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In this work a new kind of “smart” hydrogel is presented, which is composed of a poly(2-vinylpyridine)-
block-poly(ethylene oxide)-block-poly(glycidyl methyl ether-co-ethyl glycidyl ether) (P2VP-5-PEO-b-
P(GME-co-EGE)) triblock terpolymer. The thermo-sensitive poly(glycidyl methyl ether-co-ethyl
glycidyl ether) block exhibits a cloud point which is easily adjustable by the comonomer ratio.
Copolymerization of GME and EGE produces nearly statistical copolymers with a weak preferential
incorporation of GME, exhibiting a sharp coil-to-globule transition with almost no hysteresis. The
triblock terpolymers aggregate in aqueous solution triggered by both pH and temperature. At
sufficiently high concentration this stimuli-responsive behaviour leads to a reversible gel formation with
gel strengths and transition points tuneable by pH, temperature, concentration, and block lengths. At
pH = 7, an unique gel-sol-gel transition accompanied with a strengthening of the gel is observed upon
heating using rheology. Moreover, the structure of the low temperature gel phase is investigated by

means of small-angle neutron scattering (SANS).

Introduction

“Smart” hydrogels are networks of water soluble polymers which
form/disintegrate or swell/contract upon changes of external
stimuli like solution pH, temperature, or ionic strength. Such
hydrogels can be utilized in drug delivery applications, since they
can release trapped drug molecules upon shrinkage or disinte-
gration.'® Other applications can be found as storage media, in
actuating systems, sensors, microfluidic switches, and many
more.*

In general, one can distinguish between two classes of “smart”
gels.” Chemically crosslinked stimuli-responsive polymers
constitute the first category.® The most intensively studied
example is chemically crosslinked poly(N-isopropylacrylamide)
(PNIPAAm), a thermo-sensitive polymer becoming hydrophobic
at around 32 °C, and very often used in hydrogel applications.’™*
Other thermo-sensitive polymers used to construct such hydrogels
are for instance poly(alkyl vinyl ethers),'®'* chemically modified
polyglycidols,’* or copolymers of 2-(2-methoxyethoxy)ethyl
methacrylate  with  oligo(ethylene glycol) methacrylate
(P(MEO,MA-co-OEGMA))."* A typical monomer used for
the synthesis of pH-sensitive hydrogels is methacrylic acid.'” The
second class of hydrogels comprises physically crosslinked
hydrogels, which disintegrate reversibly upon changes of a certain
external parameter. Such systems are typically composed of linear
or star-shaped block copolymers with an ABA and (BA), struc-
ture, respectively. The A-block is stimuli-responsive, i.e. becomes
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hydrophobic at a certain pH or temperature, and therefore
forms the network junctions. Examples are poly(ethylene oxide)-
block-poly(N-isopropylacrylamide) (PEO-b-PNTIPAAm)*®
and PEO-b-P(MEO,MA-co-OEGMA)" star block copolymers,
poly(e-caprolactone)-block-poly(ethylene  oxide)-block-poly(e-
caprolactone) (PCL-b-PEO-b-PCL) triblock copolymers,*® ABC
triblock terpolymers composed of different poly(alkyl vinyl
ether)s,?! or—as examples of pH-sensitive hydrogels—ABA and
(BA)x block copolymers where A is poly(diethyl aminoethyl
methacrylate) (PDEAEMA) and B poly(glycerol monometha-
crylate) (PGMA).?* Gels with permanent physical crosslinks, i.e.
where the outer blocks are hydrophobic and not stimuli-respon-
sive, are for instance based on ABCBA pentablock terpolymers
with poly(methyl methacrylate) (PMMA) outer blocks, B is
poly(acrylic acid) (PAA) and C is poly(2-vinylpyridine) (P2VP).?
In addition, ABA triblock or multiblock copolymers consisting of
poly(n-butyl acrylate) (PnBA), polystyrene (PS), poly(n-butyl
methacrylate) (PrBMA) and poly(dimethylaminoethyl metha-
crylate) (PDMAEMA) blocks were described.?*?* Other systems,
like the well known Pluronic™ block copolymers, form gels
by a regular packing of micelles, mostly in a cubic phase (bcc,
or fcc). 267

