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ABSTRACT: 13C NMR spectra (75.5 MHz) of 4-(methacryloyloxy)acetanilide (M)-2-hydroxyethyl meth- 
acrylate (H) copolymers prepared by free-radical copolymerization were analyzed in terms of sequence dis- 
tribution and relative stereochemical configuration of monomer units along the macromolecular chains. 
The values of concentration of M- and H-centered triads, determined experimentally from the analysis of 
N - C H ~  and C=O resonance signals, were in fairly good agreement with those calculated statistically, tak- 
ing into consideration the terminal copolymerization model and Bernoullian distribution of stereoregular- 
ity, with the statistical parameters P,, determined from the reactivity ratios rM = 2.15 and rH = 0.90 and 
the coisotacticity parameters UMM = 0.26, UHH = 0.21. UMH = UHM = c* = 0.30. 

Introduction 

The biodegradation of polymer systems in the living 
organism depends predominantly on their chemical 
structure,' but the enzymatic degradation of a given sus- 
ceptible bond (i.e., an ester bond) is also affected by the 
conformation of the polymer chain and by the stere- 
ochemical configuration of the pseudoasymmetric car- 
bon atoms present in the repeat monomeric units along 
the macromolecular chains. Both factors are involved 
in the formation of specific enzyme-substrate com- 
p l e ~ e s . * - ~  Among these factors only the configuration 
will be analyzed in this paper. 

Our more recent studies are centered on the prepara- 
tion of macromolecular systems with pharmacologically 
active compounds anchored to a polymeric matrix by 
means of covalent bonds, which can be easily degraded 
in the physiological environment, such as the ester group.58 
In this sense we have reported the synthesis and poly- 
merization of methacrylic esters of salicylic acid (2-(meth- 
acryloy1oxy)benzoic acid)5 and of paracetaminophen or 
paracetamol(4-(methacryloyloxy)acetanilide) ,6 being the 
corresponding monomers and polymeric compounds of 
medical interest because of their pharmacological activ- 
ity, which has been tested in vitro and in v i v ~ . ~ ~ ~ ~  

We have also controlled the hydrophilic character of 
this kind of compounds by preparing copolymer systems 
with a suitable composition and distribution of 2-hydrox- 
yethyl methacrylate units along the copolymer chains." 

Considering that the stereochemistry of biologically 
active compounds can play an important role in their 
hydrolytic and enzymatic activity,12 we think that it may 
be of interest to analyze the stereochemical configura- 
tion of copolymer systems prepared from a wide range 
of compositions of monomer mixtures of 2-hydroxyethyl 
methacrylate and 4-(methacryloyloxy)acetanilide. 

Experimental  Section 

Monomer Preparation and Purification of Reagents. 
4-(Methacryloyloxy)acetanilide (M) was prepared by the reac- 
tion of paracetamol (4-hydroxyacetanilide) with methacryloyl 
chloride, according to a modification of the known Schotten 
Bauman reaction described elsewhere (6). 

2-Hydroxyethyl methacrylate (H), supplied by HYDRON 
Europe, L,td., containing less than 0.05 wt 70 of ethylene glycol 
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dimethacrylate, was distilled under reduced pressure of nitro- 
gen, and the fraction of bp 87-89 "C (5 mmHg) was collected. 

2,2'-Azobis(isobutyronitrile) (AIBN) was purified by frac- 
tional crystallization from methanol, mp 104 "C. 

N,N-Dimethylformamide (DMF) was dried over anhydrous 
magnesium sulfate for 2 days and later with phosphoric anhy- 
dride overnight. After drying, DMF was distilled under reduced 
pressure of nitrogen. Other reagents were of extra-pure grade 
and used without purification. 

Copolymerization. Copolymerization reactions were car- 
ried out in DMF solution at 50 f 0.1 "C, in Pyrex glass ampules 
sealed off under high vacuum. Monomer and initiator concen- 
trations were 0.5 and 1.5 X 10-2 mol/L, respectively. The sealed 
ampules were shaken vigorously and immersed in a water bath 
held at the required temperature of polymerization. After the 
proper reaction time, the ampules were removed from the bath 
and at once the contents were poured into a large excess of 
diethyl ether-petroleum ether mixture. The precipitated sam- 
ples were washed with the precipitant mixture and dried under 
vacuum until constant weight was attained. 

