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The protonation of some poly(amide-amines) has been studied in aqueous solution by both 13C n.m.r. 
and potentiometric methods. In particular 13C n.m.r, chemical shifts were plotted as a function of pH. 
In all cases the curves show points of inflexion at pH values which can be predicted from potentio- 
metric pK values. 1,4-Diacyl piperazine groups are present in the main chain of the poly(amino- 
amine). We found that 50% cis and 50% trans isomers with respect to the carbonyls were present in 
aqueous solution; the cis/trans ratio is independent of pH. Only 'apparent' constants were found in 
the previously described polymeric acids and bases; however, 'real' basicity constants could be deter- 
mined for the poly(amido-amines) studied in the present work. Moreover, the protonated monomeric 
unit site could be determined exactly by both potentiometric and 13C n.m.r, methods. 

INTRODUCTION 

A new class of multifunctional polymers, poly(amido- 
amines)' show interesting properties as complexing agents 
for natural muco-polysaccharides 2'3. They are also capable 
of forming stable complexes with several heavy metal ions 4. 

In order to obtain a better knowledge of the structure of 
these complexes, as well as of the mechanism of complex 
formation, it is necessary to study the behaviour of 
poly(amido-amines) towards protonation. We have under- 
taken a study in aqueous solution using potentiometric and 
n.m.r, methods. 

EXPERIMENTAL 

Materials 
Poly(amido-amines) I and II (Table 1) were prepared as 

described 1. 
Poly(amido-amine) III was prepared by dissolving 1.45 g 

ofN,N',  N"-trimethyl-diethylenetriamine s in 10 ml of 
methanol, adding 1.94 g of bis-acryloylpiperazine 6, and 
allowing the reaction mixture to stand at room temperature 
for 1 week, with occasional stirring. The reaction mixture 
was then poured into an excess of ether. The precipitated 
polymer was purified by dissolving in chloroform and repre- 
cipitating with ether, yield 2.93 g (86%). Poly(amido-amine) 
III is a sticky, non-crystalline material. It is soluble in 
chloroform, alcohols, acetone, and water, but insoluble in 
ether and aliphatic hydrocarbons. The sample used had [77] 
= 0.27 dl/g (in chloroform at 30°C). Analysis: found, C = 
60.02%, H = 9.96%, N = 20.38%; (C17H33NsO2)x requires 
C = 60.15%, H = 9.80%, N = 20.60%. 
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Model IV has been prepared in 85% yield by allowing 
N,N'-dimethylene diamine to react with N-acryloyl mor- 
pholine in a 2:1 molar ratio in methanol solution. After 
standing for 2 days at room temperature, the reaction mix- 
ture was evaporated to dryness in vacuo. The residue was 
crystallized by rubbing under n-heptane, ano then recrys- 
tallized from a 4/1 ether/benzene mixture, m.p. 81°C (hot 
stage, uncorrected). Analysis: found C = 58.3%, H = 9.17%, 
N = 15.12%; C18H34N404 requires C = 58.35%, H = 9.25%, 
N = 15.12%. 

Diacetylpiperazine was prepared according to ref 7. 

Methods 
Potentiometric titrations were performed according to a 

previously described procedure 8, using a Beckman Research 
potentiometer, an Ag/AgC1 reference electrode, a glass elec- 
trode, and a salt bridge containing 0.1 M NaC1 solution. 

For each determination the cell was filled with ~100 ml 
of O. 1 M NaC! solution, containing a known amount of 
amine. The solution was titrated with 0.1 M hydrochloric 
acid solution, added through a Metrohm Dosimat E 415 
automatic piston burette. 

The Miniquad 76A program used to calculate the equili- 
brium constants, has been described previously 9. Basicity 
constants were calculated from data taken from at least two 
different titration curves for each compound (Table 1). 

13C n.m.r, spectra were run on 0.1 M solutions at room 
temperature on a Bruker XG90 spectrometer operating at 
22.63 MHz. The spectral conditions were as follows: pulse 
width, 4/asec; points, 16K; width, 6000 Hz; acquisition 
time, 1.360 sec. 

