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Abstract: The copolymerization ratios of radical methyl methacrylate 
(MMA) methacrylic acid (MA) copolymerization in mixtures of isopropyl 
alcohol (IPA) with acetone (A), xylene (X), and water (W) are determined. Their 
values and those in IPA are smaller than unity. The established alternating 
tendency of the monomer parts in the obtained copolymers is somewhat larger 
than the theoretically expected one and this is explained by the donor-acceptor 
interaction either between comonomers or between them and the propagating 
radicals. It is suggested that the reason for this tendency is the difference in 
H-bond formation between comonomers and solvents used. The dependencies 
of the apparent mass average molecular weight of the copolymers (A4 w ~p) on 
their composition are also determined as well as the 0-composition "of the 
A-heptane (H) mixture for these copolymers. These data are used for ampicyl- 
line trihydrate (AT) microencapsulation by phase separation of the AT suspen- 
sion in copolymer solutions in A after H addition. The AT microencapsulation 
characteristics (yield, degree and efficiency) as dependent on the copolymer 
composition as well as the influence of this composition on the solution kinetics 
of the microencapsulated AT at pH = 4.5 and 6.5 and temperature of 37 ~ are 
established. 
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Introduction 

M M A - M A  copolymers are in general use for 
film coating of pharmaceutical dosage forms 
(tablets, granules, and microparticles) [1-3]. 
The copolymer composition as well as the solvent 
nature are of great importance for the film 
permeability [4]. The solvents used most often to 
this purpose are A, IPA, and its mixtures with A, 
X, and W. However, the radical M M A - M A  
copolymerization in these solvent mixtures 
has not been studied. In addition to the theo- 
retical aspects, the present study of the 
M M A  MA copolymerization in these solvents 
has an applied significance because of the 
possibility of direct production of the solutions 

necessary for film coating of pharmaceutical 
controlled-release forms. The 0-compositions 
of the A-H mixture for these M M A - M A  
copolymers are also determined. These data 
are used for AT microencapsulation by phase 
separation in AT-A suspension after H addition. 
The broad AT activity spectrum is a reason 
to develop methods for its microencapsulation 
in order to mask the AT unpleasant taste and 
smell as Well as for its controlled delivery in 
the gastro-intestinal tract. It is recommended 
that AT resorption occur at pH ~ 4.5 in this tract. 
The general microencapsulation characteristics 
(yield, degree, efficiency, weight fraction of the 
microcapsule walls) are determined as well as the 
dependence of the microencapsulated AT solution 
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kinetics on the copolymer composition and pH of 
the aqueous medium. 

Experimental 

Materials 

MMA (Fluka) and MA (Janssen) are purified 
by distillation in vacuum and the solvents are 
distilled under atmospheric pressure. Azobisiso- 
butyronitrile (AIBN, Merck) is used as initiator. 
The activity of AT (Antibiotic Co., Bulgaria) is 
975 U (975/~g/g). In addition to the produced 
copolymers, the microcapsule walls contain ethyl 
cellulose (EC, Ethocel, Fluka, ethoxylation degree 
of 45-48%) and polyethylene glycol (PEG-300, 
BASF). 

Methods 

Radical MMA-MA copotymerization: The copoly- 
merization is carried out in glass ampules in the 
presence of IPA, A, IPA-A (3/2 v/v), IPA-W 
(3/1 v/v) and IPA-X (3/1 v/v) mixtures as solvents 
(10%, w/w comonomer concentration) and AIBN 
(1% based on the total comonomer weight) as 
initiator at 75 ~ The reaction mixture is flushed 
with argon prior to copolyrnerization. The con- 
version (determined gravimetrically) is in the 
range from 5 to 10%. The produced copolymers 
are isolated by precipitation in diethyl ether and 
purified by repeated dissolution in IPA followed 
by precipitation in diethyl ether. They are finally 
dried under vacuum at 50 ~ The mole fraction of 
MA in the obtained copolymers is determined by 
titration of 1% (w/w) copolymer solution in 
A with 0.1% (w/w) solution of sodium hydroxide 
using phenolphthalein as indicator. The 
copolymerization constant values are calculated 
by the Kelen-Tudos [-5] (KT), Joshi-Joshi [6] (J J) 
and Ezrielev-Brochina-Roskin (EBR [7] 
methods. The copolymerization rate is deter- 
mined gravimetrically. 

