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ABSTRACT

Novel amphiphilic conetworks (APCN) consisting of thermoresponsive poly(N-
isoproplyacrylamide) (PNiPAAm) cross-linked by hydrophobic methacrylate-telechelic
polyisobutylene (MA-PIB-MA) were successfully synthesized in a broad composition
range. The resulting PNiPAAmM-I-PIB conetworks (“I” stands for “linked by”) were
obtained by radical copolymerization of NIPAAm with MA-PIB-MA in tetrahydrofuran, a
cosolvent for all the components. Low amounts of extractables substantiated efficient
network formation. The composition dependent two glass transition temperatures (Tg) by
DSC analysis indicate microphase separation of the cross-linked components without
mixed phases. It was found that the PNiPAAm-I-PIB conetworks are uniformly swellable
in both water and n-hexane, i. e. these new materials behave either as hydrogels or as
hydrophobic gels in aqueous or nonpolar media, respectively. The uniform swelling in
both polar and nonpolar solutes indicates cocontinuous (bicontinuous) phase
morphology. The equilibrium swelling degrees (R) depend on composition, that is, the
higher the PIB content, the lower the R in water and the higher in n-hexane. The
PNiPAAmM phase keeps its thermoresponsive behavior in the conetworks as shown by
significant decrease of the swelling degree in water between 20 and 35 °C. The lower
critical solubility temperature (LCST) values determined by DSC are found to decrease
from 34.1 °C (for the pure PNiIiPAAmM homopolymer) to the range of 25-28 °C in the
conetworks, and the extent of the LCST decrease is proportional with the PIB content.
This indicates that PNiPAAm-I-PIB conetworks with predetermined and
thermoresponsive swelling behavior can be designed and utilized in several advanced

applications on the basis of results obtained in the course of this study.
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INTRODUCTION

Since its first description in the late 1950s', the thermoresponsive
macromolecule, poly(N-isopropylacrylamide) (PNiPAAmM) is one of the most widely
investigated polymer described in the scientific literature.>™® This polymer in aqueous
solution, as well as its gel in swollen state, is sensitive to the temperature of the
environment.>®> Above a certain temperature, the hydrophilic PNiPAAm changes its
philicity, rapidly becomes hydrophobic,* and the polymer and the gel precipitates and
collapses, respectively.>® This temperature, the so called lower critical solubility
temperature (LCST), is around 32 °C! for this polymer, which is close to the temperature
of the human body. The combination of this thermoresponsive behavior with the
biocompatibility of PNiPAAmM makes it interesting for a large variety of applications, for
example in the fields if biology, medicine or sensors. Therefore, not only basic, but also
application oriented research have been carried out to investigate its properties and
application possibilities, ranging from biomedicine to generally applicable objects.
Examples for the biomedical applications include controlled drug delivery,® biomaterials®,

% while some

cell culture surfaces’, tissue engineering® or biomolecule separation®*
other uses, such as core/shell nanoparticles'* or intelligent glass*? are also interesting
possibilities. However, one substantial disadvantage of the traditionally synthesized,
pure PNIPAAmM gels from practical point of view is related to the fact that these are
mechanically not stable, soft, untreatable and nontransparent materials.

Amphiphilic conetworks (APCN) and their gels are mechanically more stable than

their pure homopolymeric analogues.*** These novel, rapidly emerging materials, as

displayed in Figure 1, consist not only of hydrophilic, but hydrophobic polymer



components as well, which are covalently bonded together in a cross-linked

macromolecular assembly.”**® APCNs have some extraordinary properties, such as

13-17 13,15

swelling with no dependence on solvent polarity™~’, nanophase separated structure™>,

biocompatibility*® and extreme mechanical strength®**’

