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ABSTRACT Two poly(methacry1ic acid) derivatives containing amide and carboxyl groups in the side chain 
of the vinyl structure, namely poly(N-methacryloylglycine) (PMPl) and poly(N-methacryloyk-8-alcmifle) 
(PMPt), were studied in aqueous solution at 25 O C  by thermodynamic (potentiornetry, calorimetry, mid 
viscometry) and spectroscopic (FT-IR) techniques together with the corresponding monouers. The basicity 
constants (log K )  of both polymers were compared with those of other polymers with a vinyl backbone, mid 
the anomalous behavior of PMPz was revealed by the n value of the modified Hendenon-Harselbdch equation. 
The slight exothermic enthalpy changes were pH-dependent and the -A?Io increased with the degree of 
protonation a for PMPl but decreased for PMP2. The extension of hydration of the amide group revealed 
by FT-IR spectra was the main factor controlling the different protonation behavior of the two polyelec- 
trolytes. 

Introduction 
In previous we reported the synthesis and 

thermodynamics of protonation of vinyl polymers with 
poly(acry1ic acid) structure in which an amido group was 
inserted as the side substituent. It was shown that a 
lengthening of a polymethylene spacer between the arnide 
and carboxyl groups increases the hydrophobicity super- 
imposed on the hydrophilic quality impamted by the pep- 
tide linkage. Thus, we undertook the study of these 
polymers with special attention to the role played by their 
hydrophobicity in conformational changes? Now we 
extend these studies to two methacrylic acid derivatives 
and their polymers. 

The insertion of the a-methyl hydrophobic group on 
the skeleton of poly(methacry1ic acid) drastically changes 
its behavior in aqueous s ~ l u t i o n . ~  The present paper deals 
with the protonation behavior of these polymers in aqueous 
solution, using viscometric, potentiometric, calorimetric, 
and FT-IR spectroscopic techniques, and their behavior 
has been compared with the other vinyl polymers previ- 
ously s t ~ d i e d . ~ ~ ~  

Results and  Discussion 
Viscometry and Potentiometry. The viscometric 

behavior and protonation equilibria of the two polymers 
and corresponding monomers were studied in aqueous 
solution at  25 "C and ionic strength 0.1 M NaCl (Figure 
1 and Table I). In the ionized form, the higher reduced 
viscosity is related to the extended state of the macro- 
molecular chain; the lowest viscosity value is achieved in 
the completely neutral form, Le., a t  the degree of proto- 
nation a = 1 (Figure 1). 
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The behavior of both polymers i8 well described by the 
Henderson-Hauuelbalch equation modified by Katchal- 
sky and Spitnik for  polyelectrolyte^.^ The proton asso- 
ciation constant, K O ,  is higher for the half-ionized polymer 
than the KO for the corresponding monomer as a conse- 
quence of the charge of the polyelectrolyce chain. In fact 
when electrostatic repulsion is decreased, i.e., a t  a high 
degree of protonation a, when aluiout complete probna- 
tion is reached, the log K vdues of both the polymers 
approach those of the corresponding monomers (Figure 
1). The increase in methylene groups from PMPr to PMPz 
and from MP1 to MP2 is reflected in a higher Iog K" vdue 
for the compound with the longer chain, and the difference 
in log K" values is the same (dog K" = 0.6) for both classes 
of compounds (Table I). This is an expected behavior 
that can be related to that of many amino acid derivatives.s 

With comparison of the n values of the modified Hend- 
erson-Hasselbalch equation of the present series of 
polymers containing a vinyl ba~kbone ,~v~t~  a close rela- 
tionship is observed between this parameter and the 
hydrophobic character of the polymers (Table ID). High 
hydrophobicity corresponds to low po1yelec;l~olyle be- 
havior, bringing the value of n close to l. Vinyl polymers 
with a lateral amide group always show n > 1. When the 
hydrophobic character of the monomer unit is increased, 
for example, by lengthening the aliphatic chain froln poly- 
[N-(2-aminoethyl)acrylamide] (PI) to poly[N-(3-mino- 
propy1)acrylamidel (Pz), or from poly [N-ac~yloyiglycine] 
(PAPI) to poly[N-acryloyl-6-aminocaproic acid] (PAPS), 
or by adding a methyl group from ko iy [ r - ( l -p ipe~~ iP l -  
carbony1)ethylenel (Pd, to poly[ 1-[(4-methyl-l-piperazi- 
nyl)carbonyl]ethylene] (P4), or from PAP1 to PMP1, a 
lower value of n is obtained (Table 11). On the contrary, 
PMP2 seems to behave in a different manner: from PMPl 
to PMPz the n value increases even though a methylene 
group has been inserted in the chain. This suggests that 
in PMP2 the protonation behavior is anomalous (see 
below). 
FT-IR Spectrometry. The FT-IR spectroscopic re- 

