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A series of pH/temperature-sensitive polymers which contain both temperature and pH-sensitive 
components were synthesized by copolymerizing N-isopropyl acrylamide (NIPAAm) and acrylic acid 
(AAc). The influence of poly(allylamine) (PAA) as the polyelectrolyte on the lower critical solution 
temperature (LCST) of pH/temperature-sensitive polymers was investigated in the pH range of 2-12. The 
LCSTs of PNIPAAm/water in P(NIPAAm-co-AAc) were determined by cloud-point measurements. The 
LCSTs of PNIPAAm/water in the copolymers were strongly affected by the pH, the presence of 
polyelectrolyte solute and AAc content in the P(NIPAAm-co-AAc). The polyelectrolyte complex between 
P(NIPAAm-co-AAc) and PAA was formed from the pKa of PAAc to the pKb of PAA. Also, the LCSTs of 
the PNIPAAm in the copolymers were dependent on the charge density of the PAAc and concentration of 
the PAA. © 1997 Elsevier Science Ltd. 

(Keywords: pH/temperature-sensitive polymers; lower critical solution temperature; polyelectrolyte complex; intelligent 
polymers) 

I N T R O D U C T I O N  

So called, intelligent polymers undergo reversible phase 
transition in response to external stimuli such as 

1 5 6 7  8 9  10 t e m p e r a t u r e - ,  j ? H ' ,  electric c u r r e n t ' ,  ions , or 
chemical species". Most of the intelligent polymers 
studied previously are responsive to only one kind of 
stimulus, but polymers which are responsive to more than 
one variable, in particular, temperature and pH, have 

12 13 recently been investigated ' . The pH/temperature- 
sensitive polymers are hydrophilic ones which contain 
both pH- and temperature-sensitive components. The 
pH-sensitive polymers containing ionizable groups can 
lead to pH-dependent phase transition. The thermo- 
sensitive polymers exhibit a lower critical solution 
temperature (LCST) in water 3. Interestingly, it was found 
that there was mutual influence between pH stimulus and 
temperature on the swelling, besides the individual 
influence of the pH and temperature on the swelling ~4. 

Poly(N-isopropyl acrylamide) (PNIPAAm) is the 
most popular polymer among the temperature sensitive 
polymers since it exhibits a sharp phase transition 

* T o  w h o m  c o r r e s p o n d e n c e  s h o u l d  be  add re s sed  

close to 32°C 15'16. The important and useful feature of 
PNIPAAm/water  is the ability to tailor their LCST 
by incorporating comonomers 4'17 with hydrophilic or 
hydrophobic groups in the polymer or adding 
cosolvents 18-2°, simple salts 2L22 or surfactants 23-25 to 
the polymer/water solution. Besides the effect of salts 
and surfactants, the effects of other solutes on the 
LCST of thermosensitive polymers has been little 
investigated 26. The representative solute that affects the 
LCST of thermosensitive polymers is a polyelectrolyte 26. 
A polyelectrolyte which contains ionizable groups is 
sensitive to environmental pH 27. Poly(acrylic acid) 
(PAAc) is one of  the pH-sensitive polymers which 
contains ionizable groups as the anionic polyelectrolyte. 
The pH of environment determines the degree of ioniz- 
ation of carboxylic acid groups of  the PAAc. When a 
cationic polyelectrolyte which ionizes below the pKb is 
mixed in an anionic polyelectrolyte solution, a poly- 
electrolyte complex is formed by electrostatic attraction 

28 29 between the two polyelectrolytes ' . Therefore, it may 
be expected that the LCST of  PNIPAAm incorporated 
with a pH-sensitive component will be affected by a 
polyelectrolyte complex according to the various pH 
values. 
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Feed  c o m p o s i t i o n  o f  po ly (N  1PAAm-co-  A A c  ) Table I 

C o d e "  N I P A A m  A A c  A I B N  ~ (g) D i o x a n e  ~ (ml) 

0.00 4.30 × 10 ~ 2.90 

8.84 × 10 4 too l  4,40 × 10 3 2.80 
(0 .06ml)  

1 . 7 7 ×  10 ~mol  4 . 5 0 ×  10 ~ 2.70 
(0 .12ml)  

2.65 × 10 ~mol  4.50 × 10 ~ 2.58 
(0 .18ml)  

3.54 × 10 ~ tool 4.40 × 10 3 2.47 
(0.24 ml) 

4.42 × 10 ~ tool 4.30 × 10 ~ 2.37 
(0.30 ml) 