All examples discussed so far are hydrogels which respond to
only one external stimulus, temperature or pH. However, some
applications may require an independent response to several
factors.?® A suitable monomer for creating pH- and temperature-
responsive hydrogels is DMAEMA .*-3! Since the number of
dual responsive monomers is limited, a thermo-sensitive mono-
mer is often copolymerized with a pH-sensitive monomer in
order to obtain a double stimuli-responsive gel.3?3* Another
approach utilizes interpenetrating networks or blends of two
different stimuli-sensitive polymers.** One example for a double
stimuli-responsive gel based on a crosslinked block copolymer
with blocks responding to different stimuli is a P(DMAEMA-co-
HEMA)-b-PNIPAAm-b-P(DMAEMA-co-HEMA) (HEMA =
hydroxyethyl methacrylate) triblock copolymer.*® However, all
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these systems belong to the class of chemically crosslinked gels.
Examples of double responsive physical gels are still limited.
They are formed for instance by a poly(N,N-diethylacrylamide)-
block-poly(acrylic acid)-block-poly(N,N-diethylacrylamide)
(PDEAAm-b-PAA-b-PDEAAm) ABA triblock copolymer,*” or
an ABCBA pentablock terpolymer, where A is a pH-sensitive
poly(sulfamethazine methacrylate) block, B is PCL, and C is
PEO.3® With few exceptions, these polymers were synthesized
by free radical polymerization or by atom transfer radical
polymerization (ATRP) with limited control with respect to
block length and polydispersity. An interesting approach
towards temperature- and redox-responsive physical hydrogels is
based on the incorporation of redox-cleavable disulfide linkages
at the midpoint of ABA triblock copolymers with thermo-
sensitive end blocks, e.g. PNIPAAm. 34

Our approach towards double stimuli-responsive (pH and
temperature) hydrogels is based on an ABC triblock terpolymer
(Scheme 1), where A is pH-sensitive poly(2-vinylpyridine)
(P2VP), B water soluble poly(ethylene oxide) (PEO), and C
a thermo-sensitive copolymer of glycidyl methyl ether and ethyl
glycidyl ether (P(GME-co-EGE)). At pH < 5, the 2VP units are
protonated rendering the P2VP block hydrophilic,*** i.e. at low
pH and room temperature, the polymer is molecularly dissolved.
Increasing the pH above 5, the P2VP block becomes hydro-
phobic due to deprotonation. This should result in the formation
of core—shell-corona (CSC) micelles with P2VP cores. An inverse
micellar structure, with the thermo-sensitive P(GME-co-EGE)
block forming the core, should be obtained at low pH and for
temperatures above the cloud point of P(GME-co-EGE). In both
cases, a hydrogel might already be formed by close packing of
CSC micelles for sufficiently high concentrations, i.e. analogous
to the behaviour of Pluronics™ block copolymers.?®*” However,
upon applying the respective stimulus (pH or temperature) to
switch the responsive corona block [P2VP or P(GME-co-EGE)]
of the CSC micelles insoluble, too, hydrogel formation should
take place (Scheme 1). This process is driven by the open asso-
ciation of CSC micelles, with physical crosslinks formed by the
now insoluble corona blocks. Thus, depending on concentration,
i.e. whether the CSC micelles already formed a gel or not,
a hydrogel will be formed or the pre-formed hydrogel will
transform into a stronger gel upon applying both stimuli. The
produced hydrogel can be destroyed reversibly by adjusting
either pH or temperature, resulting in a solubilization of the A or
C block, respectively.

We use our recently developed synthetic route to produce
P2VP-b-PEO-b-P(GME-co-EGE) triblock terpolymers in a one-
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Scheme 1 Scheme of the formation of double responsive hydrogels
based on P2VP-b-PEO-b-P(GME-co-EGE) triblock terpolymers.

pot reaction by sequential anionic polymerization of the corre-
sponding monomers in THF.*

The lower critical solution temperature (LCST) of alkyl gly-
cidyl ethers is strongly affected by the length and structure of the
alkyl chain.***5 The copolymerization of GME and EGE
promised a way of adjusting the LCST over a wide temperature
range simply by changing the copolymer composition, similar to
the copolymerization of 2-(2-methoxyethoxy)ethyl methacrylate
with oligo(ethylene glycol) methacrylate,* and of 2-n-propyl-2-
oxazoline with 2-ethyl-2-oxazoline or 2-isopropyl-2-oxazoline.*’
Thus, prior to the triblock terpolymer synthesis the reactivity
ratios for GME/EGE copolymerization were determined, and
the dependence of the LCST-type phase separation of the
resulting copolymers on the composition and concentration was
investigated.

