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SUMMARY 
Synthetic poly(N-acryloylglycine) (poly[ 1 -(carboxymethylcarbamoyl)ethylene], 1 a) and poly- 

(N-acryloyl-6-aminocaproic acid) (polyll-[5-(carboxypentyl)carbamoyl]ethylene), 1 b) were 
studied in aqueous solution by thermodynamic (potentiometry, calorimetry) and Fourier- 
transform infrared (FT-IR) spectroscopic methods. The values of the basicity constant (log K ) ,  
calculated with the Henderson-Hasselbalch equation, relative to the protonation of the 
carboxylate group, decreases with increasing degree of protonation (a), while the enthalpy changes 
are “real” for both polymers. The increased length of the lateral diphatic chain causes a decrease 
in the polyelectrolyte effect and a greater entropy change ASo of protonation due to liberation of 
water molecules. At low pH the FT-IR spectra reveal a strong band at 1 628 cm -’ for polymer 1 b 
which does not occur in the spectra of polymer 1 a. At this pH the more compact macromolecular 
structure of 1 b may favour interactions among the amido groups of several monomeric units. 

Introduction 

Hydrophobic interaction is an important factor in maintaining the native 
conformation of protein molecules and ordered structures of synthetic polypeptides, 
even in aqueous solution ‘I. With polymers having many methylene groups in the side 
chains, their hydrophobic interactions contribute to the stabilization of their helix 
conformation *). Moreover, since many proteins contain ionizable side groups of 
amino acid residues as well as free amino and carboxyl groups at the polypeptide chain- 
ends and thus are behaving as polyelectrolytes, it is of great interest to obtain 
information on these ionizable groups from a thermodynamic point of view. 

In previous papers ’ s4 )  we contributed in obtaining information on the role played by 
hydrophobic interactions in the protonation equilibria of synthetic vinyl polymers 
carrying amino and amido groups in the side chains of the general formula: 

&-CH& where -R = -NH-(CH,),-NH2 CV = 2, 3) 
or 
n n 

-N N-CH3 u 

a) Part I :  cf.9). 
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The basicity constants of this class of polymers were found to decrease linearly with 
the degree of protonation a according to the modified Henderson-Hasselbalch equa- 
tion5), where the n value, being always > l ,  reflects the magnitude of the hydrophobic 
character of polyelectrolytes as well as the magnitude of electrostatic inter- 
a c t i o n ~ ~ * ~ - * ) .  

We have now extended our thermodynamic and spectroscopic investigation to two 
newly synthesized vinyl polymers poly(N-acryloylglycine) (1 a) a) and poly(N-acryloyl- 
6-aminocaproic acid) (1 b)a)*9) carrying amido and carboxyl groups in a pendant side- 
chain of the backbone structure: 

l a ,  b 29, b 

The role of hydrophobic interaction during the process of protonation is emphasized 
by different lengths of the aliphatic chain. The behaviour of both polymers in aqueous 
solution has also been compared with that of the corresponding monomers 2a, b. 

Interest in this kind of polymers is related to their intrinsic biological activity") and 
their use as potential drug carriers "). 

Results and discussion 

Viscometric titration 

A regular decrease in the reduced viscosity (qi/c) for both polymers l a  and 1 b was 
observed after the excess of hydroxide ions was neutralized (Fig. 1). The successive and 
gradual neutralization of carboxylate groups determines lower electrostatic repulsion 
between the negatively charged groups on the macromolecular chain allowing the 
polymer to assume a compact coil conformation rather than the extended 
conformation which it assumes in the ionized form. This regular decrease is a trend 
frequently observed in the polyelectrolyte domain. The slope of qi/c vs. a for polymer 
1 b is steeper than for polymer 1 a. This means that polymer 1 b undergoes a more rapid 
transformation to a compact coil. Additive interactions between the chains upon 
charge neutralization, e. g. hydrophobic interactions, can compel the macromolecule to 
diminish its coil dimensions. When more than half of the COO-groups are neutralized, 
e.g. at a = 0,65, aggregation predominates and the solution becomes cloudy. 
Molecular association is frequently observed in aqueous solutions of polymers carrying 
hydrophobic groups I*). 