, Which make them applicable in
many fields of life and material sciences and technologies®®. It is noteworthy that there
are only few publications on PNiPAAmM- based APCNs.* Lequieu and Du Prez prepared
poly(N-isopropylacrylamide)-I-poly(tetrahydrofuran) (PNiPAAM-I-PTHF),*? while
Gallardo et al. reported on poly(N-isopropylacrylamide)-lI-poly(methyl methacrylate)
(PNiPAAM-I-PMMA)*®* conetworks. The LCSTs were determined in both cases
gravimetrically or by differential scanning calorimetry (DSC). These measurements
indicate that tuning the LCST of PNiPAAm in these conetworks can be achieved to a
limited extent with selecting proper composition of such APCNs. In the case of
PNiPAAM-I-PTHF conetworks'®, the glass transition temperatures (Tg) were also
determined, and in some cases only one Ty was found indicating miscibility of PTHF and
PNiPAAmM. It has to be mentioned that significant research activities are going on to
modify the properties of PNiPAAm by other approaches as well, i. e. by constructing a
variety of amphiphilic PNiPAAm containing polymer architectures, such as blocks, grafts,
star-blocks, core/shell systems, interpenetrating networks etc. (see e. g. Refs. 20a-i and
references therein).

Synthesis of PNiPAAmM-based conetworks with other, for instance polyisobutylene
(PIB) hydrophobic component was attempted only once with no obvious proof of

success and with the lack of considerable characterization.?* Such kind of materials can

be interesting not only from academic but even from application point of views as well.



PIB is a fully saturated, rubbery, biocompatible and extremely hydrophobic polymer.? Its
unique properties, such as stability against chemical and physical impacts, flexibility, gas
barrier characteristics and biocompatibility make it useful for a broad range of
applications.

Herein, we report on the successful synthesis and systematic characterization of

poly(N-isopropylacrylamide)-I-polyisobutylene (PNiPAAmM-I-PIB; “I” stands for “linked by”)
conetworks by the so called macromonomer method, i. e. by copolymerizing N-
isopropylacrylamide with a well-defined methacrylate-telechelic PIB macromonomer

prepared via quasiliving carbocationic polymerization.

— Hydrophilic polymer
~~ Hydrophobic polymer

Figure 1. The schematic structure of amphiphilic polymer conetworks.



EXPERIMENTAL

Materials

Methylmagnesium bromide (3.0 M solution in diethyl ether), 5-tert-butylisophthalic acid
(98%), ammonium chloride (puriss), titanium tetrachloride (99.9%, TiCly), 1,1,4,4-
tetramethylethylenediamine (99.5%, TMEDA), 9-borabicyclo[3.3.1]Jnonane (9-BBN; 0.5
M solution in THF), hydrogen peroxide (35 % solution in water), methacryloyl chloride
(97%, MACI), triethylamine (99%, Et3N), calcium hydride (90-95%, CaH;), N-
isopropylacrylamid (97%, NiPAAm) and aluminium oxide (activated, neutral) were all
purchased from Aldrich. Hexane (96%, Hx) was obtained from Scharlau S. A.
Dichloromethane (99.8%, DCM), tetrahydrofuran (99.8%, THF) and methanol (99.8%)
were purchased from Chemolab. Isobutylene (1B, 99.8%) and hydrogen chloride (HCI,
99.8%) were obtained from Messer Griesheim. Triethylamine (EtsN, 99%) and
potassium hydroxide (98%) were purchased from Merck, while calcium chloride
(anhydrous), allyltrimethylsilane (ATMS, 97%) and a,a‘-azobisisobutyronitrile (AIBN;

98+%) were purchased from Fluka.