NMR Spectra Measurements. 13C NMR spectra were 
recorded at 80 "C on 25% (w/v) DMSO-de solutions (TMS as 
internal reference) with a Varian XL-300 spectrometer operat- 
ing at 75.5 MHz, using a flip angle of 80" (pulse width of 13 s), 
a relaxation delay of 4 s, an inverse gated decoupling during 
acquisition, a spectral width of 16 kHz, and 16K data points. 
These conditions ensure the complete relaxation of all the 13C 
nuclei analyzed. The relative peak intensities were measured 
from peak areas calculated by means of the electronic integra- 
tor or by triangulation and planimetry. 

Results and Discussion 

As we have reported previously" the free-radical copo- 
lymerization of 4- [ (methacryloyl)oxy]acetanilide with 2-hy- 
droxyethyl methacrylate in solution of DMF, initiated 
by AIBX a t  moderated temperatures, gives rise to the 
formation of homogeneous random copolymers with a sta- 
tistical distribution of monomer units along the copoly- 
mer chains, which corresponds to the chemical structure 
outlined in Scheme I. 

The average composition of different copolymer sam- 
ples prepared a t  conversions lower than 10 wt % was 
determined from the analysis of the corresponding 'H 
NMR spectra," giving the molar composition quoted in 
the second column of Table I. We also have determined 
the composition of copolymer systems from the analysis 
of the 13C NMR spectra recorded in the experimental 
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Scheme I 
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Table I 
Composition Data and Conditional Probabilities Pu for the 

Copolymerization at Low Conversion of 
4-(Methacryloyloxy)acetanilide (M) with 2-Hydroxyethyl 

Methacrylate (HI 
f ~ a  (copolymer) 

feedFMa 'H NMR NMR PMH PHM 
0,100 0.125 0.115 0.807 0.109 
0.200 0.261 0.280 0.650 0.217 
0.400 0.500 0.486 0.410 0.425 
0.600 0.732 0.723 0.236 0.625 
0.800 0.889 0.891 0.104 0.816 

a F M  and f~ are the molar fraction of 4-(methacryloyloxy)- 
acetanilide in the monomer feed and in the copolymer samples, respec- 
tively. 

conditions described above. To verify the accuracy of 
values obtained from the analysis of the l3C NMR reso- 
nances, we determined the composition of copolymer sam- 
ples from the analysis of the signal assigned to the meth- 
ylacetamido group (6 23.33) of M units and the methyl- 
ene carbon -CH20H (6 58.68) of the hydroxyethyl side 
group of H units. These signals are very sharp single 
peaks in the spectra of copolymer smaples analyzed, inde- 
pendently of their composition; the data obtained are col- 
lected in the third column of Table I, being rather close 
to those obtained from the analysis of 'H NMR spectra. 
This is better seen in the diagrams of Figure 1, which 
correspond to  the application of the composition data 
collected in Table I to the linearization methods of the 
general copolymer composition equation proposed by Fine- 
man and Ross13 (Figure 1A) and by Kelen and TudosI4 
(Figure 1B). The straight lines drawn in both diagrams 
correspond to the values of reactivity ratios PM = 2.15 f 
0.05 and rH = 0.90 f 0.10, which has been determined 
by the application of the least-squares method to the 
composition data obtained from 1H NMR.I1 It is clear 
from these figures that also the composition data deter- 
mined from l3C NMR give values of the parameters used 
as coordinates that fit adequately the straight lines drawn 
according to the reactivity ratios mentioned above and 
support the accuracy of the 13C NMR spectra recorded 
in the experimental conditions of the present work. On 
this basis, we report here the microstructure and stere- 
ochemical configuration of Copolymer chains prepared with 
different feed composition, from the exhaustive analysis 
of characteristic NMR resonance signals, since the decou- 
pled I3C NMR spectra provide excellent and accurate 
information of the chemical composition and stereochem- 
ical configuration of copolymer chain segments. In this 
analysis we also have considered the statistical distribu- 
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Figure 1. Fineman-Ross (A) and Kelen-Tudos (B) lineariza- 
tion diagrams for the free-radical copolymerization of 44meth- 
acryloy1oxy)acetanilide (M) with 2-hydroxyethyl methacrylate. 
The straight lines correspond to r = 2.15 and r H  = 0.90; (0) 
composition data from 1H NMR, (0) composition data from 
13C NMR spectra. 