a) Systematic IUPAC nomenclature: 1 a: poly[l-(carboxymethylcarbamoyl)ethylene]; 1 b: 
poly(l-[5-(carboxypentyl)carbamoyl]ethylene). 
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Fig. 1. Reduced viscosity (qi/c) for 
polymers 1 a (0) and 1 b (V) versus 
degree of protonation (a) at  25 "C in 
0,l M NaCl 

Thus the fact that polymer l b  possesses lower solubility in water than the 
corresponding monomer 2 b in the protonated form is explained by macromolecular 
characteristics which favour and enhance intramolecular interactions (see section FT- 
IR spectra). 

Basicity constants 

Tab. 1 shows the potentiometric results together with the log K values of the 
corresponding monomers. Both polymers in the protonation process -COO + 
H + + -COOH show a polyelectrolyte effect, because the log K values decrease with 
the degree of protonation a according to the modified Henderson-Hasselbalch 
equation 5, 

The lower log K values for both monomers in comparison with the polymers may 
be ascribed to the electronic withdrawing of the vinyl double bond; even monomer 2 b 
shows this effect at long distance. 

The protonation constant of polymer 1 b is higher than that of polymer 1 a because 
of the inductive effect of the longer aliphatic chain; buth the n value is lower. 

The protonation constant of polymer 1 b was evaluated down to p H  = 5,06 (a = 

0,65) because beyond this point the p H  remains constant even if further H +  ions are 
added, and the polymer solution becomes cloudy. 
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Tab. 1. Potentiometric values according to Eq. (1) for the protonation of polymers 1 a, b and 
related monomers 2a, b at 25 "C in 0,l M NaCl (L- + H +  * LH; L-  is the anionic monomeric 
unit) 

Sub- log,o[K/(L. mol-')I a-Range K" n R a) 
stance loglo L/mol 

0, l l -  0,74 
0,ll-0,80 
0,ll-0,80 

4,32 + 0,50 log10[(1 -a)/a] 

2 a  3,526(6)') 

0,12-0,64 
0,lO-0,54 

lb  i 5,42 + 0,31 loglo[(l-a)/a)] 

2 b 4,670(3)') 

4,34 
4,32 
4,31 
4,32(2) b, 
- 

5,41 
5944 
5,42(2) b, 
- 

1,53 0,9997 
1,46 0,9993 
1,52 0,9994 
1,50(4) b, 
- 

1,30 0,9990 
1,32 0,9985 
1,3 1 (1) b, 
- 

a) Correlation coefficient. 
b, Average value (in parentheses standard deviations). 
') Values obtained through SUPERQUAD program j3) .  

As already observed in vinyl polymers 4, and polyamides containing amino acid 
residues*) the lengthening of the aliphatic chain always determines a lower n value 
which tends towards 1 ,  i. e. the polyelectrolyte effect diminishes and the macromolecule, 
although carrying many ionizable groups, looks more and more like a small charged 
molecule. The hydrophobic aliphatic chain shelters and hinders interactions between 
the charged groups, provoking tighter coiling of the polymer as reflected by viscometric 
titration (see above). 

Enthalpy and entropy changes 

Tab. 2 shows the enthalpy changes AHo for both polymers together with the 
calculated entropy changes AS" obtained by combining with the changes of free 
enthalpy AGO. 

Tab. 2. 
protonation of polymers 1 a, b in 0,l M NaCl at 25 "C 

Free enthalpy change -AGO, enthalpy change - AHo and entropy change ASo for the 

l a  L-  + H +  + LH 247 (1) - 1 2  (7) 87 (3) 
l b  L-  + H +  t LH 30-9 (1) - 2 3  (7) 111 (3) 

a) Calculated at a = 0,5 (a: fraction of protonated carboxylate groups). 
b, Values in parentheses are standard deviations. 
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The enthalpies of neutralization for polymers l a  and 1 b are both endothermic and 
“real”, i. e. pH-independent. Moreover the AH” for polymer 1 a is quite similar to that 
of polymer l b .  All this means that the protonation process involves only the 
carboxylate anion and is not particularly influenced by the other surrounding groups. 
This is a general rule in the protonation of carboxylato groupsI4). Thus the entropy 
change decreases with increasing degree of protonation, or in other words, the 
liberation of water molecules during the charge neutralization process diminishes along 
with the number of charged COO- groups in the macromolecule. 