Methods
Synthesis of methacrylate-telechelic polyisobutylene macromonomer

The bifunctional carbocationic initiator tert-butyldicumyl chloride was synthesized
according to the literature®® and was recrystallized twice before use. The methacrylate-
telechelic PIB macromonomer (MA-PIB-MA) was synthesized by quasiliving
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carbocationic polymerization of isobutylene. The initiator system was tert-

butyldicumyl  chloride/TiCl, and the nucleophilic additive was 1,1,4,4-



tetramethylethylenediamine. The polymerization reaction was terminated by
allyltrimethylsilane vyielding quantitative end group functionalized allylic-telechelic
PIB.?*?3After the allylation, three end-group modification steps were carried out. First,
the allylic chain ends were modified by hydroboration, then oxidation of the chain ends
was carried out by H,O, in alkaline conditions (KOH) in the second step leading to
hydroxyl-telechelic PIB.%*?* Finally, a methacrylation step with methacryloyl chloride
yielded the MA-PIB-MA macromonomer. The macromonomer was characterized in
terms of terminal functionality and molecular weight distribution by 'H NMR

spectroscopy and gel permeation chromatography (GPC), respectively.

Preparation of conetworks

The bifunctional macromonomer (MA-PIB-MA) was copolymerized with the N-
isopropylacrylamide comonomer. The copolymerization was carried out via free radical
copolymerization initiated by AIBN radical initiator in THF as common solvent of the
components. The desired amounts of the bifunctional macromonomer, and the
comonomer NiPAAm (in all cases 1 g of total mass), initiator and common solvent (THF)
were measured into glass vials. The AIBN concentration was adjusted to the total
concentration of the comonomers in order to keep the [comonomer]/[AIBN]®® ratio
constant at the value of 0.99 value (see Table S1 in the Supporting Information for the
applied amounts). The reaction mixtures were purged with nitrogen to remove oxygen
and to homogenize the solutions. Then, the vials were placed and kept in an oven at 65
°C for 3 days. After the reaction, the vials were let to cool down to room temperature,

the solvent was evaporated and the conetworks were dried under vacuum overnight.



The resulting materials were placed in THF for two weeks to extract the unreacted
materials (monomers, oligomers, polymers and initiator). The amounts of the extracted

soluble parts were determined gravimetrically.

Characterization methods

Gel Permeation Chromatography

The average molecular weights of the macromonomer were measured by gel
permeation chromatography (GPC). The GPC was equipped with RI, differential
viscometer (Viscotec) and laser light scattering (Wyatt Co.) detectors. THF was used as
mobile phase with a flow rate of 1.5 mL/min. Universal calibration was used to evaluate

the GPC chromatograms.

'H NMR spectroscopy

The endgroup functionality of the linear PIB macromonomer was investigated by 'H
NMR spectroscopy after the polymerization and every chain end modification. The *H
NMR measurements were performed by a Varian 400 equipment (400 MHz)in CDCl;

and at 30 °C.

Elemental Analyses
The compositions of the conetworks were investigated by elemental analyses using

Hereaus CHN-O-Rapid apparatus with CuO catalyst.



Differential Scanning Calorimetry
A Mettler TG50 instrument was used for differential scanning calorimetry (DSC) analysis
to determine the glass transition temperatures of the synthesized polymers. The
midpoint of the specific heat increase in the transition region during the second heating
is reported as the glass transition temperature (Tg). Programmed heating cycles from -
120 °C to 200 °C were used at a heating rate of 10 °C/min under nitrogen atmosphere.
The LCST values were determined on a MicroDSCIIlI apparatus (SETARAM). In
these DSC measurements, the dry gel samples were contacted with Millipore water and
keptat T =5 °C for 2 h to obtain a stable baseline. Then the samples were heated up to

50 °C with a scanning rate of 0.5 °C /min.

Swelling Measurements

After the extraction, the conetwork samples were dried to constant weight in vacuum at
room temperature, and then were cut into small pieces (1-2 cm®). The mass of the dry
samples were weighted, and transferred into organic solvent or water. The mass of the
samples were measured from time to time until the equilibrium was reached. The
equilibrium swelling degree (R) was calculated as the mass of solvent uptakes (Mgwolien-

Mary) divided by the mass of the dry sample (Mary) (R = (Mswollen-Mdry)/Mary).