Determination of the apparent molecular weight of 
MMA-MA copolymer by laser scattering 
method: The MMA-MA copolymer apparent 
average molecular weight (2~w, ap) is determined 
by means of a Malvern-system 4700C for laser 
scattering measurements equipped with argon 

laser (2 = 488 nm) and a 64-canal autocorrelator. 
The apparent average molecular weight of the 
copolymer products is determined by the classical 
Zimm plots double extrapolations [-83 in static 
regime of the system. Copolymer solutions in 
methanol are used in these measurements. 

Determination of A H O-compositions for the 
MMA-MA copolymers: A-H 0-composition for 
the MMA-MA copolymers are determined from 
the dependence of the turbidity of the A-H com- 
position on the copolymer concentrations. The 
turbidity points are determined by means of 
a Pulfrich nephelometer at 25 ~ To this end the 
non-solvent (H) is added to a continuously stirred 
and thermostatically controlled dilute copolymer 
solution in A until the start of phase separation. 
Using various solutions, the copolymer concen- 
tration was varied from about 0.001 to 1.0% 
(w/w). The logarithm of the H voIume fiaction 
cp required for incipient precipitation is plotted 
versus the logarithm of the corresponding 
copolymer concentration, resulting in a linear de- 
pendence. Extrapolation to pure copolymer gives 
the 0-composition (q0o~) [9]. 

AT microencapsulation: AT microencapsulation 
is performed by the method proposed by 
Samejima [10]. MMA-MA copolymer with 
a fixed composition (1.8g) is dissolved in 
A (40 cm 3) together with EC (1.2 g) and PEG-300 
(0.18 g). AT powder with an average particle size 
of 274/tin (3.0 g) is added to the continuously 
stirred 400 rpm solution. The microcapsule wall is 
formed from the primary coacervate phase, result- 
ing from H addition to the yielded suspension. 
Wall solidification follows during the next H ad- 
dition. The total H volume is about 200 cm 3. The 
prepared microcapsules are filtered and washed 
several times with H and slightly acidic ethanol. 
They are dried under vacuum at 35 ~ 

The general microencapsulation characteristics 
(yield (Y), degree (D), efficiency (E) and the 
weight percentage of the microcapsule walls (R)) 
are determined to be: 

y ( % )  __ gMC • 10 2 (1) 
gPOL + gAT 

D(%) = gAT,~ X 10 2 (2) 
gAT 
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Table 1. MMA-MA copolymer composition as a function of the monomer feed during MM~MA radical copolymerization 
in IPA, A, IPA-A, IPA X and IPA-W mixtures. Temperature: 70 ~ Initiator: AIBN (1%, w/w) 

mMA 
MMA 

IPA A IPA/A = 3 : 2 IPA/X = 3 : 1 IPA/W = 3 : 1 

0.1 0.12 0.21 0.18 0.16 0.14 
0.2 0.21 0.34 0.30 0.27 
0.3 - - - 0.35 0.32 
0.4 0.34 0.50 0At - 0.38 
0.5 - 0.47 0.46 0.45 
0.6 0.49 0.52 0.51 0.54 
0.7 0.58 0.69 0.57 - 0.58 
0.8 0.66 0.77 0.64 0.66 0.66 
0.9 0.79 0.86 0.72 0.78 0.78 

E(%) = gMC - -  g A T ,  N X 102 (3) 
gPOL 

R(%) = gMC - gAT, N )< 102 , (4) 
gMC 

where gMC, gPOC, gAT, and gAT,N are weights of the 
microcapsule sample, polymers used 0 .8  g 
M M A - M A  copolymers and 1.2 g EC), added AT 
3 g and AT included in the microcapsule nucleus, 
respectively. The gMc, gPOL, and gAT values are 
determined directly while the gAT, N value was 
derived using a pharmacopeia method [11] for 
the determination of the AT weight fraction in 
solid samples. The experimental result is absorb- 
ance at 2 = 325 n m  A325 of the Cu 2+ complex 
with cleavage of the AT fi-lactam cycle. Cleavage 
is performed by heating of the AT sample at 75 ~ 
for 30 min in 0.1 M phosphate buffer (pH = 5.2) 
in order to avoid the possibility of AT polycon- 
densation [12]. A325 of the non-encapsulated AT 
(chosen as a standard (As~s)) and those of the 