tion of M- and H-centered sequences determined from 
the conditional probabilities PMH and PHM (and PMM = 
1 - PMH, PHH = 1 - PHM) quoted in the fourth and fifth 
columns of Table I, whose values have been calculated 
considering that the copolymerization system follows the 
classical terminal model of cop~lymerization.'~ The param- 
eters Pi, (ij = M,H) are the conditional probabilities for 
the addition of monomer units j to free radical i ends.16 

a-CH3 Resonance Signals. Figure 2 presents the 
expanded 13C NMR decoupled spectra of the a-CH3 car- 
bon resonance signals of homopolymers M and H as well 
as those of several M-H copolymer samples of various 
compositions. The a-CH3 group is present in the chem- 
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Figure 2. 13C NMR spectra (75.5 MHz) of the (u-CH~ side groups 
of M-H copolymers. 

ical structure of both mesomeric units, but, as we have 
reported previously17 in the case of poly[4-[ (methacry- 
loyl)oxy]acetanilide] (M in Figure 2), this group gives three 
resonances at  17.87, 19.36, and 20.85 ppm from TMS, 
which have been assigned to is0 (mm), hetero (mr + rm), 
and syndiotactic (rr) triads in order of increasing field, 
following the assignment of the same chemical residue 
for pure poly(methy1 me tha~ry la t e ) . ' ~ J~  

The a-CH3 group of poly(2-hydroxyethyl methacry- 
late), (H in Figure 2) gives also three resonance signals 
a t  16.40, 18.35, and 20.50 ppm from TMS, which have 
been assigned to mm, mr + rm, and rr tactic triads in 
order of increading field, since these values are close to 
those reported for the resonances of the a-CH3 in poly- 
(methyl methacrylate).17-19 I t  is clear from Figure 2 that 
the a-CH3 resonances of polyM are shifted toward lower 
field with respect to the corresponding signals of polyH, 
as a consequence of the aromatic character of the ester 
group in M with respect to the aliphatic one of the 2-hy- 
droxyethyl residue in H,  which in turn may be consid- 
ered from a magnetic point of view, very similar to the 
methoxy group of poly(methy1 methacrylate). The 
deshielding effect of the aromatic ester group on the a-CH3 
residue of M units is useful to obtain valuable informa- 
tion on the distribution of monomer units and also the 
stereochemical configuration of copolymer segments of 
the macromolecular chains. 

Effectively, as is shown in the spectra of copolymers 
drawn in Figure 2, the a-CH3 resonance of both M and 
H units present a complex pattern with seven distinguish- 
able peaks, whose intensities change with the average com- 
position of copolymer samples. A detailed analysis of 
these signals makes clear that the peaks named I and IV 
have the chemical shifts of the rr and rm + mr triads in 
polyH; in addition, the intensity of these signals increases 
with the increasing molar fraction of H in the copolymer 
samples analyzed. Consequently, we have assigned these 

Figure 3. Schematic representation of M-centered triads in 
4-(methacryloyloxy)acetanilide-2-hydroxyethyl methacrylate 
copolymers. 

peaks to H-centered triads with stereochemical configu- 
rations rr and mr + rm, respectively. Similarly, peaks 
I11 and VI present the chemical shift of the rr and rm + 
mr triads in polyM, and also their intensities increase 
with the increasing of M molar fraction in the copoly- 
mer chains. Therefore, we assign these peaks to M-cen- 
tered triads with stereochemical configurations rr and rm 
+ mr, respectively. The poor resolved and relatively broad 
band about 20.5-21.0 ppm (peak VII) may be easily 
assigned to M- and H-centered triads with a stereochem- 
ical configuration (mm), independent of their chemical 
composition. 