RESULTS AND DISCUSSION
Synthesis of Telechelic MA-PIB-MA Macromonomer and PNiPAAmM-I-PIB
Conetworks

The methacrylate-telechelic polyisobutylene (PIB) macromonomer (MA-PIB-MA)
was synthesized by quasiliving carbocationic polymerization® of isobutylene followed by
three endgroup modification steps. First, allyl-telechelic PIB was obtained by direct end-
quenching of living difunctional PIB chain ends with allyltrimethylsilane.?® Then,
hydroboration with 9-BBN followed by oxidation with H,O, resulted in hydroxyl-telechelic
PIB.%?* Quantitative esterification of this macrodiol with methacryloyl chloride led to
MA-PIB-MA with close to theoretical number average molecular weight and narrow
molecular weight distribution (M,=4100, M,/M,=1.08), and chain end functionality of 2.0
according to GPC and 'H NMR analyses, respectively (see Figure S1 for the GPC
chromatogram in the Supporting Information).

The synthesis route of poly(N-isopropylacrylamide)-I-polyisobutylene (PNiPAAmM-
I-PIB; “I” abbreviates “linked by”) is shown in Scheme 1. For the successful synthesis of
the planned conetwork series, a cosolvent has to be used due to the immiscibility of the
hydrophilic (polar) NiPAAm monomer and PNiPAAmM and the hydrophobic (nonpolar)
PIB. An appropriate cosolvent can dilute all the components to prevent phase separation
during the network forming reaction. In our case, tetrahydrofuran (THF) is proved to be a
suitable solvent which can accomplish this requirement. Some other basic requirements
have to be also met for successful conetwork synthesis. First, the two components, i. e.
the low molecular weight monomer and the telechelic macromonomer, should be

copolymerizable. Second, the polymer chains formed from the low molecular weight
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comonomer have to be long enough to incorporate at least two macromonomer cross-
linkers. The first requirement is fulfiled because methacrylates and acrylamides are
copolymerizable, while the second can be accomplished by the optimal choice of the
monomer/initiator ratios considering the DP,~[M]/[1]°® relationship in radical
polymerizations (where DP,,, [M] and [I] stand for the degree of polymerization, monomer
and initiator concentrations, respectively). As to the copolymerization of NiPAAmM with
the methacrylate telechelic MA-PIB-MA macromolecular cross-linker, it has to be noted
that the copolymerization reactivity ratios (r) are favorable for the incorporation of MA-
PIB-MA in the conetworks on the basis of literature values for copolymerization between
NiPAAmM and methacrylates. According to literature data, the r;(NiPAAm) and r, values
are 0.39 and 2.69 for NiPAAm and glycidyl methacrylate® and 0.27 and 2.82 for
NiPAAm and methyl methacrylate.?® This means that in spite of the decrease of the
apparent copolymerization reactivity of the macromonomer in comparison with its low
molecular weight counterparts, sufficient incorporation of the MA-PIB-MA macrocross-
linker is expected in the conetworks on the basis of recent findings in the course of

similar conetwork syntheses.™®"

It is also noteworthy that the product of the
copolymerization ratios of NIPAAm and methacrylates are close to one, which indicates
random copolymerization, that is random incorporation of MA-PIB-MA cross-linker in the
PNIiPAAmM chains. Taking these requirements consideration into account, a series of
PNiPAAmM-I-PIB conetworks was attempted with MA-PIB-MA contents between 20-70
wt% as shown in Table 1 by copolymerizing NiPAAmM with MA-PIB-MA by AIBN initiator

in THF at 65 °C for 72 hours.
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Right after the reaction, the resulting gels were placed in THF, a common solvent
for the both polymers for a week in order to remove the unreacted soluble components.
The extraction procedure was repeated once more, the extractables were combined,
and the solvent was evaporated. The dried soluble fractions were lower than 10 wt% of
the feed amount with the exception of the two lowest PIB containing samples with up to
30 wt%. These results confirm efficient conetwork formation. The extractables were
characterized by GPC and 'H NMR spectroscopy, and the results showed that the
soluble fraction for all the conetworks contained mainly the unreacted hydrophilic N-
isopropylacrylamide monomer and its oligomer. The number average molecular weights
of the extracted materials were lower than 400 with broad molecular weight distribution

in all the cases.