N I P A A m  8.39 × 10 ~ tool 
( 1.00 g) 

N I P - c o - A A c - 1 0  7.95 x 10 3 mol  
(0 .90g)  

N I P - c o - A A c - 2 0  7.07 × 10 3 tool 
(0.80g) 

N I P - c o - A A c - 3 0  6.19 × 10 3 tool 
(O.7O g) 

NIP-co-AAc-40 5.30 × l0 3 mol 
(O.6O g) 

NIP-co-AAc-50 4.42 x 10 ~ tool 
(0.50g) 

" m o l e %  o f  A A c  aga ins t  N I P A A m  
h A I B N  as an  ini t ia tor :  0.3 t o o l %  o f  m o n o m e r s  
" D i o x a n e  as a solvent:  25 w t %  o f  m o n o m e r s  

In this study, PAAc as the pH-sensitive component 
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was introduced in the temperature-sensitive PNIPAAm 
and the influence of polyelectrolyte solute on the LCST 
of pH/temperature-sensitive polymer according to the 
pH, the content of pH-sensitive component and the unit 
mole ratio of  two polymers will be reported. Poly- 
(allylamine) (PAA) was used as cationic polyelectrolyte 
solute. The LCST of the pH/temperature-sensitive 
polymer will be affected by the polyelectrolyte complex 
formation. It is also our objective to clarify the 
mechanism of the mutual influence between pH and 
temperature stimulus on the structural and physical 
properties of the polyelectrolyte complex. 

EXPERIMENTAL 

Materials 

N-isopropyl acrylamide (NIPAAm, Kasei, Tokyo) 
was recrystallized in n-hexane. Acrylic acid (AAc, Junsei 
Chem. Co., Tokyo) was purified by distillation at 40°C/ 
26mmHg. N,N/-azobisisobutyronitrile (AIBN, Kasida 
Co., Tokyo) was purified in methanol. 1,4-Dioxane 
(Duksan Co., Yongin) was purified by refluxing. Poly- 
(allylamine) (PAA, Aldrich, Milwaukee, WI), sodium 
hydroxide, and hydrochloric acid standard solution were 
used as received. 

Synthesis o/' P ( NIPA Am-co-A Ac ) 
Synthesis of linear P(NIPAAm-co-AAc), containing 

0, 10, 20, 30, 40, 50mo1% of AAc, was carried out in 
1,4-dioxane (25wt%) with AIBN as an initiator 
(0.3mo1% of monomers). Feed composition is listed 
in Tabh, 1. Dried nitrogen was bubbled through the 
solution for 20min prior to polymerization. After 
polymerization at 70°C for 5h, the mixtures were 
dissolved in methanol and precipitated in diethyl 
ether. The precipitate was filtered and washed with 
acetone to remove the unreacted monomers and 
homopolymer. 

Preparation of polyelectrolyte complex 
A solution of P(NIPAAm-co-AAc), containing 0, 10, 

20, 40, 50 mol% of AAc, was prepared by dissolving 0.2 g 
of copolymer in 5ml of distilled water. A solution of 
PAA was prepared by dissolving 0.2 g of PAA in 5 ml of 
distilled water. Before mixing the two solutions, the pH 
of each solution was adjusted identically with HC1 or 
NaOH standard solution. To each copolymer solution, 
PAA solution was added. 

Cloud-point determination 
The absorbency at 450nm was measured against 

temperature using a u.v./VIS spectrophotometer. The 
temperature of the solutions was raised from 15°C to 
70°C in 2°C increments every 10min. The cloud-point 
was defined as the temperature at the inflection point in 
the normalized absorbance vs temperature curve and the 
cloud-point of solution which does not exhibit an 
inflection point was determined at 10% absorbance in 
the curve 3°. Turbidity of components can be caused by 
both demixing and gel formation. However, it is not our 
intention in this study to find out which governs the 
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Figure 2 Absorbency at 450nm of P(NIP-co-AAc-20) solution with 
1.0 wt% of PAA solution against temperature as a function of pH 
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Figure 3 Cloud-point of 1.0wt% of p(NIP-co-AAc-20) solution with 
1.0wt% PAA solution against pH 

turbidity phenomena. In the P(NIPAAm) system, 
cloud-point is known to be little dependent on polymer 

31 concentration . At the cloud-point of P(NIPAAm), 
simple and complex coacervations, which are general 
features of polymer/polymer interactions, do not occur. 

