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 This work deals with temperature- and pH-sensitive materials, which have 

many potential applications, e.g. in controlled release of drugs or in separation 

processes of dissolved molecules.1 The research was focused on the synthesis 

and characterization of linear and crosslinked polymers containing N-

isopropylacrylamide2,3 (NIPAAm) (I) and new methacrylic acid-derivative 

monomers (II). These monomers have as distinctive feature a methylene chain 

as spacer, which varies in their length (4, 7 and 10 methylene units). The effect 

of the length of methylene spacer and the effect of the presence of carboxylic 

acid groups on phase transition temperatures, and swelling capability of the 

produced materials were studied as a function of temperature and pH.4 
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 Starting from monomers with methylesther end-group, MOP4, MOP7 and 

MOP10, copolymers containing NIPAAm in different amounts were synthesized. 

Their solution behavior showed that their LCST (referred to PNIPAAm) was lower 

when the hydrophobic comonomer content was increased. On the other hand, 

copolymers containing NIPAAm were also prepared, starting from monomers 



containing a carboxylic acid group, MOD4, MOD7 and MOD10. Studies in 

aqueous solution of all copolymers were performed in deionized water and buffer 

solutions at different pH values. Upon incorporation of the ionizable COOH group 

the range of values of LCST became wider.  

Homopolymeric and copolymeric gels containing NIPAAm were prepared, 

starting from monomers in the form a potassium salt (M4K and M10K) (III). The 

swelling behavior was studied varying the temperature and using solutions with 

different pH values (Figure 1). 
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Figure 1. Temperature and pH dependence of the swelling ratio (r) for C4-05 (gel 

containing NIPAAm : M4K, 95:5, mol) 



 Phase transition temperatures (Tc) ranging from 14 to 64oC were obtained 

(Table 1). The effect of the pH of the swelling medium was essential to change 

the Tc and the amount of solution retained by the gels. Above Tc, the hydrophobic 

interaction becomes dominant, causing polymer to collapse and phase separate 

and expel water.5 The difference in the functional group of the comonomers used 

in the linear copolymers (free acid) and copolymeric gels (potassium salt) caused 

that the phase transition temperatures were not fully comparable. However, with 

pH values above 7 there are strong similarities in the behavior of these materials. 

 

Table 1.  Phase transition temperature (Tc) depending on pH 

 Tc (oC) 

GELS DI 
Water pH=3 pH=4 pH=5 pH=6 pH=7 pH=8 pH=9 pH=10 pH=11 

CN 33 ---- ---- ---- ---- ---- ---- ---- ---- ---- 
C4-05 30 26 25 27 40 41 50 41 45 43 
C4-10 37 19 20 24 53 48 53 47 53 50 
C4-15 51 17 18 21 57 57 57 52 50 56 
C4-20 N 14 17 18 64 N N N N N 

C10-05 28 26 25 24 26 31 35 33 34 36 
C10-10 25 21 21 22 28 32 38 37 38 41 
C10-15 36 19 20 21 29 34 41 45 47 46 
C10-20 29 N N N 24 33 44 49 49 53 
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P10-20C10-2020% mol M10K
P10-15C10-1515% mol M10K
P10-10C10-1010% mol M10K
P10-05C10-055% mol M10K
P4-20C4-2020% mol M4K
P4-15C4-1515% mol M4K
P4-10C4-1010% mol M4K
P4-05C4-055% mol M4K
P10C10100% M10K
P4C4100% M4K
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composition

Gels prepared in glass capillary tubes and between glass plates
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Gels prepared in glass capillary tubes (Gels C)
- Open capillary tubes (both sides) of 100 x 1.0 mmØ
- Essays tubes of 100 x 16 mmØ
- Gels rinsed with deionized water
- Gels equilibrated in deionized water and in buffer solutions of  pH= 3,4,5,6,7,8,9,10 and 11
- Measurement of diameter of gels at certain temperatures
- Heating of gels starting from 5 oC

r = d/d0

d0 initial diameter  
d diameter at temperature T
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Variation of the swelling ratio (r) as a function of pH, for C4 
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Variation of the swelling ratio (r) as a function of pH, for C10
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Variation of the swelling ratio (r) as a function of temperature and pH, for C4-X
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Variation of the swelling ratio (r) as a function of temperature and  pH, for C10-X
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Critical temperature for CN
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Critical temperature for the copolymeric gels
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Gels prepared between glass plates (Gels P)

-Discs equilibrated in deionized water and in buffer solutions (pH 3 – 11)
-Equilibrium-swelling at temperatures of: 10, 15, 20, 25, 30, 35, 40, 45, 50, 55 oC. 

x

xh

W
WWQ −

=

where:
Q = Equilibrium swelling ratio 
Wh= Weight of the swollen gel
Wx= Weight of the dry gel
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Variation of the equilibrium swelling ratio (Q) as a function ofVariation of the equilibrium swelling ratio (Q) as a function of
the the comonomercomonomer content at room temperature for gels prepared content at room temperature for gels prepared 

between glass platesbetween glass plates
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Effect of the temperature and composition of the gel in the swelEffect of the temperature and composition of the gel in the swelling ling 
ratio in ratio in deionizeddeionized waterwater
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C O N C L U S I O N SC O N C L U S I O N S

Two new monomeric derivatives from methacrylic acid with free acid groups 
differing only in the spacer (chain of methylenes with n = 4 and 10), were 
prepared. 