0]
(0]
YN
AIBN/ A
PgB + NH ?
;A
(0]

Scheme 1. The synthesis route of poly(N-isopropylacrylamide)-I-polyisobutylene

(PNiPAAmM-I-PIB) amphiphilic conetworks (“I” stands for “linked by”).
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Characterization of the conetworks by elemental analysis and DSC measurements

After extraction, all the conetworks were dried to constant weight in vacuo. The
compositions of the resulting conetworks were determined by elemental analysis. The
results of the elemental analysis, shown in Table 1, indicate successful synthesis of a
series of PNiPAAm-I-PIB conetworks in a wide composition range, and conetworks with
PIB content between 34 and 73 wt% were obtained. The sample identification of these
amphiphilic conetwork (APCN) samples is provided by their PIB content that is APCN43
means a PNiPAAmM-I-PIB conetwork with 43 wt% PIB content. As presented in Table 1,
the PIB contents were slightly higher than the theoretical values (feed composition). This
is in line with the analysis results of the extractables, i. e. with its high NiPAAm and oligo
PNiPAAmM content, on the one hand. On the other hand, it is also in agreement with the

results of a recent study™"

according to which local partition of the polar low molecular
weight monomer between the solution and the vicinity of the terminal nonpolar
macromonomer in the propagating polymer chain may increase the apparent reactivity
of the macromonomer. As a result, the MA-PIB-MA macro cross-linkers efficiently

incorporated in the PNIPAAmM-I-PIB conetworks providing sufficient cross-linking density

and low amounts of extractables.
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Table 1. The compositions of the copolymerization feed and the PNiPAAmM-I-PIB
conetworks (determined by elemental analysis) and the glass transition temperatures
obtained by DSC.

Feed composition Conetwork Ty (°C)
(Wt%) composition
(Wt%)

Sample

NiPAAmM PIB NiPAAmM PIB PNiPAAM PIB
APCN34 80 20 66 34 121 -66
APCN36 70 30 64 36 128 -61
APCN43 60 40 57 43 122 -58.5
APCNb59 50 50 41 59 122 -58
APCNG5 40 60 35 65 113 -56
APCN73 30 70 27 73 107 -57.5

IPNiPAAM - - 100 - 134 -
PIB - - - 100 - -78

The glass transition temperatures (Tg), which are indicative on the miscibility of
the PNiIiPAAmM and PIB components in the conetworks, were determined by DSC. A
representative DSC scan of these conetworks is displayed in Figure 2 (sample

APCN59). As shown in this Figure 2 and in Table 1, the PNiPAAmM-I-PIB conetworks
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exhibit two glass transitions. One appears in the region of the T, of PIB at low
temperatures, while the other glass transition for the PNiPAAmM component is observed
at higher values, somewhat below that of the pure homopolymer. These findings
indicate that both PNIiPAAm and PIB form separate domains in the PNiPAAmM-I-PIB
conetworks, that is chemically connecting these two immiscible polymers with covalent
bonds in a conetwork does not lead to mixing these two macromolecules. This means
that the two components with different philicity in these conetworks form separate
phases. Because the covalent bonds between the immiscible polymer chains in these
cross-linked macromolecular assemblies prevent macroscopic phase separation,
microphase separation occurs in these new materials. This is also supported by the fact
that the PNIPAAm-I-PIB conetworks, and their gels as well, are transparent or faintly
opaque, that is the average domain sizes are lower than that of the wavelength of the
visible light. Similar findings have been reported for other conetworks composed of

covalently bonded immiscible macromolecules.***>*’