The protonation entropy change of l b  is larger than that of polymer l a .  This 
indicates a greater liberation of water molecules from 1 b than 1 a. The longer aliphatic 
chain is responsible for this behaviour because of its hydrophobic character. Indeed the 
action of the methylene groups is described as a “solvent exclusion” effect. They allow 
fewer water molecules to approach and compel the solvent molecules to surround the 
negative charge of the anion in a layer held tightly by ion-dipole forces. 

The slope observed in the plot log K vs. a for the two polymers and interpreted by 
the n value of the modified Henderson-Hasselbalch equation is thus reflected in the 
slope of AWa,  indicating that the cooperative effect is really a cooperation between 
the hydration shells of different COO-groups. The difference in the slope observed for 
the two polymers, greater for 1 a than for 1 b, can be attributed to the larger penetration 
of hydration shells belonging to the neighbouring side chains in polymer 1 a due to their 
closer vicinity. Thus the first COO-group to be protonated produces a greater liberation 
of water molecules than the remaining ones. 

Fourier- transform infrared spectra 

FT-IR difference and deconvoluted difference spectra of polymers 1 a, b at different 
pH values are shown in Figs. 2 and 3 and the main frequencies observed are summar- 
ized in Tab. 3 with their assignments. The p H  values were chosen on the basis of the 
basicity constants, in order to record the spectra of the most significant ionization and 
conformation states. 

Since the largest variations in the spectra of the two polymers are observed in the 
1800 - 1350 cm-’  region, only this wavenumber range is reported. 

The spectrum of polymer 1 a at p H  10,5 (Fig. 2), existing only in the ionized form, 
shows the characteristic bands of the asymmetric and symmetric C-0 stretching of 
COO- 15) at 1578 and 1390 cm-’ ,  respectively. The amide I1 band appears as a 
shoulder a t  1560 cm-’ .  In the amidic C = O  stretching region (1 600- 1700 cm-’)  a 
strong band at 1650 cm-’ and a very weak band at 1696 cm-’ are observed. The 
former is the characteristic amide I band in aqueous solution where hydrogen bonds 
occur between the amido group ad the water molecules, as seen in many polypeptides 
dissolved in water15), whereas the latter is due to the C=O stretching of the “free” 
amido group 15). 

Because the absorption coefficients of the “free” and hydrogen-bonded C = O  are not 
very different16), the different intensity of the two bands suggests that the amido 
group of polymer l a  is strongly hydrated. 
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1800 1600 1LOO 1800 1600 1 LOO 
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Fig. 2. 
pH 10,5 (a) and pH 2,5 (b) 

FT-IR difference (bottom) and deconvoluted difference (top) spectra of polymer 1 a at 

(a) 

! I I , I , , / I  ! I I I I I I I I  

1800 1600 1 LOO 1800 1600 1LOO 
-v/cm-’- 

Fig. 3. 
pH 11 (a) and pH 5,5 (b) 

FT-IR difference (bottom) and deconvoluted difference (top) spectra of polymer 1 b at 
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Tab. 3. 
assignments 

Sub- Wave number in cm-’ Assignment 
stance at pH 

Main wave numbersa) observed for polymers 1 a, b in solution at different pH and their 

2 S  5.5 10,5 

1728 (vs) 1735 (m) C=O stretch of COOH group 

1650 (m) 1650 (sh) 1650 (s) hydrogen-bonded amide C=O 

1 580 (vs) 1578 (vs) asym. stretch of COO- group 

1390 (s) 1390 (s) sym. stretch of COO- group 

amide I 1696 (vw) “free” amide C=O stretch 

stretch 

1560 (s) 1560 (sh) 1560 (sh) amide I1 

at pH 595 11 

1 1696 sh 1694 m “free” amide C=O stretch 
1647 s 1650 sh hydrogen-bonded amide C=O amide I 

1628 vs strongly hydrogen-bonded 

1550s 1550s asym. stretch of COO- group 

1406s 1406s sym. stretch of COO- group 

stretch 

amide C=O stretch 

+ amide I1 

lb  1 
a) vw = very weak, m = medium, s = strong, vs = very strong, sh = shoulder. 