All chemical shifts were determined with an external refe- 
rence and converted to the TSP (trimethylsilylpropionate); 
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Table I Experimental details of the potentiometric measurements 

Initial conc. Range Number 
Compound Curve (M x 1 0 3 )  -log[H] + of points 

, 1 1.858 9.2--2.5 41 [ OII r -~  O11 ] 2 1.760 9.2-2.5 46 
- I -C- -~N- -C- -CH2CH2~ N CH2CH2-t- 3 2.033 9.2-2.4 50 

L ~H 3 J x  

(I) 

2 2.095 8.6-2.8 50 

L CH 3 CH 3 _J x 
(1[) 

1 1 0.0507 9.5--3.0 49 
Ill ..[~) /'--~ ~l 2 0.0314 9.6-2.9 39 

C-N N-C-CH ~CH~-N--CH.CH~-- N--CH2C H~-N--CH2CH 
/ '--' " " /  " / "1 '1 
L CH 3 CH 3 CH 3 Jx 

(In) 

IV 

O N--C--CH2 CH2---N--CH2CH~--N--CH 2CH2---C--N 

CH 3 CH 3 
(~z)  

1 1.093 9.3 -2.8 40 
2 1.072 9.3-2.8 48 
3 2.211 9.1-2.6 48 

TSP (at low pH values) was corrected due to its own pH 
dependence1°; no shift of the locking frequency with respect 
to the external reference was found. 

RESULTS 

Potentiometric titration 
The basicity constants of the poly(amido-amines), and of 

the model compound, are reported in Table 2. The number 
of the basicity constants is equal to the number of aliphatic 
nitrogen atoms present in the monomeric unit. Attempts to 
increase the number of basicity constants were rejected by 
the computer. 

A gradual decrease of log K with stepwise protonation is 
observed for all polymers with two or more basic groups in 
their monomeric unit; the same is true for the model com- 
pound. This behaviour parallels that of all aliphatic non- 
macromolecular polyamines tt. 

The basicity constants of Table 2 refer to the protonation 
of the amine nitrogens. The protonation of the amidic nitro- 
gens occurs in the very low pH region, which was not reached 
in our titrations. 

For purposes of comparison, the corresponding protona- 
12,8,13 tion constants of some aliphatic amines are also repor- 

ted in Table 2. It may be noted that in each stage of neutra- 
lization the K values of our compounds (I to IV) are de- 
cidedly lower. 

Among the first protonating constants, the lowest one is 
that of polymer I, containing only one tertiary amino group 
in its monomeric unit. On the other hand, the first protona- 
tion constants of II and III are equal. It may be observed 
that in the monomeric unit of both II and III two equivalent 
basic sites are present. If log K1 values of these polymers are 
corrected for the statistical effect (i.e. they are diminished 

by log 2), they become essentially identical to the log K 
value of polymer I. 

In the second stage of protonation the most favourable 
conformation occurs when the protons are as far apart as 
possible 14. As a consequence, the pK2 oflI I  is greater than 
that oflI .  This is due to the greater distance between the 
protonated groups, and also to the shielding effect of the 
intermediate N-CH3 group. As expected, the third proto- 
nation constant of polymer III is the lowest of all constants. 
This is mainly due to electrostatic repulsion, since the third 
proton must approach a nitrogen located between two al- 
ready protonated nitrogen atoms. The third protonation 
constant of III is similar to that of 2,5,8-trimethyl-2,5,8- 
triazanonane (Table 2). 

The protonation constants of model IV are similar, but 
slightly higher than those of the corresponding polymer II. 
A calorimetric study is being undertaken to ascertain if the 
lower basicity of the polymer is due to an enthalpic or en- 
tropic effect. 

13Cn.m.r. 
The 13C n.m.r, spectrum of polymer I, with labelled sig- 

nals is shown in Figure 1. At room temperature, four dif- 
ferent signals are present for the C atoms of the piperazine 
ring, respectively at 44.18. 44.57, 47.84 and 48.13 ppm. 
At 50°C these signals colalesce two by two, and at 70°C a 
complete coalescence is observed for all four into a single 
broad resonance at ~16 ppm. 

This behaviour indicates the presence of two different 
conformers, cis and trans, respectively (see Figure 2), in a 
ratio of about 1:1. 13C n.m.ro spectra show that this ratio 
does not change between pH 1 and 10. 