However, the assignment of two new signals desig- 
nated I1 and V, which do not appear in the spectra of 
the homopolymers (see Figure 2) presents more of prob- 
lem and indicates that one can expect not only an effect 
of stereochemical configuration but also a slight influ- 
ence of the composition of M- and H-centered sequences 
on the chemical shift of the corresponding resonance sig- 
nals. 

In this sense, for a complete description of the mono- 
mers sequence distribution and relative stereochemical 
configuration in terms of M- and H-centered triads it is 
necessary to take into consideration as many as 10 dif- 
ferent triads with a central M unit which may be mag- 
netically distinguishable, as is shown in the scheme of 
Figure 3. Similarly, 10 triads with a central H unit must 
also be considered. It is well-known that the sensitivity 
of the a-CH3 resonances to tacticity arises from the dia- 
magnetic effects of the carbonyl ester group of the neigh- 
boring units on the a-CH3 residue of the methacrylic cen- 
tral unit.20 

It can be clearly observed in the structures drawn in 
Figure 3, as well as in molecular models, that the dia- 
magnetic effects of neighboring units on the (u-CH~ cen- 
tral unit for MMH or HMM (rr) triads must be differ- 
ent from those of MMM (rr) triads or HMH (rr) triads, 
and according to the difference in the chemical shifts of 
(rr) sequences of both M and H homopolymers, it may 
be expected that the cosyndiotactic heterotriads MMH 
or HMM (rr) give a resonance signal between those of 
the homopolymers. Therefore, we tentatively assign the 
peak I1 to this kind of triad as is indicated in Table 11. 
Also it can be easily understood that the a-CH3 of the 
central M unit in MMH or HMM triads with the stere- 
ochemical configuration rr have the same magnetic and 
spatial arrangement as the MHH (rr) triads; so we have 
included these triads in the signal 11. 

On the same basis, it may be expected that the HMH 
(rr) sequence has the same chemical shift as the syndio- 
tactic triad of homopolymer H and that the MHM (rr) 
should be similar to the syndiotactic triad of homopoly- 
mer M (see Figure 3 and Table 11). 
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Table I1 
Assignment of the a-CH3 Resonances to Sequences of M. 

and H-Centered Triads. 

copolymer sequence 
spectral signal no. chemical shift, ppm composn confign 

I 16.40 HHH 
HMH 

I1 17.15 
HHM 
MHH 
MMH 
HMM 

I11 17.80 MHM 
MMM 
HHH 

IV 18.40 HHM 
MHH 
MHM 
HHM 

V 18.90 MHH 
MMH 
HMM 
MMM 

VI 19.40 MMH 
HMM 

VI1 20.50-21.00 a 

rr 

rr 

rr 

mr + rm 
rm 
mr 
mr + rm 
mr 
rm 
mr 
rm 
mr + rm 
rm 
rm 
mm 

a The signals considered in this interval correspond to all the 
possible isotactic triads, independent of their composition. 

Table I11 
Molar Fraction of M- and H-Centered Triads According to 

Their Stereochemical Configuration. 

triad /M (copolymer) 
composn confign 0.125 0.261 0.500 0.732 0.889 

mr + rm 0.002 0.Ol3 0.066 0.156 0.269 
mm 0.0 0.002 0.Ol1 O.O& 0.047 

M M H + H M M  rr 0.02* O.O& O X 5  0.135 0.0S7 
mr + rm 0.019 0.048 0.098 ().lo5 0.013~ 
mm 0.004 0.009 0.019 0.020 0.013 

rm + mr o.OS7 o.045 0.036 0.Ol8 0.004 

HHH rr 0.41e 0 . 2 6  0.105 0.027 0.003 
mr + rm 0.221 0.148 0.056 o.0I4 0.002 

mr + rm 0.070 0.Og8 0.094 0.053 0.014 

MHM rr 0.006 0.018 0.044 0.054 0.038 
mr + rm 0.005 o.Ol5 O.o& 0.046 o.033 
mm 0.001 0.003 0.008 0.010 0.007 

These data have been determined statistically from the aver- 
age copolymer composition, the conditional probabilities Pi, col- 
lected in Table I, and the stereochemical parameters UMM = 0.26, 
UHH = 0.21, and UMH = UHM = 0.30. 