Copolymeric gels of NIPAAm with M4K and M10K were prepared 
successfully and they were pH- and temperature sensitive as well. The 
critical temperatures values obtained for these materials ranged from 14 to 
64oC .

An hydrophobic effect due to the mehtylene spacer chains was observed: A 
higher swelling ratio for the gels containing M4K compared to M10K.

The series of gels with M4K show a bigger swelling change at pH=5 while 
the gels with M10K show this change at pH=8, those values are close to the 
critical pH of parent homopolymers.
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C O N C L U S I O N SC O N C L U S I O N S

The geometrical shape of the gels affects the swelling behavior: thin cylinders 
show more defined phase transition temperatures than discs that deswell over a 
wider temperature range.

In agreement with the results obtained in this work, it is possible to design a 
polymeric material with an specific phase transition temperature at a certain pH  
using a different type and content of comonomer.

Several materials prepared in this work could be excellent  candidates for 
applications in controlled drug delivery as a function of pH and/or temperature 
changes.
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Goal
The aim of this work was to develop a series of NIPAAm-
copolymers with tuning capacity for their LCST based on 
comonomers with hydrophobic spacers and hydrophilic 
ionizable groups. Furthermore, the study of the importance of 
intrachain hydrogen-bonding, regarding LCST of NIPAAm
copolymers in pure water and in solutions with varying pH 
using partially hydrophobic comonomers is a further goal of 
this work. Finally, since linear copolymers can be easily 
characterized, their investigation is the basis for the better 
understanding of the behaviour of their corresponding polymer 
networks to be developed in the future.

Introduction
During the last years there has been a growing interest in 
temperature-sensitive polymers because they are potential 
candidates for applications as intelligent sensors, separation 
systems and drug release devices. It has been shown that the 
temperature-sensitivity of these polymers is connected with 
their lower critical solution temperature (LCST). There are some
polymers which exhibit a LCST in aqueous solutions, the most 
studied polymer being the poly (N-isopropylacrylamide) 
(PNIPAAm) whose LCST lies between 30 and 35 oC . The LCST of 
these polymers is a result of a fine balance of hydrophilic and 
hydrophobic groups in their molecular structure. If the balance 
is slightly altered there is a possibility to vary its LCST. This can 
be achieved by varying the chemical composition of the 
polymer.

Conclusions

Acknowledgements

Synthesis of hydrophobic monomer derived from methacrylic
acid:

Two series of random NIPAAm-copolymers were 
successfully prepared using acid comonomers with 
aliphatic spacers (4, 7 and 10 methylene units) 
having the acid group either methoxy-protected or 
free.
Solution free radical polymerization proved to be a 
good technique for their preparation since high 
yields (close to 90%) in 6 h were achieved. 
Furthermore, the copolymer composition was close 
to the monomer feed composition indicating a truly 
random distribution of the monomeric units in the 
copolymers. 
In the solid state, the aliphatic spacers bring side 
chain flexibility lowering the Tg of the copolymers 
while the free acid groups give the chance of 
interchain hydrogen-bonding increasing the Tg as a 
result. 
The water solubility and LCST behaviour of the 
prepared NIPAAm-copolymers depends on the 
hydrophilic/ hydrophobic balance in the copolymer 
chain and on the hydrogen-bonding capabilities 
from its chemical structure. The 
hydrophilic/hydrophobic balance depends mainly 
on three elements, (a) the amount of comonomer; 
(b) the kind of comonomer, regarding the spacer (n 
= 4, 7 and 10, methylene units) and the acid group 
(protected or free); (c) the pH of the solution of the 
copolymer, which affects the extent of ionization of 
the carboxylic acid groups.
Finally, our results show that both: hydrophobic 
interactions and hydrogen- bonding are very 
important for the behaviour of NIPAAm-copolymers 
depending strongly on the fine chemical structure of 
the used copolymeric units. 
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pH-tunable temperature sensitive materials from NIPAAm-
methacrylic acid copolymers with hydrophobic spacers
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Table 1. Results of protected copolymers characterization.
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Table 2. Results of deprotected copolymers characterization.
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Figure 1. Selected NMR-spectra of NIPAAm-copolymers: 
(A)  copolymers with protected acid groups, 
(B) copolymers with free acid groups.

Figure 2. LCST behaviour of NIPAAm-copolymers with free acid 
groups  in  buffers  of  different  pH  as  a  function  of 
comonomer content.

Figure 3. LCST behaviour of NIPAAm-copolymers in pure 
water in dependence on comonomer content.

Figure 4. Proposed hydrogen-bonding interactions in 
the NIPAAm-copolymers.
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