/

Tg of PIB segments

Tg of PNIPAAM segments

100 -50 0 50 100 150 200
Temperature ("C)

Figure 2. Differential scanning calorimetric thermogram of a PNiPAAmM-I-PIB conetwork

with 59 wt% PIB content (second heating scan, 10 °C/min heating rate).
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The dependence of the Ty4s on the composition is presented in Table 1 and Figure
3. As these data indicate, the T4 of PIB in these bicomponent materials is higher than
that of the starting homopolymer (-78 °C). It can also be seen that the T4 of PIB in the
conetworks varies between -66 and -56 °C, and increases with increasing PIB content
up to about 40-50 wt% PIB content, then becomes nearly constant. In contrast, the Tq of
the PNIPAAmM domains significantly decreases with increasing PIB content, i. e. with
decreasing PNiPAAmM content. These Ty values are between 107 and 128 °C, and
considerably lower than that of the PNiPAAm homopolymer (134 °C*3). In miscible

polymer blends?”?3

, only one Tg, depending on composition, between the Ty of the
components exists (see e. g. Refs. 27,28 and references therein). The observation of
two T4s equal to that of the homopolymer components indicates immiscible systems. In
the case of partial miscibility, the Tgs of the blend composing polymers changes towards
the T4 of the other component by lowering their contents in the bicomponent polymer
system.?® As shown in Figure 3 and in Table 1, while the T4 of PNiPAAmM decreases with
its decreasing content in the PNiPAAm-I-PIB conetworks, the T4 of PIB decreases and
not increases with PIB content as it would be expected in the case of partial miscibility.
Thus, partial miscibility of PNIPAAmM and PIB in their conetworks can be excluded. As

' with similar conetworks indicate that the

recent solid state NMR investigations™
covalent linkage and structural parameters of the conetworks, such as the extent of
cross-linking, should play key role in determining the chain mobility in these novel

polymeric materials.

16



140 T T T T T T T T

104 o 0 T, of pure PNiPAAM -
1204{ ® o .
110 - o o
—_ 1 T sinthe conetworks l
O 100z ¢ =
o 1 4
., -45 ;
(o 1 . ;
-60 - - | [ L.
{ N |
=75 + T, of pure PIB -
30 40 50 60 70

PIB content (wt %)

Figure 3. The glass transition temperature (T,) values as the function of the PIB content

in the PNiIiPAAm-I-PIB conetworks (mTg of PIB, eTg of PNIPAAm in the conetworks).

Swelling behavior of PNiPAAm-I-PIB conetworks

One of the most interesting properties of amphiphilic conetworks is their swelling
ability in polar and nonpolar solutes. Pieces of the extracted and dried PNiPAAm-I-PIB
conetworks were transferred into water and n-hexane, and were let to swell until they
reached the equilibrium. The mass of the swollen conetworks were measured, and the
equilibrium swelling degrees (R) were calculated. Figure 4 displays the resulting R
values as a function of conetwork composition. As shown in this Figure, the PNiPAAmM-I-
PIB conetworks are able to swell in both polar (water) and nonpolar (hexane) solutes,
that is, these new materials possess amphiphilic character. This means that depending
on their outer environment, these conetworks behave either as hydrogels (in the

presence of water) or hydrophobic gels (in case of hydrophobic, nonpolar solutes).
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Thus, both kinds of gels can be obtained from these new cross-linked polymer
assemblies by selecting proper solvents. The data in Figure 4 also reveal that the
swelling capacity of the PNiPAAm-I-PIB conetworks is composition dependent, and it
also depends on the temperature when water is the swelling agent. As the hydrophobic
PIB content increases, the equilibrium swelling degree decreases in water, and in
contrast, the degree of swelling increases in n-hexane. It is interesting to observe that
these conetworks are able to swell uniformly in both hexane and water in a broad
composition range of ~40-65 wt% PIB content. This uniform swelling capacity in solutes
with opposite polar-nonpolar character indicates that both separate domains of
PNiPAAmM and PIB in the conetworks form cocontinuous (bicontinuous) phase structure,
which provides the possibility of swelling in either agueous or nonpolar solvents
uniformly. Another important aspect of these novel PNiPAAmM-I-PIB conetwork hydrogels
is their observed mechanical and dimensional stability compared to the homopolymer
PNiPAAmM hydrogel with the same cross-linking density (for illustration, see for instance

