a reaction rate  is 
sensitive to solvation effects, the polymeric reagent wil l  then behave 
differently from the low molecular weight analog. 

(c) If a group attached to a polymer i s  to react with a bulky reagent, 
easily accessible analogs do not properly simulate, the steric restraint  
due to the chain backbone. 

Instructive data bearing on the role of the polymer backbone in 
determining the reactivity of side chains were obtained in a study of 
the aminolysis of p-nitrophenyl ester groups of copolymers of styrene, 
methyl acrylate or N,N-dimethylacrylamide with a small proportion 
of p-nitrophenyl acrylate [ 31, Table 1 lists the ratio of the second- 
order rate constants kx observed for the polymer and the rate con- 
stant kz' of i ts  analog, the isobutyric acid ester,  in dioxane solution. 
It may be seen that the active ester  groups appended to polystyrene, 
poly(methy1 acrylate) and to poly-N, N-dirnethylacrylamide chains 
have relative reactivities, depending on the amine species, in the 
range from 1:9: 130 to I: 13230. The following points deserve special 
emphasis. The kz/kzO ratios a r e  rather insensitive to lhe nature of 
the amine reagent. More importantly, such variations as a re  observed 
cannot be interpreted as resulting from variations in the solvent 
power of the amine. For instance, addition of ethanolamine to dioxane 
solutions increases the intrinsic viscosity of poly-N,N- dimethylacryl- 
amide, while it decreases the intrinsic viscosities of polystyrene and 
poly(methy1 acrylate). Thus, ethanolamine should be concentrated 
in the domain of the dimethylacrylamide copolymer but depleted in 
the neighborhood of the other two polymers. Yet, Table 1 shows that 
kz/kzO is smallest for the ethanolamine reaction with the dimethyl- 
acrylamide copolymer. This shows that energetic interactions between 
the polymer and the small reagent a r e  not important in determining 
kz/kzO. We must then assume that the reactivity of the polymers is 
governed by the "local medium" effect. Also, the active esters 
attached to the poly-N,N-dimethylacrylamide chains a re  substantially 
more reactive than their low molecular weight analogs. This is due 
to the fact that dimethylamide groups of the chain backbone can 
catalyze the aminolysis reaction. 

The importance of the local environment effect may be  illustrated 
yet in another manner, i. e., if we study reactions of the polymeric 
reagent and its analog in different solvents. Since the polymer back- 
bone contributes to the properties of the local medium, it would be 
expected to exercise a "buffering effect" on the reaction rate. It was  
found, in fact, that the aminolysis ra te  constants of polymeric reagents 
were much less  affected by a change of the solvent than the reactions 
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3 14 MORAWETZ 

of the analog [ 41. For instance, the reaction of the dimethylacryl- 
amide-p-nitrophenyl acrylate copolymer has almost the same rate  in 
dioxane at 50°C as in water a t  30°C, while the same change of the 
medium accelerates the p-nitrophenyl isobutyrate reaction by a factor 
of about 190. 

The steric hindrance due to the polymer backbone becomes an 
important factor if a reaction of a group attached to the polymer is 
to be catalyzed by an enzyme. We have studied this effect on acryl- 
amide copolymers with monomers having structures of type I 
carrying L-phenylalanine p-nitroanilide residues at  varying distances 
from the chain backbone [ 51. When the hydrolysis of the p-nitro- 
anilide groups in these copolymers was  catalyzed by chymotrypsin, 
the rate of the reaction was found to be comparable to that of the 
monomer only when the sensitive bond was spaced by eleven covalent 
bonds from the chain backbone. Shortening this distance to nine and 

I (n = 1, 3, 5) 

seven bonds led to a drastic reduction in the susceptibility of the 
polymer to enzymatic attack. This reflects the critical steric require- 
ments of the active site of chymotrypsin. On the other hand, the length 
of the polymer chain is without effect on the rate  of the enzyme- 
catalyzed reaction, so that groups attached to the polymer a r e  not 
shielded from the enzyme by the macromolecular coil. This result 
is similar to other observations of reactions of two polymeric reagents 
involving substantial activation energies [ 61 but contrasts with diffusion- 
controlled processes which exhibit decreasing rate constants with an 
increasing length of the polymer [ 7, 81. 

R E A C T I V I T Y  O F  G R O U P S  A T T A C H E D  TO 
C R O S S L I N K E D  P O L Y M E R  N E T W O R K S  

The use of crosslinked polymer beads as car r ie rs  for multistep 
syntheses as pioneered by Merrifield [ 91, has opened up new vistas 
in the synthesis of chain molecules with a predetermined sequence 
of monomer residues. The method has proved particularly valuable 
for the preparation of polypeptides with biological activity [ 10, 111. 