With similar arguments we have assigned peak V to 
the contribution of sequences reported in Table 11. 
Although this assignment must be considered as tenta- 
tive, the experimental data obtained from the NMR spec- 
tra are in good agreement with the contribution of the 
corresponding sequences calculated statistically, as we 
report later. 

In order to correlate the molar concentration of M- 
and H-centered sequences with the statistical sequence 
distribution and stereochemical configuration of copoly- 
mer chains, we have analyzed statistically this copoly- 
mer system according to the reactivity ratios reported, 
the conditional probabilities Pij quoted in Table I, and 
the average composition of the copolymer samples. This 
analysis has been carried out by making the following 
assumptions: 

(a) With respect to the chemical composition of copol- 
ymer sequences, it is assumed that the copolymerization 

MMM rr 0.003 0.018 0.094 0.220 0.384 

HMH rr 0.043 0.053 0.042 0.020 0.005 

mm O.OO8 0.009 0.008 0.004 0.0 

mm 0.029 0.019 0.007 0.002 0.0 
H H M + M H H  rr 0.100 0.141 0.135 0.075 0.020 

mm 0 .01~  0.01~ 0.015 0.00~ 0.00~ 

0.4 t 
0.3 
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c 
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Figure 4. Variation of the relative intensity of a-CH3 reso- 
nance signals with M molar fraction according to the assign- 
ment reported in Table 11. The lines correspond to the contri- 
bution of statistical sequences reported in Table 111; the points 
correspond to experimental data from the 13C NMR spectra. 

reaction is described by the terminal unit mode1.21.22 
(b) From a stereochemical point of view we assume 

that the configurational sequence distribution may be 
described according to Bernoullian statistics with the iso- 
tacticity parameters UMM, bMH, OHM, and UHH as defined 
by BoveyZ3 and Coleman,24 where ~ i j  is the probability 
of generating a meso diad between an i ending growing 
radical and incoming j monomer. 

Values of OMM = 0.26 and UHH = 0.21 have been con- 
sidered for the statistical distribution of units in pure 
MMM and HHH triads. These values correspond to the 
isotacticity parameters of M and H homopolymers and 
have been determined from the analysis of the a-CH3 
resonances of polyM and polyH, considering the Ber- 
noullian distribution of tactic sequences. The coisotac- 
ticity parameters UMH and OHM are not accessible directly, 
but it is reasonable to assume that UMH = UHM = u*.25926 
In this way we have determined this parameter by com- 
parison of the integrated intensities of peaks I and I1 of 
the a-CH3 resonances (assigned as indicated in Table 11) 
for several copolymer samples. The application of well- 
known statistical relationsZo gives a value of UMH = UHM 

= 0.30. 
From this set of stereochemical parameters and the 

average molar fractions of M and H units in the copoly- 
mer chains, as well as the conditional probabilities given 
in Table I, we obtain the molar fraction of every triad 
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Figure 5. Variation of tactic sequences with the M molar frac- 
tion in the copolymer. The lines correspond to the contribu- 
tion of statistical sequences collected in Table 111; the points 
are experimental results from the a-CH3 resonance signals. 

quoted in Table 111. In order to verify the validity of 
the model considered as well as the effectiveness of the 
assignment of (u-CH~ resonances, we have determined Val- 
ues of the contributions of various sequences to the res- 
onance peaks I-VI1 according to Table 11. Figure 4 shows 
the variation expected for the relative intensity of these 
peaks with the average molar fraction of M in the copol- 
ymer chains. The lines drawn correspond to the sum of 
contributions of statistical values of triads collected in 
Table 111, whereas the points correspond to the experi- 
mental data obtained from the corresponding NMR spec- 
tra. The agreement between statistical diagrams and 
experimental observations provides support for the assign- 
ment of NMR signals and the validity of the stereochem- 
ical parameters considered above. 

Figure 5 shows the variation of the concentration of 
tactic sequences (independently of their chemical com- 
position), with the average molar fraction of M in the 
copolymer chains. I t  can be clearly observed that there 
is a slight increase of the coheterotactic sequences with 
increasing the molar fraction of M in the copolymer Sam- 
ples, but, in any case, from a stereochemical point of view 
one can conclude that there is a random distribution of 
tacticity following the classical Bernoulli trial. 