(A 32 s) are determined in microencapsulated AT Mc 
parallel. For  the complete cleavage of the AT 
fi-lactam cycle the sample is first treated with 
several milliliters of methanol which is a solvent 
for M M A - M A  copolymers forming the micro- 
capsule walls. According to this method 

MC 
gST A 32s ST 

gAT, N = 1152' AST ' A c T  ' (5 )  
I v  z a 3 2 5  

where 9ST and A ST are the standard weight and its 
activity (AT weight percentage in the sample). For  
the AT used AS~ = 97.5%. The absorbances 

ST MC A325) measured by Beckman du - 30 (A325, a r e  

spectrophotometer.  

A T  solution kinetics 

Solution kinetics of microencapsulated and 
non-encapsulated AT is determined by rapid 
measurements of the AT concentration in solu- 
tion [131, based on the AT absorbance at 
2 = 254 nm. The sample dissolution is followed 
on the special equipment (Erweka DT-6R) at con- 
stant temperature (37~ 1 ~ and continuous 
stirring (100 rpm) in seven glass (11) vessels. Water  
with appropriate pH (900 cm 3) is poured in each 
vessel and then the AT sample (150 mg) is added 
to the thermostatic water. 2 c m  3 samples from 
this aqueous solution are taken periodically by 
a syringe supplied with microfilter. After uniform 
dissolution of all samples, Aa54 is measured 
spectrophotometrically. The average AT dissolu- 
tion time (t-a~s) is calculated from the derived 
kinetic curves. 

oz dA25r 
t dt 

t'dis = 0 (6) 
~ dA2s4 

' o dt 

Results and discussion 

Copolymerization ratio values 

The titration-determined dependencies of the 
M M A - M A  copolymer composit ion on the 
monomer  feed in IPA, A and in the IPA mixtures 
with A, X, and W are shown in Table 1. These 
data are used for the calculation of the copolymer- 
ization constants rMMA and rMA in the above sol- 
vents and mixtures. They are linearized in K T  
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Fig. 1. Kelen-Tudos plots of MMA MA copolymerization 
in IPA (1), A (2), IPA/A = 3/2 (3), IPA/X = 3/1 (4) and 
IPA/W = 3/1 (5). Temperature 70~ Initiator: AIBN (1%, 
w/w). a = 1.376 (1); c~ = 0.770 (2); c~ = 1.316 (3); ~ = 1.200 (4), 
and a = 1.300 (5) 

coordinates 

x(y-  1) x 2 MMA 
where r / -  ~ - - -  - - ,  

~ y  ~- X2 ' C(fl ~- X 2 '  X - -  MMMA 
mMA 

y - and c~ is a positive constant, calculated by 
mMMA   )maxl the equation r I ( ~ ) m i n . ( ~ -  

Fig. 1). The rMMA and rMA values calculated in this 
way as well as by JJ and EBR methods are shown 
in Table 2. It is seen that the results obtained by 
all three methods are in good agreement. An addi- 
tional proof of the reliability of these values can be 

found by comparison of the experimental depend- 
encies of the copolymer composition on the 
monomer  feed with the calculated ones using the 
rMA and rMMA values determined by KT method 
(Fig. 2). The most essential peculiarity of the cal- 
culated copolymerization ratios is that all of them 
are smaller than unity. Taking into account the 
identity of both comonomer ~z-electron configura- 
tions and the expected equality to unity of both 
copolymer reactivities according to the theory of 
ideal reactivity in radical copolymerization [14], 
the above observation requires some explanation. 
The fact that the rMA and rMMA values are con- 
siderably smaller than unity proves the existence 
of the alternating tendency of the copolymer mac- 
romolecular formation in the above mentioned 
solvents. Probably this tendency is a result of the 
proton donor and proton acceptor ability of these 
solvents and H-bond formation between them 
and the comonomers. It is essential that both 
comonomers have different possibilities of form 
H-bonds with the solvents studied owing to sub- 
stitution of the MA hydroxyl group by a methoxyl 
one in the MMA molecule. The MA molecule is 
capable to form H-bonds with solvents via both 
the carbonyl group (similarly to the MMA mol- 
ecule) and the hydroxyl group. At the same time 
the MMA molecule forms H-bonds only via its 
carbonyl group. This difference is best manifested 
in A. In this case H-bonds between the solvents 
and a monomer  are formed only by the MA 
hydroxyl group while in IPA and its mixtures 
there is also a possibility for H-bond formation by 
the carbonyl groups of both monomers. The effect 
of these additional H-bonds is the increased elec- 
tron donor ability of the MA To-electron system in 
comparison to the MMA one. This is the reason 
for a donor acceptor interaction between the two 
types of monomer  molecules as well as between 