The results and discussion part will be divided into two
subsections. First, we present the results of the GME/EGE
copolymerization and the dependence of P(GME-co-EGE) cloud
points on composition. The second part will deal with the
synthesis and characterization of P2VP-b-PEO-b-P(GME-co-
EGE) triblock terpolymers. The ability to form micellar aggre-
gates in aqueous solution triggered by pH and temperature is
demonstrated using dynamic light scattering. The pH and
temperature dependent hydrogel formation and disintegration
was monitored by the test tube inversion method as well as by
rheology. At pH = 7, an unusual gel-sol-gel transition was
observed upon heating, which goes along with a strengthening of
the hydrogel. The influence of concentration and block lengths on
the gel strength and the transition points was investigated, too.
Finally, small-angle neutron scattering data are presented, which
reveal the structure of the hydrogel in the low temperature regime.

Experimental
Materials

Tetrahydrofuran (Merck, p.a.) was purified by successive distil-
lation over CaH, and potassium, and kept under dry nitrogen
before use. Glycidyl methyl ether (TCI, >85%) was distilled with
a Vigreux column, first, at atmospheric pressure and then at 100
mbar from powdered CaH,, followed by a purification over ¢-
BuOK in order to remove residual epichlorohydrin. Finally,
GME was condensed into a glass ampoule for storage. Prior to
use, it was purified over n-BuLi and condensed into a sampling
ampoule. Ethyl glycidyl ether (TCI, >98%) was purified in the
same way but without the distillation steps. Decane, used as
internal standard for GC measurements, was purified over n-
BuLi and condensed into a storage ampoule. The phosphazene
base -BuP, (Fluka, 1 M in hexane), sec-BuLi (Acros, 1.3 M in
cyclohexane/hexane: 92/8), n-BuLi (Aldrich, 2 M in cyclo-
hexane), +-BuOK (Aldrich, 1 M in THF) and #-BuOLi (Aldrich, 1
M in hexanes) were used as received. The 7-BuOLi solution
contained a small amount of #-BuOH, as detected by GC.
2-Vinylpyridine (Fluka, =97%) and ethylene oxide (Linde, 3.0)
were purified as reported elsewhere.*?

Polymerizations

Polymerizations were carried out in a thermostated laboratory
autoclave (Biichi) under dry nitrogen atmosphere. The synthesis
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of the GME/EGE copolymers was accomplished in THF by
anionic ring-opening polymerization of the corresponding
monomers using -BuOK or -BuOLi/#-BuP, as the initiator. In
a typical procedure, the monomer mixture (17.9 mL) and decane
(4 mL) were added to THF (200 mL) at 50 °C, followed by fast
addition of the initiator. Samples were taken for conversion
determination via gas chromatography (GC). After 2 days the
reaction was terminated by adding a few mL of MeOH con-
taining 1-2 droplets of conc. HCI. The copolymers with a low
GME content were purified by evaporation of the solvent, fol-
lowed by repeated dispersion in water and centrifugation at
40 °C. Copolymers with higher GME content were purified via
dialysis against Millipore water using a cellulose ester dialysis
tube with a MWCO of 500 g/mol (Spectra/Por™). After drying
for 2-3 days under vacuum at 40 °C, the copolymers were
obtained as highly viscous colourless or pale yellow liquids. The
synthesis of the P2VP-h-PEO-b-P(GME-co-EGE) triblock
terpolymers via sequential anionic polymerization and the
subsequent purification was performed analogously to the
recently reported procedure.*®

Size exclusion chromatography (SEC)

SEC experiments were performed on an instrument equipped
with four PSS SDV gel columns (porosities: 10% 10°, 10* and 10°
A, diameter: 5 pm), a pre-column (10> A, 5 um), a differential
refractometer (Shodex), and a UV-detector at 254 nm (Waters).
A calibration with narrowly distributed polystyrene standards
was used. Measurements were performed in THF at 40 °C with
a flow rate of 1 mL/min using toluene as the internal standard.

Matrix assisted laser desorption ionization time of flight mass
spectrometry (MALDI-ToF MS)

MALDI-ToF MS was performed on a Bruker Reflex III with
a UV laser operating at 337 nm and an acceleration voltage of 20
kV. 1,8,9-Trihydroxyanthracene (dithranol) as matrix and silver
triflate as cationizing agent were used for P2VP homopolymers.
Samples were dissolved in THF (10 mg/mL) and mixed with
matrix (20 mg/mL in THF) and salt (10 mg/mL in THF) at
a mixing ratio of 20:5:1 (v/v, matrix: analyte: salt). 1 puL of this
mixture was spotted onto the target and allowed to dry. 200-500
laser shots were accumulated for each spectrum.

Nuclear magnetic resonance spectroscopy (NMR)

The absolute number averaged molecular weight (M,,) of the
synthesized triblock terpolymers was determined by "H-NMR in
CDCI; (Bruker AC 250 spectrometer) using the absolute M,, of
the P2VP block, determined by MALDI-ToF, for calibration of
the NMR signal intensities.