In order to confirm the above explanation, the 13C n.m.r. 
spectrum of diacetyl piperazine, has been run using water as 
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Tab/e 2 Basicity constants of poly(amido-amines), and of some models at 25°C in 0.1 M NaCI 

Iog K~ Iog K~ Iog K I] 

I O O 7.79 (2) 
II r--,, II 
C--N~_/N--C--CH 2CH2---~--CH 2CH2--~n 

CH 3 
([) 

O II / ( ~ .  ~ ~ \ 8.0g (2) 4.54 (5) 

CH 3 CH 3 
(IT} 

III 8.08 (2) 6.94 (5) 

' IOI ~ ? 2 " I 2 z I 2 2 I 2 2'n ~L-C --N j N -  C -  CH -CH~-N-CH CH~-N-CH CH -N-CH CH-~- 

CH 3 CH 3 CH 3 
(m) 

IV o ? 

CH 3 CH 3 
(Iv) 

C H 3 ~  

CH3yN 

CH 3 

C H 3 ~  ~ C H 3  

N--CH2CH2----N 
CH3 " j  ~ C H  3 
CH3~ ? H3 CH 3 

__ J 
N--CH2CH2---N--CH2CH2N 

CH3 "~ ~CH 3 

8,248 (4) 4 .80 (1) 

9.79 b 

9.281 c 

9.22 d 

6 .130 c 

1.8 (4) 

8.41 d 2 .09 d 

a The values in parentheses are the standard deviation=; b ref 13; c 

solvent (Figure 3). Four different peaks of equal intensity, 
at 48.51, 48.22 and 43.85 ppm due to the piperazine C 
atoms are present. No variation of the relative intensities 
was observed in the pH range 1-10. The difference between 
our data, and previous results obtained by other authors Is J6 
may be attributed to solvent effects. It has been found that 
in CDC13 or C6HsOH there is a variation in the trans/cis 
ratio. 

The plot of the chemical shifts of different resonances for 
polymer I as a function of pH is shown in Figure 4. A half 
neutralizaton pH value can be obtained corresponding to 
the basicity constant. It is worthwhile to notice the strong 
effect of the protonation in the y position on the chemical 
shift of the carbonyls. 

The t3C n.m.r, spectrum of polymer II at pH 10.2, with 
the corresponding assignments, is shown in Figure 5. As in 
polymer I, the relative amounts ofcis and trans conformers 
(Figure 2) is the same and does not depend on the pH. 

A plot of 13C chemical shifts as a function of pH is shown 
in Figure 6. It can be observed that the C, D and G signals 
(due to the carbonyls and to D and G methylenes) clearly 
show the effect of a two-step protonation. 

The basicity constants obtained by the potentiometric 
method and by 13C n.m.r, from the half neutralization pH 
values (8.5 and 4.8), are in close agreement. 

re f8 ;  d ref 12; 

C 
175-B4 

54 "60 
E 

D 32-60 F 43"47 

B 
A 44.1J 

• 47.84 - .  - -  

Figure I 13C n.m.r, spectrum in water of polymer I, wi th signal 
attributions 

0 A A O 21 11 ~ II 
C--N N--C--CH2CH2--N--CH 2CH 

/ c o ,  I E o I 
L C H  3 J x  

F 

The assignment of G and E peaks due to the methylenes 
is tentative and was made observing that in a situation of fast 
exchange, as demonstrated by the number of observed sig- 
nals, G methylene resonances are subject to a regular/] 
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0 0 

!__N ~ ' ~  N - -  I! 

0 JI f 
C- -N  N --C 

II / o 
Figure 2 Cis and trans isomers of substituted diacyl piperazines 

C 
175"48 

J 
Figure 3 

A B 
48.51 A 44'21 B 

4385  4822 

D 
23'17 

13C n.m.r, spectrum in water of diacetyl piperazine, with 
signal assignments 

173'31 

175'52 

E 
O. 
Q. 