sults relative to PMPl and PMP2 at  two different pHs are 
shown in Figure 2. For comparison, the deconvoluted 
difference spectra of PAP1 at  the same pH2 are also given. 
The chemical structure of PMPl differs from that of PAP1 
only by virtue of a methyl group on the skeleton of the 
polymer. Hence, the new band that appears a t  1487 cm-l 
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Table I1 
Basicity Constants of Vinyl Polymers Following the 

Modified Henderson-Hasselbalch Equation 
log E log Ro + (n - 1) log [(l - u) /u]  
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Figure 1. Reduced viscosity (qlP C) and basicity constants (log 

PMPp (2, - - -) (with corresponding monomers 1' and 2') at 25 O C  

in 0.1 M NaCl. 

Table I 
Protonation Equilibria of Polymers and Related Monomers 
at 25 O C  in 0.1 M NaCl Solution (Reaction: L- + H+ + LH; 

for Polymers, L- Refers to the Monomer Unit in the 
Anionic Charged Form) 

a 

K )  vs degree of protonation (a) 1 or polymers PMPl (1, -) and 

compd [ 7 I Y  log Ku 
PMP 1 
MPi 3.597 (4)' 

0.27 4.26 (4) + 0.40 (2) log [(l - 

PMP2 0.20 4.92 (3) + 0.61 (1) log [(l- a)/.]* 
MPz 4.33 ( 1 ) C  

a log K = log KO + (n - 1) log [(I - a ) / a ] .  * Values in parentheses 
are the deviations obtained as: di = xi - 2.  Values in parentheses 
are the standard deviations estimated as reported in ref 16. 

in PMPl (Figure 2b) can reasonably be assigned to the 
methyl deformation mode.9 

The presence of the methyl group in the backbone of 
the vinyl chain does not particularly affect the absorption 
frequency of the carboxyl group in protonated or unpro- 
tonated forms. In fact the absorption frequencies relative 
to the stretching of the -COOH and -COO-groups in both 
the PMPI (1726 cm-' COOH, 1582 cm-l COO-) and PAP1 
(1728 cm-' COOH, 1580 cm-' COO-) are approximately 
the same. 

Comparing the amide I spectral region of the two 
polymers a t  high pH (Figure 2a), we can see that, even if 
the amide I bands occur a t  the same frequencies for PMPl 
and PAPI, the corresponding intensities behave in exactly 
the opposite way, in the sense that the band at 1650 cm-' 

compd logKO n ref 
P1 8.23 1.48 6 

I 
H 

I 
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Figure 2. (a) Deconvoluted spectral region relative to the amide 
I vibration mode of PMPl at pH = 13.0 (top), of PAPlat pH 
10.5 (middle), and of PMP2atpH = 10.2 (bottom). (b) Difference 
spectra in the 1850-1300-cm-l range of PMPl at pH = 2.9 (top), 
of PAPI at pH = 2.5 (middle), and of PMPzat pH = 2.9 (bottom). 

due to the formation of hydrogen bonding between the 
amide group and water molecules2 has a lower intensity 
in the PMPl spectrum than in that of PAPI, while the 
opposite trend is observed for the bands at  1696 and 1678 
cm-1 due to the "free" amide group.* This means the effect 
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Chart I 

of the methyl group is to decrease the hydration of the 
amidic group in the side chain. 

On the other hand, the spectrum of PMPl at  low pH 
shows an amide I band at  1620 cm-l (Figure 2b). This 
frequency is lower than that in the PMPl spectrum at  
high pH (1650 cm-') and was previously assigned2 to an 
amide group involved in strong hydrogen bonding with 
another amide group of a close pendant chain. Thus the 
methyl group on the skeleton removes the water molecules 
from the amide group favoring interaction between the 
pendant chains a t  low pH (Chart I). This occurs when the 
macromolecule assumes coil form, as seen by viscometric 
titration. As a matter of fact, in the spectrum of the PAP1 
polymer at  low pH, the amide I occurs a t  1650 cm-l as at 
high P H , ~  showing that the amide groups remain strongly 
hydrated even in the protonated polymer. 