the picture of these gels in Figure S1 in the Supporting Information).
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Figure 4. Equilibrium swelling degrees (R) of the PNiPAAm-I-PIB conetworks as a

function of PIB content in n-hexane and in water at 20 °C and 35 °C.

The PNiPAAmM homopolymer is a well-known thermoresponsive polymer with
lower critical solution temperature (LCST) of ~32-34 °C which has already been utilized
in a variety of advanced applications (see e. g. Refs. 4-12,20 and references therein).
Therefore, it is of paramount importance to investigate whether PNiPAAmM keeps its
thermoresponsive behavior in conjunction with the strongly hydrophobic PIB
macrocross-linkers in the novel PNiPAAmM-I-PIB conetwork hydrogels. In order to reveal
this property, the conetworks were first swollen in water at 20 °C, and after reaching the
swelling equilibrium, the temperature was raised to 35 °C. As shown in Figure 4, the
equilibrium swelling ratios decrease in all cases to low values (in the range of 10% or
lower), and the amplitude of the change in the swelling degrees is composition

dependent. Higher the PNIPAAmM content, higher the extent of deswelling. For the
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conetworks with low PIB content, the equilibrium swelling degrees decreases by one
order of magnitude, i. e. from ~100% under ~10% as the temperature cross the LCST. It
is important to note that the observation of LCST of PNiPAAmM in the PNIiPAAmM-I-PIB
conetworks also clearly indicates the existence of independent non-mixed domains of
PNiPAAmM and PIB in these novel cross-linked polymeric materials. Due to the H-bond
formation between NiPAAmM units and water in the conetworks below the LCST, the
cross-linked PNiPAAm is in swollen state, and it behaves as hydrophilic polymer. Above
this temperature, the hydrophobic interactions become thermodynamically more
favorable than the polar ones, and the polymer becomes hydrophobic, i.e. PNiPAAmM
segments are not able to swell in aqueous solutions anymore. As a consequence, these
conetworks are not only novel amphiphilic but smart thermoresponsive polymeric
materials as well. At high PIB content, the deswelling of the gels with the increasing

temperature is less significant. As published in the literature®®*°

amphiphilic conetworks
possess cocontinuous morphology only in a certain composition range. At high
hydrophobic (or hydrophilic) content, the hydrophilic (or hydrophobic) components of the
conetworks are present as dispersed phases. This can be one of the reasons of the
infinitesimal deswelling of the conetwors with high PIB content. The other explanation is
also the high hydrophobic content, which shifts dramatically the LCST of the conetworks
to the low temperature region (even below 20 °C) and broadens the range of deswelling
causes this negligible response.®

It is seen that all the above described gels response to the temperature change of

the surrounding aqueous media. The swelling behavior of the conetworks is expected to

show hysteresis during continuous heating and cooling cycles over the range of LCST.*
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This phenomenon was investigated by measuring the changes of the equilibrium
swelling degrees of the conetworks with increasing and decreasing temperatures. As the
results show in Figure 5 for the selected APCN with 36 % PIB content, the conetwork
presents different LCSTs depend on heating, or cooling during the measurement. For
this conetwork sample, while the temperature increases the PNiPAAmM segments start to
shrink at and around 25 °C, and elongated deswelling occurs, ended around 40 °C.
From this point, the temperature was reversed and cooled down to 20 °C. During this
cooling the measured LCST was shifted to lower temperatures. This measured

hysteresis is well known effect of PNiPAAmM based homopolymer gels.
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Figure 5. A representative temperature responsive swelling curve of PNiPAAmM-I-

PIB conetwork, with 36 % PIB content.