40.I 

40'31 

J 

io  5 

a 

29'70 

31.90 

C 

40  '74 

b 

/ 
d 

43"84 J . . . .  
. . . .  , , ,  , . . . . . .  

o ,o s o 
pH 

Figure 4 Polymer I 13C n.m.r, shift variation in ppm as a function 
of pH value: (a) C; (b) D; (c) E; (d) F carbon atoms 

effect, while the E methylenes should show a less regular (~ 
effect :7. 

Titration plots relative to the F N-CH 3 signal and to E 
methylenes show a different behaviour. The N-methyl signal 
shows a normal upfield shift in the pH range 10--5.5 units, 
while the sigmoid is reversed in the pH range 5.5-4 when 
the second protonation occurs. The signal attributed to E 
methylenes does not show any shift in the pH range 10-7 
while a paramagnetic shift is observed in the pH range 7-4.  

A possible explanation of this behaviour is that some 
conformational variation might occur. 

The fact that the number of signals does not change in 
the pH range 10-5 indicates a fast exchange of protonation 
between the two amine nitrogens; this exchange can easily 
occur in a folded-chain conformation ~8. At pH 4.8, when 
the second protonation occurs, the exchange is no longer 
stabilizing, electrostatic repulsion prevails and a conforma- 
tional variation from a folded to a zig-zag path may occur. 
This interpretation is in agreement with a previously pro- 
posed model for N-methyl piperidines :8. 

The 13C spectra of model IV as a function of pH in the 
range pH 10-1 essentially do not differ from those of poly- 
mer II; chemical shift plots as a function ofpH values are 
shown in Figure 7. 

The close correspondence between the data of polymer 
II, and that of model IV, gives an indication that during 
protonation no interaction occurs between neighbouring 
monomeric units. 

The 13C n.m.r, spectrum of polymer III at pH 10.3, with 
peaks labelled, is shown in Figure 8. As far as the carbonyl 
tautomerism is concerned, polymer III shows the same pat- 
tern as for polymers I and II, and for model IV. 

A plot of the 13C n.m.r, chemical shifts as a function 
of pH is shown in Figure 9. The basicity constants obtained 

C 
175-75 

F 
43"89 

E 
56.00 5513 

D 
32-44 
D 

J__ 
Figure 5 I3C n.m.r, spectrum in water of polymer II, with signal 
assignments 

-•C--N N--C--CH2C H2---- N --CH2CH2---N--CH 2CJ42~ 
/ c o E  / ° °  / , ° |  
L CH 3 CH 3 J x 

F F 

173.31 

175~52 

E 
Q. 
Q. 

f 
O 5 I IO 

b a 

29"70 [ r  

31.90 - f 
/; 

I0 5 0 
c d 

42.95 5400 " ~ 7 ~ . .  

43"84 - 
56.21 - 

16 . . . .  ~ . . . .  6 ": 16 . . . .  i . . . .  6 
pH 

Figure 6 Polymer II 13C n.m.r, shift variation in ppm as a function 
of pH value. (a) C; (b) D; (c) F; (d)G(O;, E( I )  

1332 POLYMER, 1978, Vol 19, November.. 



17331 

17552 

E 
Q. 
Q. 

4 0 7 4  

a 

2970 

31.90 

C 

b 

/ 
d 

56"21 - 
18 . . . .  :5 . . . .  0 " IO . . . .  g . . . .  6 

pH 

Figure 7 Model I V  1 3 C  n . m . r ,  s h i f t  v a r i a t i o n  i n  p p m  as a f u n c t i o n  

