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“New temperature- and pH-sensitive smart polymers containing
methacrylic derivatives with hydrophobic spacers”

Rodolfo Salgado-Rodriguez, Angel Licea-Claverie
Centro de Graduados e Investigacion, Instituto Tecnoldgico de Tijuana, A.P.1166
22000 Tijuana, B.C.; MEXICO

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.! The research was focused on the synthesis
and characterization of linear and crosslinked polymers containing N-
isopropylacrylamidez’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.*
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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 PNIPAAmM) 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 NIPAAmM : M4K, 95:5, mol)



Phase transition temperatures (T,) ranging from 14 to 64°C were obtained
(Table 1). The effect of the pH of the swelling medium was essential to change
the T, and the amount of solution retained by the gels. Above T, the hydrophobic
interaction becomes dominant, causing polymer to collapse and phase separate
and expel water.® 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 (T.) depending on pH

T (°C)

GELS Wgtler 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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Synthesis of monomers as potassium salts

OBJECTIVE

Ao d o Mo,
+ KOH —— =
SYNTHESIS AND CHARACTERIZATION OF 5 noon

COPOLYMERIC GELS SENSITIVE TO

TEMPERATURE AND pH CONTAINING N-
ISOPROPYLACRYLAMIDE AND MONOMERIC @) @)
DERIVATIVES FROM METHACRYLIC ACID
WITH HYDROPHOBIC SPACERS.

| |
(CH). (CHy) 6
COOK COOK
M4K M10K




22

| a H>_£
| _
H (o]
M4K b

o]
I d
e c
f
g
| d lo) e
KO |
.:f
b) a g
[ i E i
me a.(”..n . as an 13 e ..J.‘)--I L) 148

Gels prepared in glass capillary tubes (GE|S C)

- Open capillary tubes (both sides) of 100 x 1.0 mm@

- Essays tubes of 100 x 16 mm@

- 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 °C

r=did,

d, initial diameter
d diameter at temperature T

20

23

PREPARATION OF COPOLYMERIC GELS

/\fo ° BIS (N,N‘-Methylenebisacrylamide ) =
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Gels prepared in glass capillary tubes and between glass plates

comergsirtion < 5
100% NIPAAmM CN PN
100% M4K C4 P4
100% M10K C10 P10
5% mol M4K C4-05 P4-05
10% mol M4K C4-10 P4-10
15% mol M4K C4-15 P4-15
20% mol M4K C4-20 P4-20
5% mol M10K C10-05 P10-05
10% mol M10K C10-10 P10-10
15% mol M10K C10-15 P10-15

20% mol M10K C10-20 P10-20

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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Critical temperature for CN

CNin deionized water
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Variation of the swelling ratio (r) as a function of temperature and pH, for C4-X
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Critical temperature (°C)
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GELS Water DI 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

27

Variation of the swelling ratio (r) as a function

of temperature and pH, for C10-X

30

090 000 ]
085 oss
080 060
075 075
070

Temperature (°C)

Temperature (‘C)

oas

060 . 080
075 075
070 070
06s] o
060 060

T8 1015 20 25 30 35 40 45 50 55 60 65 70 75 80
Temperature (C)

05 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
Temperature (‘C)

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 °C.

where:
Q = Equilibrium swelling ratio
Q Wh - Wx W, = Weight of the swollen gel
= W,= Weight of the dry gel
W,
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CONCLUSIONS

» 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
64°C .

~ 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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Variation of the equilibrium swelling ratio (Q) as a function of
the comonomer content at room temperature for gels prepared
between glass plates
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CONCLUSIONS

»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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Effect of the temperature and composition of the gel in the swelling
ratio in deionized water
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pH-tunable temperature sensitive materials from NIPAAmM-

Goal

The aim of this work was to develop a series of NIPAAmM-
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 NIPAAmM
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)
(PNIPAAmM) whose LCST lies between 30 and 35 °C . 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.

Experimental

Synthesis of hydrophobic monomer derived from methacrylic
acid:
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methacrylic acid copolymers with hydrophobic spacers
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Synthesis of PNIPAAmM via free radical

polymerization
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Results

Eigure 1. Selected NMR-spectra of NIPAAm-copolymers:
(A) copolymers with protected acid groups,
(B) copolymers with free acid groups.
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Table 1. Results of protected copolymers characterization.

pomer | e et | MR
poal g/mol] m) | )

PNPAAM | 009299 237 000 77l li3%9 o
CoPN4-05 62 009530 264000 2 128 7
CoPNA-10 99 008870 292000 % | e a7
COPN4-15 16.8 0.08900 281 000 27 106 82
COPN4-20 204 0.08380 297 000 24 106 85
CoPNa25 196 009330 208 000 21 o7 o
CoPNT-05 78 008098 398 000 | s %
COPN7-10 11.6 0.07264 514 000 31 114 87
COPN7-15 155 0.08871 406 000 34 105 70
COPN7-20 246 0.04360 832 000 32 104 78
COPN7-25 29.0 0.08207 445 000 33 93 73
COPN10-05 48 0.09141 368 000 32 127 81
COPN10-10 84 0.09105 343 000 30 108 73
COPN10-15 113 0.08514 414 000 44 100 45
COPN10-20 23.0 0.08613 296 000 30 78 89
COPN10-25 25.6 0.07859 332 000 32 68 98

Table 2. Results of deprotected copolymers characterization.

paymer | somemn | gmee | e LS m | veapn
[s6mol] [nm]
coonezo u | own | s | s | wm | o

CoDNT-05 72 000438 354000 20 1219 09

CODNT-10 124 0.00497 318000 2 1185 860

CODNT-15 174 0.16564 275000 190 1008 05

CoDN10.05 65 0.00370 287000 2 1264 912

CODN10-10 128 0.00352 289,000 22 125 043

copN10-15 173 017395 231000 23 997 03

Behaviour of linear polymer in
aqueous solution

Lest (o)

coona

Eigure 2. LCST behaviour of NIPAAm-copolymers with free acid

groups in buffers of different pH as a function of
comonomer content.

/- N\

—=—copna

— = CoPN10
2 NS —a—CODN4

TR CoDN7
L PN —+— CODN10

N

Comonomer content (mol%)

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

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

Conclusions

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 T, of the copolymers
while the free acid groups give the chance of
interchain hydrogen-bonding increasing the Ty 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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