The PMP2 polymer differs from the PMPl polymer only 
in an additional methylene group between the amide and 
carboxylgroups. The lengthening effect of the alkyl chain 
causes a drop of the carboxylic (1728 cm-I PMPI, 1716 
cm-' PMPz) and carboxylate (1582 cm-' PMPI, 1565 cm-' 
PMP2) C=O stretching modes as also observed in the 
previously studied polyacrylate analogues2 and poly(amido 
amino acids).l0 

Comparison of the amide I spectral region of PMP2 and 
PMPl a t  low pH (Figure 2b) shows that they behave in 
a similar manner in the protonated form, and thus the 
pendant chains also interact with each other in the 
neutralized PMP2 polymer. This similarity is not shown 
by the IR spectrum at  high pH: in the amide I region 
(Figure 2a) the band at  1650 cm-' has greater intensity 
than those at  1698 and 1679 cm-1. Since the absorption 
coefficients of the "free" and "hydrogen-bonded" C=O 
are not very different," the greater intensity of the 
1650-cm-' band confirms that the amide group of PMP2 
is strongly hydrated, as suggested by the n parameter of 
the modified Henderson-Hasselbalch equation of PMP2, 
which is also higher than that of PMP2 (Table 11). 

Calorimetry. The calorimetric results (-AHo) for the 
carboxyl protonation are reported in Table 111 together 
with the other thermodynamic functions -AGO and AS". 
It appears that the protonation of both polymers is 
exothermic like those of the corresponding monomers. The 
heat effects of PMPl and PMP2 are quite similar to a = 
0.5 and lower than those of the MPI and MPz monomers, 
which are themselves similar. 

The lower enthalpy changes in both polymers compared 
to the corresponding monomers can be attributed to the 
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Table I11 
Thermodynamic Changes for the Protonation of Polymers 
and Monomers in 0.1 M NaCl at 26 O C  (Reaction: L- + H+ 