of pH value 

A A O CH3 CH3 O 

~ N  - -~ - -CH2C H2--NI - -  CH2CH2~NI - -  CH2CH 2-- ~ - -  ~,__~0 
B B C D E G G E D C B B 

(a) C; (b) D; (c) F; (d) C(e) and E(o) carbon atoms 

C 
175.55 

D 
F 3 2 1 7  

4 3 7 9  

5 .07 B I 
44-15  1 

, 55"12 J i]~ 

s6~5AIR E B All 
" /I/Ill 445  / 

• I I  TW-"v tw~Tr  ~q l ,  ~q~ l~nrq f l  ~r ! ~ ~r3~ 

Figure 8 Z3C n.m.r, spectrum in water of polymer III, with signal 
assignments 

C--N N - -  C--C H~CH~-N - -  CH.CH=- N - -  CH~CH ~ N - -  CH2CH~-~t- 
c B~--~ C D ' E ' I  G ' H "  I H % "  I E D = I 

CH 3 CH 3 CH 3 _Ix 
F ! F 

by the potentiometr ic method and by 13C n.m.r .  ( 8 . 2 -  
7.0 and 2.0 ppm) are in good agreement. The signals due to 
C carbonyls and to B methylenes show a pattern typical of 
three step protonation. The strong shift of these two signals 
in the first two protonation steps (pH range 10-7) indicates 
that the protonation starts on the two external amine nitro- 
gens. Only at the third stage is the inner nitrogen protonated. 
In this respect it may also be noticed that in the protonation 
of polymer I, the effect on the carbonyl group located in 
the 3' position with respect to the protonation site is ~2 
ppm upfield, i.e. the same effect is present in polymers II 
and III only after the second protonation step. 

This result confirms the above discussed mechanism of 
protonation, as inferred from the potentiometric basicity 
constants. 

Protonation of  poly(amido-amines): R. Barbucci et al. 

Signals due to N-methyl groups can easily be assigned 
using the intensity ratio. The F methyl resonance signal ex- 
hibits an upfield shift in the pH range 10-7 and a paramag- 
netic shift after the third protonation. Again, as in polymer 
II, the titration behaviour of this methyl signal indicates 
that during protonation some conformational variation may 
o c c u r .  

The three signals due to N-CH 2 groups may be assigned 
by observing the regularity of/3 effects 17'19. In the first two 
stages of protonation, H methylene groups are in the/3 posi- 
tion with respect to the protonation sites; as a consequence, 
their resonances show the normal 2.5 ppm upfield shift. In 
the third stage of protonation, G methylenes are in the 
position with respect to the protonation site; thus their sig- 
nals show the normal 2.5 ppm upfield shift (Figure 8). 

It follows that the third, and more irregular pattern may 
be attributed to the signals of E methylenes. In any case, 
the irregular behaviour of shifts due to C atoms in the a 
position with respect to the protonation site, points to 
conformation transitions ~7-23, possibly more than one. 
These transitions are probably confined to the level of single 
monomeric units. 

Further studies are in progress, based on LEFS (linear 
electric field shift) and on conformational analysis 17-23. 

CONCLUSIONS 

In contrast to most polymeric acids and bases 24'real' constants 
have been determined in the case of poly(amido-amines). 
This is probably due to the fact that the amine nitrogens of 
each unit, besides being part of the main chain, are separated 
from that of neighbouring units by ring structure, namely 
1,4-diacylpiperazine groups. Thus, the protonation of an 
amine nitrogen of a given unit has no influence upon the 
amine nitrogens of the other units. 

Secondly, neat titration curves may be obtained by 13C 
n.m.r, plotting the chemical shifts of a, 13 and 3, carbon 
atoms (with respect to the amine nitrogens) versus the pH. 
The pK values obtained by this technique are in close agree- 
ment with those obtained by the potentiometric method. 
Furthermore, in poly(amido-amines) II and III, and in model 
IV, it is possible to ascertain which nitrogen atom is being 
protonated at a given pH. In other words, each ionization 
step takes place at well-determined nitrogen atoms within 

2970  

31' 90 

E 
Ct. 

42.9E 

45.16 

a 
173.31 

175"52 

C 

54"00  
t • 

~ 56.21 

18 . . . .  g . . . .  0 
pH 

/ 
i 

d 

i b  . . . .  5 . . . .  8 

Figure 9 Polymer III 13C n.m.r, shift variation in ppm as a function 
of pH value for C, D,E,G,H,F,  I carbon atoms. (a) D;(b)C;(c) 
F(I) and I(O); (d)H(©), G ( - . - t - . - )  and E ( - - I -  _) 
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the monomeric units, i.e. the protons are not statistically 
distributed between nitrogen atoms of different types. 

Finally, the CO groups of  the 1,4-diacylpiperazine rings 
of the poly(amido-amines) are present in both cis- and trans- 
conformations, in approximately 50:50 ratio. The same is 
true in the case of the non-macromolecular model IV, and 
of  1,4-diacetylpiperazine. 
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