There are, however, several  serious problems with the application 
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POLYMER REACTIVITY 315 

of this technique. Merrifield selected crosslinked polystyrene as his 
carr ier ,  a polymer which is still being used by most workers in this 
field. Yet, this substance was chosen because of i ts  easy availability, 
not because it is particularly suitable for this specific application. 
It is a nonpolar polymer, and, as it  gradually acquires a polypeptide 
side-chain, solvation of the beads changes drastically. This would be 
expected to affect the rates  of reactions involving groups attached to 
the crosslinked network and it has, in fact, been demonstrated that 
crosslinked poly-N,N-dimethylacrylamide has more favorable charac- 
teristics as a polymeric support for polypeptide synthesis [ 10-121. 

cally equivalent groups attached to a polymer network. Ideally, we 
should, of course, like to have a gel carrying groups which are all 
equally reactive. Then, with a large excess of a reagent in the con- 
tinuous phase we would be certain that if a 90% conversion is obtained 
in time t ,  99% will be obtained in 2t and 99.9% in 3t. This is important, 
since the utility of the solid-state polypeptide synthesis depends on 
our ability to obtain virtually quantitative yields in each reaction 
step. Unfortunately, chemically equivalent groups attached to a cross- 
linked polymer exhibit a pronounced dispersion of rate constants for 
a given reaction. For instance, Geising and Hornle [ 131 found for 
the addition of an isoleucine unit to a polypeptide chain a conversion 
of 90% in 10 min but conversions of only 93% and 95% after 1 and 2 
hr. We have, therefore, tried to determine the factors responsible 
for this dispersion. For this we had to develop a technique for moni- 
toring continuously the course of a reaction taking place in a gel 
phase. In particular, since we a re  most interested in the final stages 
of the reaction, we need a method which yields a signal proportional 
to the concentration of unreacted, rather than reacted groups. 

We utilized in this study a model system consisting of a membrane 
of crosslinked poly(methy1 :%crylate) containing a small proportion of 
p-aminostyrene residues. We followed the acylation of these residues 
when the film was placed in contact with a solution containing a large 
excess of acetic anhydride by reflectance fluorescence which is com- 
pletely quenched by the acylation [ 141. The method is extremely 
sensitive, and when it is applied to a solution of linear polymer, it 
yields linear first-order plots which can be followed over seven 
half-lives. By contrast, data obtained on crosslinked films exhibit 
increasing deviations from first-order kinetics at  conversions of 
somewhat above 80%. The results led to a most unexpected finding. 
It had been assumed that the dispersion of the rate constant is due to 
steric restraints of groups lying close to crosslinkage points and that 
this dispersion will become more pronounced with increasing cross- 
link density. No such effect was observed-in fact, the deviations 
from first-order kinetics were remarkably similar in films contain- 
ing from 1 to 14.5 wt % bifunctional monomers (see Fig. 1). Even 

The second problem involves variations in the reactivity of chemi- 
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FIG. 1. Decay of the residual fluorescence (Y during the acylation 
of p-aminostyrene copolymers: (I) linear copolymer; (n) copolymer 
crosslinked with 1 wt % glycol dimethacrylate; (111) copolymer cross- 
linked with 14.5 wt % glycol dimethacrylate. 

more surprising, when a linear copolymer carrying the aminostyrene 
residues was dissolved in methyl methacrylate containing some glycol 
dimethacrylate and the monomers were polymerized so that the linear 
chains were entangled in the crosslinked network, the kinetics were 
indistinguishable from those observed when the reactive groups were 
covalently linked to the gel. 

It appears then that the dispersion of the rate  constant reflects 
microscopic fluctuations in the gel structure. Other techniques have 
led to the conclusion that crosslinkages are not uniformly distributed 
in polymer networks, so that very dense regions a re  interspersed 
within regions in which the polymer presents very little resistance 
to the motion of low molecular weight species [ 151. Our kinetic 
results may then be a consequence of this physical situation. 

"he above interpretation i s  supported by recent data on the 
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POLYMER REACTIVITY 3 17 

reactivity of aminostyrene residues attached to a linear polymer 
which swells to a limited extf?nt in the acetic anhydride solution. 
First-order plots of the progress of the reaction were found to be 
linear up to high conversions, with the process followed through seven 
half-lives. This result suggests that it might be advantageous to use 
linear polymers swelling to a, desirable degree in the reaction medium 
as a polymeric support for polypeptide and other similar syntheses, 
rather than polymers rendered insoluble by crosslinking. 