Cloud point determination

The P(GME-co-EGE) copolymers were dissolved in Millipore
water and the concentration was fixed at 2.5 g/L. The cloud
points were determined by turbidity measurements using
a titrator (Titrando 809, Metrohm, Herisau, Switzerland)
equipped with a turbidity probe (Ao = 523 nm, Spectrosense,
Metrohm) and a temperature sensor (Pt 1000, Metrohm). The

temperature program (1 K/min) was run by a thermostat
(LAUDA RE 306 and Wintherm_Plus software), using a home-
made thermostatable vessel. The cloud points were determined
from the intersection of the two tangents applied to the two linear
regimes of the transmission curve at the onset of turbidity.

Sample preparation for micellisation and gelation experiments

The triblock terpolymers were dissolved in Millipore water or
deionized water containing 0.1M NaCl. The pH was fixed at
a value of 34 using conc. HCI (Riedel-de-Haén). Samples to be
characterized under neutral conditions were then titrated slowly
to pH = 7 (titer IM NaOH, Titrisol, Merck; 0.13-0.67 uL/min).
The titrations and pH-measurements were performed using
a titrator (Titrando 809, Metrohm, Herisau, Switzerland),
equipped with a titration unit (Dosino 800, Metrohm, Herisau,
Switzerland) and a common glass membrane pH-electrode
(micro electrode, Metrohm, Herisau, Switzerland).

Dynamic light scattering (DLS)

DLS was performed on an ALV DLS/SLS-SP 5022F compact
goniometer system with an ALV 5000/E cross-correlator and
a He-Ne laser (Ao = 632.8 nm). The solutions were filtered prior
to the measurement with 0.8 um syringe filters (Cameo). For
temperature dependent measurements, the decaline bath of the
instrument was thermostated using a LAUDA Proline RP 845
thermostat. The temperature was increased stepwise (2 K/step).
After each step the sample was equilibrated for 10 min before
data acquisition. pH dependent measurements were conducted
using the DLS device in combination with a titrator (Titrando
809, Metrohm, Herisau, Switzerland). NaOH (titer 1M, Titrisol,
Merck) was added in small portions of 2 pL. The equilibration
time after each titration step was 3 min. The scattering intensity
data presented correspond to an average of five measurements,
conducted for 1 min each.

Test tube inversion

The glass tubes (volume 5 mL) containing the samples were
immersed in an oil bath, which was heated stepwise (1 K/min)
using a heating plate (RCT basic, IKA) equipped with a contact
thermometer (Ikatron, IKA). After each temperature step the
test tubes were inverted in order to check whether the sample
flowed or not.

Rheology

For dynamic-mechanical measurements a Physica MCR 301
rheometer with a cone—plate shear cell geometry (d = 50 mm,
cone angle = 1°) was used. Prior to the measurements the linear
viscoelastic regime for each sample was determined by per-
forming a strain sweep test at a frequency of 1 Hz. For all
temperature dependent measurements a frequency of 1 Hz,
a strain of 0.7%, and a heating rate of 0.1 K/min were applied.
The temperature was controlled by a Peltier element. For
frequency sweeps (107! to 10*> Hz) at different temperatures the
desired temperatures were adjusted by heating the sample slowly
at a rate of 0.1 K/min.

2650 | Soft Matter, 2009, 5, 2648-2657

This journal is © The Royal Society of Chemistry 2009



Small-angle neutron scattering (SANS)

SANS experiments were performed using the PAXY instrument
of the Laboratoire Léon Brillouin (CEA de Saclay). The scat-
tered neutrons were collected employing a two-dimensional
multi-detector. Three sample-to-detector distances of 1.05 m,
3.05 m, and 6.75 m were chosen to cover a rather large g-range.
The sample temperature was controlled using a thermostat and
a PT 100 temperature sensor leading to a stability of at least
around £0.5 °C. The samples were prepared in pure D,O in
order to guarantee high scattering contrasts and were measured
in 1 mm standard quartz cells (Hellma, Germany).

Due to the isotropic character of the scattering patterns, the
collected data were circularly averaged. The resulting spectra
were then corrected for electronic noise, detector efficiency, and
the scattering of the empty cell and the solvent. Normalisation to
achieve absolute intensity values was done using the method
developed by Cotton. Further information on the data treatment
procedure of the LLB can be found elsewhere.*** The data
collected at the different sample-to-detector distances overlapped
within the experimental precision after the treatment procedure.
Hence, no further adjustment was necessary.