Table 2. rMM A and rMA values calculated by KT, J J, and EBR methods using the data shown in Table 1. Temperature: 70 ~ 
Initiator: AIBN (1%, w/w) 

FMA FMM A 
Solvent 

KT JJ EBR KT JJ EBR 

IPA 0.33 • 0.02 0.32 • 0.03 0.33 _+ 0.02 0.78 +_ 0.03 0.78 _+ 0.03 0.76 • 0.02 
A 0.63 • 0.02 0.64 _+ 0.02 0.62 _+ 0.02 0.32 • 0.02 0.64 _+ 0.02 0.62 • 0.02 
IPA/A 0.22 + 0.01 0.22 + 0.01 0,20 • 0.01 0.39 i 0.02 0.39 • 0.02 0.39 + 0.02 
IPA/X 0,29 • 0.01 0.28 + 0,01 0.30 • 0.01 0.49 • 0.01 0.48 • 0.01 0.49 • 0.01 
IPA/W 0.32 _+ 0.02 0.33 i 0.02 0.31 • 0.01 0.60 i 0.03 0.60 +_ 0.03 0.59 • 0.02 
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Fig. 2. Mole fraction of MA in the copolymers (togA) as 
a function of MA mole fraction in the monomer feed (MMA) 
during M M A - M A  copolymerization in IPA (1), A (2), IPA-A 
(3), IPA X (4) and I P A - W  (5). The points are the experi- 
mental results, and lines are those calculated by the 
Mayo Lewis equation using rMM A and rma ratios obtained by 
the KT method. Temperature: 70 ~ Initiator: AIBN (t%, 
w/w) 

the two types of propagating radicals ( ~ MA and 
MMA) and their different monomer  molecules 

( M M A  and MA, respectively). The final result in 
both cases is the increase of the alternating tend- 
ency in the resulting copolymers and the decrease 
of the copolymerization ratio as compared to the 
theoretically expected value of unity. Comparison 
of the calculated copolymerization ratios does not 
allow the determination of the predominant type 
of the two donor acceptor interactions leading to 
the discussed final effect. The dependence of the 
initial copolymerization rate on the monomer  
feed composition offers additional information in 
this respect. It should also be noted that the 
copolymerization ratios in IPA mixtures are 
closer to those in pure IPA; this fact can be related 
to the presence of the proton donor solvents in 
these mixtures. 

Initial copolymerization rate as a function of the 
monomer feed 

The extremal dependencies of the copolymeriz- 
ation rate on the monomer  feed are established in 
the above solvents. These dependencies for 
IPA/A = 3/2 (v/v) are presented in Fig. 3. Two 

0.4. 

0.2 

I I I I I ,  

0.2 0.4 0.6 0.8 MM A 
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Fig. 3. Dependencies of initial M M A - M A  copolymerization 
r a t e  ( ,gin)  in IPA/A = 3/2 (v/v) mixture on MA mole fraction 
in the monomer feed at a total comonomer concentration of 
10.0% (curve 1), 17.5% (curve 2) and 25% (curve 3). Temper- 
ature: 70 ~ Initiator: AIBN (1%, w/w) 

peculiarities of the curves (existence of a max- 
imum close to the equimolar composition of the 
monomer feed) do not allow to distinguish be- 
tween the two types of donor acceptor interac- 
tions discussed above ]-15-17]. However, the fact 
that the maximum position is shifted and its inten- 
sity increases (Fig. 3) proves the existence of the 
donor-acceptor interaction between the mono- 
mers before their addition to the propagating 
radicals. This fact does not exclude the other type 
of donor-acceptor interaction; however, this pecu- 
liarity of the curve proves that the donor acceptor 
interaction between MA and MMA contributes 
substantially to copolymerization ratios smaller 
than unity in the solvents studied and to the 
established alternating tendency. 