Carbonyl Carbon Resonance Signals. We also have 
tested the validity of the statistical model, from the anal- 
ysis of the complex pattern of the carbonyl carbon reso- 
nance signals. Figure 6 shows the spectra of the C=O 
resonances for three copolymer samples of different com- 
position, together with those of the corresponding M and 
H homopolymers. In a previous paper17 we have consid- 
ered the C=O resonances of polyM in terms of tactic 
pentads. An inspection of the C=O resonances of polyH 
reveals that this group presents a resonance pattern very 
similar to that of poly(methy1 methacrylate). There- 
fore, we can carry out the assignment in terms of tactic 
pentads in the same manner as for poly(methy1 meth- 
acrylate) ,18919 

A careful comparison of the spectra of copolymers drawn 

178 176  1 7 4  172  
h ,(ppm) 

Figure 6. 13C NMR (75.5 MHz) of the C=O ester group of 
M-H copolymers. 

Table IV 
Stereochemical Configuration of M-Centered Pentads, 
Determined from the Analysis of the C=O Resonance 

Signals 

tactic chemical f~ (copolymer) 
pentad shift, ppm 0.125 0.261 0.500 0.732 0.889 
mrrm 
mrrr 
r r r r  
rmrm 
mmrr 
rmrr 
mmrm 
mmmr 
rmmr 
mmmm 

175.38 
175.20 
174.91 
174.75 
174.59 
174.50 

174.16 
174.00 

0.042 0.053 0.054 0.061 0.043 
0.156 0.177 0.172 0.184 0.190 
0.328 0.310 0.318 0.307 0.321 
0.064 0.071 0.072 O.O& 0.Og5 
0.071 0.0g8 O.Og0 0.Og8 Oslo7 
0.269 0.221 0.227 0.184 0.190 

0.028 0.035 0.027 0.040 0.028 
0.042 0.044 0.036 0.040 0.024 

in Figure 6, with those of the homopolymers M and H, 
reveals that they correspond to the superposition of both 
spectra, but with the intensities according to the aver- 
age molar composition of copolymer chains. This means 
that the C=O resonances of M- and H-centered sequences 
are not sensitive to the chemical composition and distri- 
bution of monomeric units but are sensitive to the rela- 
tive stereochemical configuration of copolymer seg- 
ments in terms of sequences of tactic pentads. On this 
basis, the chemical shifts of signals assigned to tactic pen- 
tads centered in M units, together with the molar frac- 
tion of sequences for copolymers with different average 
molar fraction of M, are listed in Table IV. Similarly, 
Table V reports the corresponding values for H-cen- 
tered sequences. In this case, the overlapping of signals 
between 175.00 and 174.55 ppm with the more intense 
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Table V 
Stereochemical Configuration of H-Centered Pentads, 
Determined from the Analysis of the C=O Resonance 

Signals' 

tactic chemical f~ (copolymer) 
pentad shift, w m  0.125 0.261 0.500 0.732 

- 
0.889 

mrrm 
mrrr 
rrrr 
rmrm 
mmrr 
rmrr 
mmrm 
mmmr 
rmmr 
mmmm 

-177.10 0.026 0.027 
176.90 0.196 0.179 
176.60 0.393 0.368 
176.40 0.063 0.072 
176-20 On068 0,076 
176.00 0.204 0.225 

175.55 
175.40 0.050~ 0.050'' 

0.053 
0.168 
0.328 
o.08s 
0.098 
0.20, 

0.068 

0.309 
0.189 

0.066 

0.228 
0.076 

0.054 
0.186 
0.273 
0.098 
0.109 
0.19, 

0.060n 0,070" 0.080n 

a These values have been determined statistically. 

syndiotactic M-centered sequences (see Figure 6) does 
not permit us to determine the contribution of isotactic 
H-centered sequences. Therefore, the values collected 
in Table V for these sequences have been calculated sta- 
tistically according to the model described before; nev- 
ertheless, their contribution to the whole system can be 
disregarded in practice. 
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