In order to determine the LCST of the PNiIiPAAm-I-PIB conetwork gels and a

poly(N-isopropylacrylamide) homopolymer network cross-linked with N,N’-methylene-bis
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acrylamide, these were let to swell in deionized water, and their LCSTs were measured
by differential scanning calorimetry. Figure 5 shows the resulting DSC thermograms, the
minima of which belong to the LCST values.* As shown in this Figure, the LCST values
of PNiPAAm in the conetworks are between 25 and 28 °C, and these are significantly
lower than that of the pure PNiPAAm hydrogel (34.1 °C) measured by using the same
conditions. The decrease of LCST of PNIPAAm by attached hydrophobic comonomers
or groups is a well-known effect.*! In such instances, the overall hydrophobicity of the
gel increases with increasing hydrophobic content, and the hydrophobic interactions
become more favorable in water even at lower temperatures than H-bond formation. As
a consequence, lower LCSTs are observed. This trend is also clearly can be seen in the
case of the PNiPAAmM-I-PIB conetworks as well. As displayed in Figure 6, the LCSTs of
the PNiPAAm phases are 27.6, 26.7 and 25.1 °C with 34, 36 and 43 wt% hydrophobic
PIB cross-linkers in the conetworks. PIB reduces the LCST of PNiPAAmM proportionally
with the PIB content. The increasing hydrophobicity is also reflected in the slow DSC
response curves. The pure PNiIiPAAmM gel swollen in water exhibits an asymmetric DSC
peak, and when the increasing temperature reaches the LCST an abrupt heat uptake is
followed by a slow relaxation tail.*® In the PNiPAAm-I-PIB conetworks, the shift of the
onset temperature is accompanied with a much more gradual progress of the
endothermic peak. The shape of the peaks and their increasing half width indicate that
the phase transition slows down, compared to the homopolymer gel, because the
reorganization of the polymer chains/segments is hindered in the conetworks. A
reduction in the thermal conductivity of the more hydrophobic system may also

contribute to this effect.
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Figure 6 . DSC response of a homopolymer PNiPAAmM and PNiPAAmM-I-PIB hydrogel
samples in water (heating rate 0.05 °C/min; successive curves are shifted vertically for

clarity.)

Conclusions

Successful synthesis of poly(N-isopropylacrylamide)-I-polyisobutylene (PNiPAAmM-I-PIB)
conetworks was carried out by free radical copolymerization of NIPAAmM with
methacrylate telechelic PIB macromonomer, and a series conetworks with a broad
composition range was obtained. DSC measurements indicate the presence of two
distinct Tgys, i. e. microphase separated structure of these new conetworks with PIB and
PNiPAAmM domains. Uniform swelling in both hydrophilic (water) and hydrophobic (n-
hexane) solvents confirm cocontinuous (bicontinuous) domain structure and also the

amphiphilic character of these novel bicomponent cross-linked macromolecular
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assemblies. This means that the PNIiPAAmM-I-PIB conetworks behave as hydrogels in
aqueous and as hydrophobic gels in nonpolar environment. The PNiPAAmM component
does not loose its temperature responsive property, i. e. the existence of LCST, in the
conetworks, which was proven by swelling and DSC measurements. The swelling in
polar and nonpolar solvents, namely in water and in n-hexane, as well as the
thermoresponsive behavior are found to be composition dependent. The LCST of these
conetworks decreases to the range of 25-28 °C in comparison with 34.1 °C for the
homopolymer network of PNiPAAmM, and the rate of the phase transition also decreases
in the hydrophobic sorroundings in the conetworks. These novel, dimensionally and
mechanically stable thermoresponsive conetworks may find a variety of specific

applications due their unique structure and properties.
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