Influence of  the M M A - M A  copolymer composi- 
tion on A T  microencapsulation 

Table 3 shows Y, E, D, and R values as depend- 
ent on the M M A - M A  copolymer composition. It 
can be seen that when microencapsulation is 
carried out as described in the experimental sec- 
tion, every increase in mma of the copolymer re- 
sults in an increase in E and If. These effects can 
be explained by changes in the copolymer solubil- 
ity in mixtures of H and A. The dependence of the 
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Table 3. Dependence of microencapsulation yield (Y), degree 
(D), efficiency (E), weight fraction of microcapsule walls (R) 
and average microcapsule size (r,~) on the mole fraction of 
MA in copolymers (mMA) used for AT microencapsulation by 
phase separation method 

mMA Y(%) E ( % )  D ( % )  R ( % )  r.~(nm) 

0.11 54.3 62.2 46.4 57.3 373 
0.33 75.6 70.2 79.8 46.4 346 
0.50 83.0 91.1 74.9 54.9 325 

2- 

0.3 

0.2 

0.1 

~ 1  2 

0.2 0.4 mM A 

e n  

B.0 

6.0 

t,.0 

2.0 

Fig. 4. Dependence of the critical volume fraction of H (cpcr) 
in the acetone solutions of MMA MA copolymer (1) and of 
the apparent molecular weight of the copolymers (2) on mMA. 
Temperature: 25 ~ 

critical volume part of H (q)cr) on mMA of MMA 
- M A  copolymers dissolved in A at 25 ~ is shown 
in Fig. 4 (curve 1). In the range 0 < mMa --< 0.52 
(~0or) decreases monotonically as mMA grows and 
at mMn = 0.52 it is zero. This fact indicates that 
A is a 0-solvent of the copolymer with rnMA = 0.52, 
i.e., during the microencapsulation of AT by these 
copolymers, the H volume required the formation 
of the coacervate phase decreases with the rise of 
mMA. At constant H addition rate the solidifi- 
cation of the microcapsule walls formed in the 
coacervate phase should be the slowest for the 
copolymers with the smallest value of 
mMA (mMA = 0.11). This speculation is proved ex- 
perimentally. When such a copolymer is used for 
the microencapsulation, a certain quantity of floc- 
culate is formed. This is one of the reasons for the 
decrease of the IT, E and D values in the case of 

microencapsulation using a copolymer with 
mMA = 0.11. Another reason determining this de- 
pendence is that the more abrupt precipitation of 
copolymers with higher mMA values results in 
smaller losses caused by pasting of the vessel walls 
and the stirrer. This fact explains also the mono- 
tonical increase of Y and E, as well as the mono- 
tonical decrease of ray with the rise of mMA. 

An interesting peculiarity of the results shown 
in Table 3 is the non-monotonous change of 
D with the rise of mUA. The decrease in D at 
muA = 0.50 as compared to the respective value at 
mMA = 0.33 can be explained again by the more 
abrupt precipitation of this copolymer at a small 
H volume fraction and by the narrowing of the 
time and concentration ranges of formation of the 
coacervate phase required for the microencap- 
sulation process. Under these conditions a certain 
amount  of AT remains uncovered by the polymer. 
The latter is washed off at the end of microencap- 
sulation during the treatment of the microcap- 
sules with acidified ethanol and for this reason 
D decreases. A consequence of this peculiarity is 
the growth of the R-values by the change from 
mMA = 0.33 to mMA = 0.50. 

The increase of the D-value in the beginning of 
the D(mMA) dependence (Table 3) can be assigned 
to the smaller loss of AT and polymers due to 
flocculation and pasting of the vessel walls when 
mMA grows from 0.11 to 0.33. 

It is worth studying the growth of the 
copolymer molecular weight -Qw,~p (Fig. 4, curve 
2) with the increase of mMA. The two-fold increase 
of 2hrw, av is another possible reason for the greater 
difference between the solubility parameters of 
A and the copolymers and, hence, for the decrease 
of the (Per value. It is obvious that the changes in 
the copolymer composition and molecular weight 
have a unidirectional influence on the microen- 
capsulation characteristics. Although it is difficult 
to distinguish between these two effects, the rela- 
tively smaller changes in ~rw, ap suggest the assump- 
tion that the differences in the microencapsulation 
characteristics discussed above are mainly due to 
the influence of the copolymer composition. 