RESULTS AND DISCUSSION 

Absorbency at 450nm of 1.0wt% of P(NIPAAm-co- 
AAc-20) solution against temperature according to the 
various pH values is shown in Figure 1. The absorbency 
of the solution is dependent on the pH and the change of 
absorbency with temperature becomes smaller with an 
increase of pH. Particularly, a drastic change of 
absorbency of the solution with temperature is observed 
at around pH 4.2, which is related to the pK a value of 
PAAc. Cloud-points of PNIPAAm in P(NIPAAm-co- 
AAc-20), defined as the transition point of absorbency 
against temperature, are 29.5, 36.0 and 41.0°C for the pH 
value of 2.2, 3.9 and 4.2, respectively. From these results, 
it is found that the cloud-point of PNIPAAm in the 
P(NIPAAm-eo-AAc-20) solution decreases in the non- 
ionized state of PAAc whereas its cloud-point increases 
in the partially ionized state of PAAc in comparison with 

o 15 16 the cloud-point of PNIPAAm itself, 31-33 C • . It is 
thought that the cloud-point of PNIPAAm decreases 
through inter- or intramolecular hydrogen bonding 
between the amide group of PNIPAAm and the 
carboxylic acid group of PAAc. Above the pK a value 
of PAAc, the cloud-point of PNIPAAm in the 
P(NIPAAm-co-AAc-20) solution is not observed below 
70°C, since the carboxylic acid group in PAAc is 
completely ionized and results in electrostatic repulsion 
of ionized groups of PAAc. 

Absorbency at 450nm of 1.0wt% of P(NIPAAm- 
co-AAc-20) solution against temperature according to 
the various pH values in the presence of PAA as a 
polyelectrolyte solute is shown in Figure 2. The change 
of absorbency of the solution against temperature 
becomes larger with an increase of pH compared with 
P(NIPAAm-co-AAc-20) itself. Interestingly, a drastic 
change of absorbency of the solution against tempera- 
ture is observed even above the pK a value of PAAc in the 
presence of PAA. The cloud-points of PNIPAAm in 
P(NIPAAm-co-AAc-20) solution in the presence of PAA 
are 29.5, 30.5, 35.0, 39.0 and 48.0°C for the pH value of 
2.1, 3.1,4.3, 5.0 and 6.4, respectively. From these results, 
it is found that the cloud-point increases with pH value 
because the degree of ionization of carboxylic acid 
groups increases with pH value. Also, it was found that 
the cloud-point of PNIPAAm in the solution appears 
above the pK a value of PAAc, which is not observed in 
the absence of PAA. The cloud-point of PNIPAAm in 
the solution in the presence of PAA decreases by 
polyelectrolyte complex formation between the carb- 
oxylic acid group of PAAc and the amine group of 
PAA, indicating that dehydration occurs around PNI- 
PAAm. Around a pH value of 8.0, the cloud-point of 
PNIPAAm in the solution is not observed due to 
insoluble polyelectrolyte complex formation, indicating 
a compact form of the complex structure. Also, above 
the pK b value of PAA, the cloud-points of PNIPAAm in 
the copolymer were not observed due to the free amine 
group of PAA, indicating non-association between the 
amine group of PAA and the carboxylic acid group of 
PAAc. 

In Figure 3, the cloud-points of PNIPAAm of the 
copolymer in the solution are plotted against the pH 
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Figure 6 Plot of cloud-point of 1.0 wt% P(NIP-co-AAc) solutions with 1.0 wt% PAA solution against content of AAc as a function of pH 

value in the presence of PAA. The cloud-points of 
PNIPAAm in the solution with PAA are lower than 
those of PNIPAAm without PAA. Also, it is found that 
the cloud-points of PNIPAAm in the solution appear 
above the pK a value of PAAc in the presence of PAA. 

Figure 4 illustrates intermolecular interaction between 
PAAc in the P(NIPAAm-eo-AAc) and PAA in acidic, 
neutral and alkaline conditions 32. There are reports on 
complex formation between PNIPAAm and PAAc, and 
between PAAc and PLL, respectively 33'34. Since it is a 
well known phenomenon, spectroscopic measurements 
were not done in the study. In the pH region from pKa of 
PAAc (partly or completely ionized) to pK b of PAA 
(partly or completely protonated), the polyelectrolyte 
complex is formed due to Coulombic forces between 
opposite charges on both polymer chains. This may lead 
to a decreased cloud-point due to the reduced hydro- 
philic effect of the charged LCST polymer, the reduced 
accessibility and mobility of water surrounding the 
polymer and dehydration of LCST polymer chain by 
polyelectrolyte complex formation. In the pH region 
below the pK a of PAAc, the cloud-point is affected by 
intra- or intermolecular hydrogen bonding between the 
amide groups of PNIPAAm and the carboxylic acid 
groups of PAAc. In the pH region above pKb of PAA, 
the polyelectrolyte complex is not formed by the 
neutralization of amine groups in PAA. 