* LH)d 
~~~ ~ 

compd -AGOa - m o a  A S O C  

PMPl 5.81 (5)b 0.26 (15)b 18.60 (5Ib 
MPi 4.905 (5) 0.95 (2) 13.27 (7) 
PMPz 6.71 (4)b 0.37 21.30 (4)b  
MPz 5.90 (1) 0.96 (2) 16.59 (10) 

a In kcal-mol-'. Values calculated at a = 0.5. In calamol-1.K-1. 
d Values in parentheses are the estimated standard deviations of the 
last significant figure. 

I 

0 2 4 8 8 1.0 
a 

Figure 3. Thermodynamic functions (-AGO, -AHo, and A P )  
for protonation of PMPl(--) and PMPz (- - -) at 25 "C in 0.1 M 
NaCl. 

larger desolvation effect, which generates an endothermic 
contribution produced by the macromolecular chain during 
the protonation process. In fact the hydration shell of a 
polyelectrolyte embraces several repeating units, leading 
to a more pronounced release of water molecules during 
the neutralization process than that obtained with the 
monomer. This behavior is also observed in other 
polymers.2J0 Figure 3 shows the trend of the three 
thermodynamic functions (-AGO, -AHo, and AS") against 
the degree of protonation a of the polymers PMPl and 
PMP2. The variation of -AHo versus a follows an opposite 
trend in the two polymers: the slope of -AH"/a is positive 
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polymer solution was about 4 x mol dm-3. The pH values 
of the solution were adjusted by addition of small amounts of 
aqueous HCl or aqueous NaOH solution. 

The difference spectra are obtained by subtracting the 
spectrum of water from the spectrum of the polymer solution 
according to the null criterion. 

The spectral digital processing adopted to obtain the decon- 
voluted difference spectra has previously been described? 

Viscometric Measurements. A Cannon-Ubbelohde 50 E 
998 viscometer was used to obtain viscometric data. For the 
determination of the intrinsic viscosities the polymers were 
dissolved in DMF (31 mg of PMPl in 15 mL of solvent; 34 mg 
of PMPz in 20 mL of solvent) and held at 30 "C. The flow time 
for DMF solvent was 170 s. 

The viscometric titration point data were obtained at 25 O C  

by dissolving a known amount of polymer (30 mg of PMPI; 40 
mg of PMP2) in 25 mL of 0.1 M NaCl containing an excess of 0.1 
M sodium hydroxide. Hydrochloric acid solution (0.1 M) was 
used as titrant in the stepwise neutralization of the carboxylate 
groups of the polymers. The FITH program running on an Oli- 
vetti M24 computer15 was used to calculate a from the basicity 
constants obtained above. 

Potentiometric Measurements. The basicity constants of 
the two polymers and the corresponding monomers were deter- 
mined in aqueous solution by potentiometric techniques using 
a previously reported procedure.l6 Duplicate experiments were 
carried out for both polymers and monomers in 0.1 M NaCl to 
determine the basicity constants with the previously described 
calculation programs: APPARK on the Olivetti M20 computerlb 
for polymers and SUPERQUAD on an Olivetti M28 computer16 for 
monomers. 

Calorimetric Measurements. Continuous calorimetric ti- 
trations in the isothermal mode were carried out with a previously 
described procedure16 using a Tronac calorimeter (Model 1250). 
The -AH" values were calculated at each a value and then 
averaged, ensuring that they fell within the 0.05 a-range. The 
standard deviations were calculated on each group of -AHo values 
chosen in the range of cz considered. 
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Chart I1 

m 
for PMPl but negative or almost constant for PMP2 (Figure 
3). In both polymers two contributions have to be taken 
into account to understand the protonation process: the 
desolvation, due to the neutralization process, which 
becomes progressively lower with the decrease in charge 
of the macromolecule, and the interaction through hy- 
drogen bonds between the amide moieties of the pendant 
groups. 

The FT-IR spectra reveal that the PMP2 polymer is 
highly solvated at basic pH on both the hydrophilic, i.e., 
amide and carboxylate groups, more so than PMP1, 
probably because the longer aliphatic chain of PMPz 
renders the polymer more flexible arid the two methylene 
groups can interact hydrophobically with the methyl group 
on the main chain. This structure renders the amide 
moiety more open and free to hydration (Chart 11). Thus 
the  neutralization process of PMPz always provokes a 
longer desolvation effect than that of PMP1. In the latter 
case the exothermic effect increases with increasing a 
because during neutralization the release of water mol- 
ecules becomes progressively smaller and smaller and the 
exothermic effect greater. For PMPz the heat is almost 
constant because the two thermal effects equalize; this 
means that PMP2 releases more water molecules than 
PMP1, which causes a to increase. This is evident from 
the trend of A S o / a  for PMPl and PMP2: both AS"% 
decrease with increasing a, but the curve of the more 
solvated PMP2 remains higher than that of PMP1, and 
the slope is smaller. 

Experimental Section 
Synthesis. The monomers and corresponding polymers were 

synthesized according to a Winston procedure.12 
N-Methacryloylglycine13 ( M P I ) .  Elem anal. Calcd for 

NO3: C, 50.3; H, 6.3; N, 9.8. Found: C, 49.9; H, 6.3; N, 9.7. 
Poly(Nmethacryloylg1ycine) (PMP1). Intrinsic viscosity 

(DMF, 30 "C) [ q ]  = 0.27 dL.gl. Elem anal. Calcd for (CsH9- 
NO~HzO),: C, 44.7; H, 6.9; N, 8.7. Found: C, 44.7; H, 6.7; N, 
8.6. 

N-Methacryloyl-&alanine14 (MPz). Elem anal. Calcd for 
C7HllN03: C, 53.5; H, 7.0; N, 8.9. Found: C, 53.1; H, 7.0; N, 8.7. 
Poly(N-methacryloyl-,3-alanine) (PMP2). Intrinsic vis- 

cosity (DMF, 30 "C) [ a ]  = 0.20 dL.gl. Elem anal. Calcd for 
(C,HllNO~-3/~H~0),: C, 49.3; H, 7.4; N, 8.2. Found: C, 49.5; H, 
6.6; N, 8.2. 

Spectroscopic Measurements. A Varian XL 200 spectrom- 
eter was used to record proton NMR apectra on samples of ca. 
20 mg of each compound dissolved in 0.5 mL of MezSO-ds. 
Chemical shifts were measured, taking the residual MezSO peak 
as the internal reference signal at  2.48 ppm. A Perkin-Elmer 
M1800 spectrophotometer was used with a Data Station 7500 
professional computer to record FT-IR spectra of the compounds 
by a previously reported procedure.2 The concentration of the 

Registry No. PMP1, 30602-15-4; PMP2, 131618-71-8; MP1, 
23578-45-2; MPz, 131618-73-0. 