The influence of the M M A - M A  copolymer 
composition on the characteristics of the micro- 
capsules formed is of great interest. The kinetics of 
dissolution of AT microencapsulated with three 
M M A - M A  copolymers (mMA = 0.11, mMA = 0.33 
and mMA0.50) at 37 ~ and pH = 4.5 and 7.0 are 
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Fig. 5. Solution kinetics of non-microencapsulated AT (0 )  
and AT microencapsulated with M M A - M A  copolymers 
with muA = 0.11 (A), 0.33 (+)  and 0.50 (@). pH = 6.5. Tem- 
perature: 37 ~ 
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Fig. 6. Solution kinetics of non-microencapsulated AT ( 0 )  
and AT microencapsulated with MMA-MA copolymers 
with mMA = 0.11 (A), 0.33 (+) and 0.50 (Q). pH = 4.5. Tem- 
perature: 37 ~ 

shown in Figs. 5 and 6. It can be seen that the 
dissolution rate of the microencapsulated AT in- 
creases with mMh at the two pH values. This is 
confirmed by the comparison of the fdis values 
characterizing the different kinetic curves 
(Table 4). At both pH values, microencapsulation 
leads to a slower AT dissolution and fdis increases 

Table 4. Average dissoIution time ([dis) of non-microencap- 
sulated AT and AT microencapsulated with M M A - M A  
copolymers with various compositions in water medium. 
pH = 4.5 and 6.5. Temperature 37 ~ 

mMA 
pH =4.5 pH =6.5 

0.11 9.4 28.5 
0.33 8.5 21.7 
0.50 6.3 18.4 
non-microencapsulated AT 0.50 0.8 

by at least one order of magnitude. In both cases 
the growth of mMA of the coating MMA MA 
copolymer results in lower t'dis values. There are 
two possible reasons for this observation: i) it can 
be seen from Table 3 that mMA and ray are inverse- 
ly proportional, i.e., the microcapsules with walls 
built up by copolymer with a higher mMA have 
a larger contact area and dissolve faster; ii) the 
decrease of the rate of swelling and dissolution of 
the M M A - M A  copolymers in water with the rise 
of mMA. It is interesting that in this case also, the 
influence of the change in the M M A - M A  
copolymer composition on the M M A - M A  
copolymer solubility in water predominates over 
that of the molecular weight (Fig. 4, curve 2). 

Comparison of the {dis values suggest that the 
rate of dissolution at pH = 6.5 is smaller than that 
at pH = 4.5. This is a result of the greater solubil- 
ity of AT in acidic and strongly acidic media as 
seen from the fdi~ values of the non-encapsulated 
antibiotic at the two pH values (Table 4). 

Conclusion 

The values of the reactivity ratios of 
M M A - M A  radical copolymerization in IPA, 
A and mixtures of IPA with A, X and W, make 
possible the synthesis of M M A - M A  copolymers 
with the required composition and molecular 
weight by direct preparation of copolymer solu- 
tions for drug encapsulation. From the scientific 
point of view, these values are interesting since 
they prove that there is a more pronounced tend- 
ency to monomer  unit alternation than the theor- 
etically expected one. The assumption that this 
tendency is a result of donor-acceptor  interac- 
tions between the comonomers or between them 
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and the propagating radicals is reasonable and it 
conforms to the dependencies of the initial rates of 
copolymerization on the monomer feed composi- 
tion. This assumption, together with the state- 
ment that the discussed interactions result from 
the different ability of MMA and MA to form 
H-bonds w~th the solvents, require more strict 
quantitative proofs and can be still considered as 
starting hypotheses. 

The determined dependence of the copolymer 
Mw,ap on their composition as well as the 0-com- 
positions of A-H mixtures for these copolymers 
are of sound practical importance. These data are 
used in AT microencapsulation by phase separ- 
ation in suspensions of AT in acetone solutions of 
the copolymers during H-addition. The deter- 
mined dependencies of the microencapsulation 
characteristics and t-dis of the microencapsulated 
AT on the MMA-MA copolymer composition 
are important not only because of their practical 
significance. They relate the conditions of the 
MMA-MA radical copolymerization with the 
microencapsulation characteristics and the prop- 
erties of microencapsulated AT. 
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