Figure 5 exhibits the cloud-point of PNIPAAm against 
AAc mol% in the P(NIPAAm-eo-AAc) copolymer 
solution according to the pH values. It is found that 
the cloud-points of PNIPAAm in the copolymer are 

affected by pH and AAc content in the copolymer. The 
cloud-points of PNIPAAm in the solution decrease with 
an increase of AAc content in the copolymer around a 
pH value of 2.2 because more hydrogen bonding between 
the amide group of PNIPAAm and the carboxylic acid 
group of PAAc occur with an increase of the AAc 
content in the copolymer. On the other hand, the cloud- 
points of PNIPAAm in the solution increase with the 
AAc content in the copolymer around a pH value of 4.0 
because of increased hydrophilicity with an increase of 
ionized PAAc. 

In Figure 6, the cloud-points of PNIPAAm in the 
presence of PAA, according to the various pH values, are 
plotted against AAc mol% in the P(NIPAAm-co-AAc) 
copolymer solution. Not many differences in the cloud- 
points of PNIPAAm in the copolymer with and without 
PAA are found around a pH value of 2.2 due to the 
hydrogen bonding between PNIPAAm and PAAc. 
However, at around a pH value of 4.0, the cloud- 
points of PNIPAAm in the copolymer with PAA are 
much lower than those of it without PAA at the same 
content of PAAc because of polyelectrolyte complex 
formation between partially ionized PAAc and PAA. 
Also, in the pH region above the pKa of PAAc, the 
cloud-points of PNIPAAm which have not been 
observed without PAA in the copolymer appear and 
increase with an increase of AAc content in the presence 
of PAA. Furthermore, it is found that the cloud-points of 
PNIPAAm in the copolymer increase with pH value at 
the same content of AAc since there are much more 
ionized carboxylic groups at a high pH value. 
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Figure  7 shows the cloud-points  o f  P N I P A A m  in 
the P ( N I P A A m - c o - A A c - 2 0 ) / P A A  complex system 
against the ratio o f  [AA] to [AAc]. It is found that the 
cloud-point  o f  P N I P A A m  is not observed a round  
[AA]/[AAc] = 1 due to precipitation, and increases at 
below or above [AA]/[AAc] = 1, because the charged 
groups not participating in polymer  complex format ion 
affect the cloud-points  o f  P N I P A A m .  A polyelectrolyte 
complex formed with equimolar  propor t ions  of  each 
m o n o m e r  componen t  is neutral and the solubility o f  
these complexes in water is very low because o f  mutual  
blocking o f  oppositely charged ionic groups that  are 
responsible for water solubility and enhanced molecular 
weight by the format ion of  networks through secondary 
bonding. But when nonequimolar  composi t ions are 
mixed, charges exist on the polymer  complex and thus 
these charges can increase the solubility. Therefore, it can 
be said that the polyelectrolyte complex between P A A c  
and PAA is formed stoichiometrically. 

The thermodynamics  must  have been changed by 
adding a third componen t  to the copolymer/water  
system. As can be seen in Figures  3, 6, and 7, the 
cloud-points  have been changed with the variation of  
pH,  AAc  mole concentra t ion and molar  ratio o f  [AA]/ 
[AAc]. In this case, the miscibility gap must  depend on 
the polymer  concentrat ions and temperature.  However,  
the miscibility gap was not  measured and is outside the 
objective o f  the present study. 

In conclusion, the cloud-points  o f  P N I P A A m  in 
P ( N I P A A m - c o - A A c )  are strongly influenced by the pH 
and the presence and type o f  polyelectrolyte solute. A 
polyelectrolyte complex in the P ( N I P A A m - c o - A A c )  
system with P A A  is formed f rom pK~ of  P A A c  to pKb 
of  PAA.  Fur thermore,  the degree o f  change in cloud- 
point  is dependent  on the charge density o f  the polymer  
according to pH  value and the ratio o f  [AA] to [AAc]. 
These results can be explained by intra- or intermolecular 
hydrogen bonding,  the hydrophilicity o f  AAc  and the 
polyelectrolyte complex between P A A c  and PAA. 
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