The spectrum of the same polymer at pH 2,5 (Fig. 2) shows the characteristic bands 
of the polymer in the protonated form. In this spectrum the C=O stretching of the 
carboxylic group at  1728 cm-’ and the amide I and I1 bands at 1650 and 1560 cm-’, 
respectively 15), are clearly visible. 

Since the amide I band occurs a t  the same frequency as at p H  10,s we can exclude 
any direct interaction between amido and carboxyl groups of the same monomeric unit 
as it occurs in poly(amid0-glycine) and poly(amido-(3-alanine) or poly(amid0-a- 
alanine) ’*) between the protonated amino group and the carboxylate ion. 

Therefore, even in the protonated form the amido groups of polymer 1 a are strongly 
hydrated. 

For polymer 1 b it was not possible to record the spectrum at pH < 5,5 because of 
its water insolubility in the protonated form. At higher pH, when polymer 1 b is 
completely in the anionic form (Fig. 3) the characteristic bands of the asymmetric and 
symmetric C=O stretching of COO- at  1550 and 1406 cm-’, respectively, are 
evident. The shift of the former to  lower and the latter to higher frequencies with respect 
to those of polymer 1 a is thought to be due to  the lengthening of the chain, i. e. to the 
greater inductive effect due to the number of methylene groups, as observed in 
polyamides containing amino acid residues previously studied ”). By comparing the 
amide I region of the spectra of the two polymers a t  high p H  values we observe that 
for polymer 1 b the band due to the “free” amide C=O stretching is more intense than 
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the hydrogen-bonded amide C=O stretching, whereas the contrary is true for polymer 
1 a (see Fig. 2). This feature suggests that the interaction between the amido group of 
polymer 1 b and the water molecules is lower than for polymer 1 a. So the amido groups 
of polymer l b  are not hydrated to the extent of those of polymer l a ,  and this is 
compatible with the hydrophobic character of the long aliphatic chain in 1 b. 

By comparing the spectrum at high pH of polymer 1 b to that of monomer 2 b it may 
be noted that in the latter only the hydrogen-bonded amide C=O stretching at 1650 
cm-’ exists (see Fig. 4). So the interaction between the amido group of monomer 2b 
and the water molecules is greater for monomer 2 b than for polymer 1 b, emphasizing 
the role played by the macromolecular chain in the hydration effect. 

Fig. 4. 
2 b  at pH 12 (a) and pH 1,3 (b) 

FT-IR difference spectra of monomer 

1800 1600 1100 
v/crn-’ 

At pH 5 3  a strong band appears at 1 628 cm -’ in the spectrum of polymer 1 b. The 
band does not occur in the spectra of polymer l a  at pH 5 3  or 2,5 (see Tab. 3). It lies 
in the region of the amide I vibrational mode and occurs at lower frequency than the 
“free” amide C = 0 (1 696 cm - ‘) and the “hydrated” amide C = 0 ( 1 647 cm - ’) bands. 

An amide I band at such a low frequency reveals that the amido groups are involved 
in very strong hydrogen bondsf5). In the present case this band can be attributed to the 
interaction between amido groups of different pendant chains. At this pH the 
electrostatic repulsions between the charged carboxylate ion decrease because of their 
partial neutralization leading to a greater compactness of the polymer (see section 
viscometric titration) preliminary to polymer precipitation. 
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We can therefore conclude that precipitation occurs at a p H  below 5,5 because the 
interaction between the amido groups of neighbouring side chains becomes very strong 
as a consequence of the conformational state of the polymer in the protonated form. 
In fact the spectrum of polymer 1 b (in the protonated form), i. e. in the solid state, 
shows the strong amide I band at  1628 cm- '  that we found at  pH 5,5,  together with 
a band at  1647 crn-I9), whereas in the spectrum of the monomer 2 b at  p H  1,3 (see 
Fig. 4), there is only the amide I band at 1650 cm-I due to interaction of the amido 
group with water molecules. 