R A T E S  O F  C O N F O R M A T I O N A L  T R A N S I T I O N S  
I N  F L E X I B L E  P O L Y M E R  CHAINS 

It has long been assumed that conformational transitions in flexible 
polymer chains involve two hindered rotations taking place simultane- 
ously, so that only a short segment of the chain has to move through 
the viscous medium. Although this suggestion was first advanced 
with respect to polymers in bulk [ 161, it has  also been widely adopted 
in theoretical considerations of the behavior of polymer chains in 
dilute solutions [ 17- 191 and in the interpretation of experimental 
data obtained in dilute systems [ 20-231. However, if the two rotations 
were to be strictly simultaneous, the activation energy for this proc- 
ess would have to be twice as large as for the conformational transi- 
tion in an analogous small molecule which requires only a single 
hindered rotation [ 16, 191. It is, therefore, important to compare 
the rates  of conformational transitions in polymers and their low 
molecular weight analogs so as to establish whether the behavior of 
chain molecules is consistent with the concept of crankshaftlike 
motions in dilute solutions. 

in polymer chains have been explored in recent years. However, 
methods which are sensitive to rotational diffusion cannot be used 
to compare polymers with their analogs. In large molecules, 
rotational diffusion of the molecule as a whole is negligible, and 
data obtained by measurements of dielectric dispersion, depolariza- 
tion of fluorescence, NMR relaxation or the broadening of ESR spectra 
of spin labels have been interpreted in terms of the rates of local 
conformational transitions [ XI. This is not possible for small 
molecules, since rotational dliffusion of the molecules as a whole 
may be fast compared to the interconversion of the molecular con- 
formations. We have, thereflore, used in our studies spectroscopic 
techniques which yield information about hindered rotation around a 
specific bond and are unaffected by rotational diffusion of the molecule. 

Early investigations which used an NMR technique to characterize 
the hindered rotation around amide bonds [ 251 or UV spectroscopy to 
follow the thermal cis- trans isomerization of azobenzene residues 

A number of techniques for the study of conformational mobility D
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3 18 MORAWETZ 

built into a polymer backbone [ 261 revealed no difference between 
the behavior of polymers and their analogs. These studies suffered, 
however, from the fact that the hindered rotation which was  being 
observed was characterized by a high energy barrier,  while the 
polymer chain contained many much more flexible bonds. There 
was, therefore, a need to develop techniques by which very much 
faster processes could be observed. 

studies of the photochemical trans-cis isomerization of azobenzene 
residues in the backbone of polymers and in analogous small mole- 
cules [ 271. It is known that the excited trans and the excited cis  
forms of azobenzene a r e  separated by an energy barr ier  of 2-3 
kcal/mole [ 281, similar to the energy bar r ie rs  for conformational 
transitions of typical polymers. Thus, the relative quantum yield 
for this reaction in the polymers and the small molecules should 
tell us whether incorporation of a residue into the backbone of a 
polymer slows down i ts  conformational transitions. In fact, no 
difference was found in dilute solutions between the quantum yields 
for the polymer and the analog. 

An even more convincing technique utilizes the formation of a 
sandwich complex between an excited aromatic chromophore, Ar, 
and a similar chromophore in the ground state, a so-called excimer. 
Such excimers a r e  formed intramolecularly by a variety of compounds 
of the type ArCHzXCHzAr where X may be -CHz-, -4-, -NHzt-, or 
-NH(COR)- [ 291, and they have characteristic emission spectra 
distinct from those of the uncomplexed chromophore. Since the con- 
formation required by the excimer would correspond to a prohibitive 
energy requirement for the unexcited molecule, excimer formation 
requires a conformational transition during the lifetime of the 
excited state of the chromophore, i. e., a process of the type: 

We have now demonstrated two such methods. The f i rs t  involves 

* 
Ar * Ar- - - - - A r  

CHz CHz CH z CHz 
I 

X Ar X 

I I - 
\ /  \ \ /  

Thus, the ratio of excimer and normal fluorescence intensity is 
a measure of the probability that this conformational transition 
takes place during the excited lifetime. 

tional mobilities of a polymer and i ts  analog, a complication a r i ses  
due to energy migration between chromophores attached to polymer 
chains, which tends to increase the excimer yield. We have over- 
come this difficulty by preparing polymers with a very low concen- 
tration of excimer-forming sites in the chain backbone. This was  

In applying excimer fluorescence to a comparison of the conforma- 
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POLYMER REACTIVITY 3 19 

accomplished by building a small  proportion of units of type 11 into a 
polyamide chain. Emission spectra of this polyamide and of i ts  low 

-NH - C H * 0 C H 2 - Y -  C H 2 0 C H 2 - N H -  

co 
I 

I1 

molecular weight analog in formic acid solution over a range of tem- 
peratures indicated that the activation energy for the conformational 
transition required for excimer formation i s  essentially the same in 
the polymer and the analog [ 301. This result seems to prove that 
crankshaftlike motions cannot be the mechanism for conformational 
transitions of polymers in dilute solutions. 
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