This also explains the water solubility of monomer 2 b  in the protonated form. 

Experimental part 

Syntheses: The synthesis of both polymers was described elsewhere') and is based on a radical 
polymerization of the corresponding vinyl monomers, in turn obtained by a condensation reaction 
of acryloyl chloride with the appropriate amino acid in alkaline solution. 

Potenfiornetric meusurements: The protonation equilibria of polymers 1 a and 1 b were studied 
with potentiometric techniques using the method previously described 'I. The potentiometric 
titrations were carried out in a glass cell kept at constant temmperature of 25 "C and at a constant 
ionic strength of 0,1 M sodium chloride. A digital Radiometer PHM-84 potentiometer, equipped 
with a Ross glass electrode (Orion, mod 81-01) and a Ross reference electrode (Orion, mod 80-05) 
was used together with a Metrohm Multidosimat piston buret connected to an Olivetti M20 
computer. For each titration experiment, the cell was filled with ca. 100 mL of 0,l M NaCl in which 
a known amount of solid polymer was dissolved with magnetic stirring under a nitrogen stream. 
The titration data (voltage and volume of added titrant) were printed and automatically stored 
on a floppy disk for further processing. Tab. 4 shows the experimental details of the potentio- 
metric measurements for both polymers and the corresponding monomers 2a, b. The basicity 
constants for the polymers were computed by the previously described APPARK program on the 
Olivetti M20 computer '), whereas the potentiometric data relative to the simple monomers were 
processed by the SUPERQUAD program 1 8 )  on the Olivetti M28 computer. 

Tab. 4. 
monomers 2a, b at 25 "C in 0,1 M NaCl 

Experimental details of potentiometric measurements of polymers 1 a, b and related 

Substance pH-range TL . 103/mola) TH' . lo3 b, CT c, Points d, 

mol mol/L 

3,65 - 5,67 
3,49-5,59 
3,45 - 5,62 

2,67 - 5,05 
2,74-5,40 

5,06-6,48 
5,M-6,60 

3,85-5,36 
3,36-6,47 

0,1846 
0,1888 
0,1574 

0,2323 
0,2238 

0,2024 
0,2905 

0,261 6 
0,261 6 

0,3992 

0,3720 

0,4469 
0,4384 

-0,3526 

-0,1770 
-0,481 1 

- 0,2480 
0,4756 

-0,0756 
0,1073 

-0,0756 

-0,0756 
-0,0756 

0,1070 
0,1070 

0,1070 
-0,1265 

72 
58 
49 

59 
139 

26 
76 

49 
60 

a) Initial amount of ligand. 
b, Initial amount of hydrogen ions (negative values refer to hydroxide ions). 

Hydrochloric acid titrant concentration (negative values refer to sodium hydroxide). 
dl Number of points from titration curve. 
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Viscometric measurements: The viscometric titration data were obtained at 25 "C in 0,l M NaCl 
solution with a Cannon Ubbelohde 50 E 998 viscometer. The polymer solutions were freshly 
prepared by dissolving a weighed amount of polymer l a  (35 mg) or 1 b (25 mg) in 0.1 M aqueous 
NaCl solution containing a known excess of 0,l M NaOH (total volume 25 mL), and titrated 
stepwise with 0,l M hydrochloric acid. The FITH program ') was used to calculate the degree of 
protonation a from the basicity constants previously determined. 

Calorimetric measurements: Calorimetric titration data were obtained by the previously 
described procedure5) using a Tronac calorimeter mod 1250 equipped with a 2.50 mL Gilmont 
buret and a 25 mL stainless-steel reaction vessel. The bath temperature was accurately controlled 
at 25 "C by a precision temperature controller (PTC-40) from Tronac, Inc. A known amount of 
polymer 1 a, dissolved in 25 mL of 0,l M NaCI, was titrated both with 0,l M sodium hydroxide and 
hydrochloric acid solutions. Duplicate experiments were performed with polymer 1 b, after 
dissolving it in alkaline medium and using 0.1 M hydrochloric acid as titrant. Heats of dilution 
of both titrants were determined under the same experimental conditions and the heat of 
ionization of water was taken to be 55,88 kJ/molJ9). A CCP 930 computer and the THERMAL 
program were used to control the titration run. This was linked to the Olivetti M24 computer which 
calculated AH' at each a value. Tab. 5 summarizes the calorimetric experimental details. The 
results, obtained by the FITH program5), are reported in Tab. 6. The standard deviations of the 
AHo values were calculated by simple statistical equations *'). 

'kb. 5. 
25 "C in 0,l M NaCl 

Substance TL .  103/mola) TH' . 103/molb) CT/(mol .dm-3)c) Pointsd) 

l a  

Experimental details for calorimetric measurements in the protonation of polymers at 

0,1818 0,1818 - 0,091 9 38 
0,1483 -0,0122 0,1073 29 

-0,0015 0,1070 32 
0,1643 -0,0887 0,1070 24 

{ 
{ o'2060 

l b  

a) Initial amount of ligand. 
b, Initial amount of hydrogen ions (negative values refer to hydroxide ions). 
') Hydrochloric acid titrant concentration (negative values refer to sodium hydroxide). 
d, Number of points from calorimetric titration curve. 

Tab. 6. 
L -  + H +  + LH; L-  monomeric unit in the anionic form) 

Calorimetric results of protonation of polymers 1 a, b in 0,l M NaCl at 25 "C. (Reaction: 

Substance a-Range pH-Range - AHo/(kJ. mol-l)a) 

l a  0,72-0,lO 3,66-5,70 0,1 (5) 
0,12-0,77 5,69-3,53 - 2 J  (8) 

average - 1.2 (7) 

l b  0,lO- 0,66 6,67 - 5,07 
0,14- 0,66 6,49 - 5,06 

a) Enthalpy change -AHo; values in parentheses are standard deviations. 
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FT-IR Spectroscopic measurements: FT-IR spectra were recorded on a Perkin-Elmer Model 
1800 spectrometer between 3 OOO and 900 cm-l .  An MCT detector was used and the apparatus 
was purged with nitrogen. Typically 300 scans at a resolution of 2 cm-’  were averaged and the 
spectra were stored in a magnetic system at a 1 cm-’  data interval. The frequency scale was 
internally calibrated with a reference helium-neon laser to an accuracy of 0.01 cm - I .  A Barnes 
microcircle cell for liquids equipped with a germanium crystal was used to record the spectra in 
aqueous solution. The concentration of the polymer solution used was about 4 .  mol/L. 
The pH values of the solution were adjusted by the addition of a small amount of aqueous HCI 
or aqueous NaOH solution. 

Spectral digitalprocessing: The Perkin-Elmer 7500 data station was used to obtain difference 
spectra of the polymer-water system. The water subtraction from the polymer solution was made 
with the null criterion trying to minimize the water band. In order to improve the observability 
of the overlapping bands in the 1800- 1 350 cm-‘  region, mathematical resolution enhancement 
was performed by a spectral deconvolution process which is like the Fourier self-deconvolu- 
tion 21,22) except that the mathematical operations are performed in the spectral domain rather 
than in the Fourier domain. The process moves intensity from the outer wings of a band into the 
centre of the band, thus reducing its effective half-width and improving its observability. In 
practice this program takes an operator-selected region of the absorbance spectrum containing at 
least 300 data-points, since a 200-point convolution filter is used in the “enhance” algorithm23) 
and 50 points a r  lost at each end of the spectrum. The quality of the deconvolution procedure is 
controlled by two variables, namely the halfband width of the Lorentzian line used for 
deconvolution and the resolution enhancement achieved”). 
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