The normalised and merged scattering profiles were analyzed
applying the SASfit program by Kohlbrecher.*® The presented fits
were done considering adjustable prefactors for the contrast of
the different blocks. The model, which was chosen for the fitting
process, comprises three different form factor contributions:

1. The form factor for a spherical core:

(sin(¢gR) — gRcos(¢R))
(4R)’

4
K(q,R,An) = 3 TR AD3

Here, R is the core radius and An the scattering contrast.
2. The form factor for a spherical shell:

Fg, R, vR, u, An) = K(q, R, An) — K(g, vR, An)(1 — p)

Here, R is the outer radius, the fraction vR accounts for the core
radius, pAmn defines the scattering contrast of the core and An is
the scattering contrast of the shell.

3. The form factor for Gaussian polymer chains:

(ng)z—l + exp (_(ng)z)
(‘]Rg)4

F*(q,Rq, 1)) = 12

Here, R, is the radius of gyration of the Gaussian polymer
chains.

Further details on the SANS data analysis will be treated in the
near future in a forthcoming work.

Results and discussion
Copolymerization of GME and EGE: reactivity ratios

The anionic ring-opening copolymerization of GME and EGE
was carried out in THF at 50 °C using -BuOK as the initiator.
The conversions as well as the copolymer compositions were
determined by gas chromatography (see ESIt). Identical condi-
tions were applied for the ~-BuOLi/t-BuP, initiating system,
which was used as a model for the active chain end in the triblock
terpolymer synthesis with respect to the polymerization of the

glycidyl ether block.** The obtained P(GME-co-EGE) copoly-
mers had a molecular weight of about 5000 g/mol with poly-
dispersity indices PDI = 1.07 (Table S1, ESI¥).

The Skeist approach allows the determination of reactivity
ratios from a single copolymerization experiment, as it considers
the change in the feed composition when the reaction proceeds
(integral copolymerization equation).®® Thus, reactivity ratios
can be calculated from higher conversions, too, in contrast to the
well known Fineman-Ross procedure.> The solution of the
integral copolymerization equation published by Meyer et al. 33-*
was used to calculate the reactivity ratios numerically. In addi-
tion, the Fineman—Ross method was used for copolymerizations
with --BuOK. A detailed description concerning the determina-
tion of reactivity ratios is provided in the ESI.{

The reactivity ratios obtained from the Skeist approach for #-
BuOK as the initiator are r(GME) = 1.42 and r(EGE) = 0.53,
respectively, i.e. there is only a week preferential incorporation of
GME into the propagating chain (Table S2, ESIf). Conse-
quently, we obtained nearly statistical copolymers showing
a very weak gradient in composition along the chain. The reac-
tivity ratios determined by the Fineman-Ross method are
r(GME) = 1.31 and r(EGE) = 0.55 (Fig. S1, ESIf), which is in
good agreement with the values obtained from the Skeist
approach, showing its applicability. Finally, comparing these
values with the ones obtained from the copolymerization with ¢-
BuOLi/#-BuPy4, r(GME) = 1.33 and r(EGE) = 0.72, reveals that
the initiating system does not influence the copolymerization
behaviour significantly.

Synthesis of P2VP-b-PEO-b-P(GME-co-EGE)

The general strategy for the synthesis of the P2VP-H-PEO-b-
P(GME-co-EGE) triblock terpolymers was already described in
detail in a previous publication.** All three blocks were synthe-
sized within one step by sequential monomer addition. First, 2-
vinylpyridine was polymerized followed by ethylene oxide. Since
the chain end of the “living” polymer carries a lithium counter
ion, it is necessary to add the phosphazene base t-BuP, after the
addition of ethylene oxide, which promotes ethylene oxide
polymerization.>>” Finally, an equimolar GME/EGE mixture
was added. For molar ratios of GME/EGE to initiator higher
than 80, we observed transfer reactions to the glycidyl ether
monomers,*® limiting the maximum achievable P(GME-co-EGE)

RI-Signal [a.u.]

26 28 30 32 34 36 38
Elution Volume [mL]
Fig. 1 THF-SEC traces of a P2VPs;-5-PEO477-b-P(GMEs»-co-EGE,»)

triblock terpolymer before purification (C) and its corresponding P2VP
(A) and P2VP-H-PEO (B) precursors.

This journal is © The Royal Society of Chemistry 2009

Soft Matter, 2009, 5, 2648-2657 | 2651



Table 1 Molecular characteristics of P2VP-b-PEO-b-P(GME-co-EGE) triblock terpolymers

Sample DP“ (P2VP) DP? (PEO) DP? (GME-co-EGE) M, (10-* g/mol)’/M /M,
1 57 477 22-22 31.2/1.02
2 62 452 36-36 33.2/1.02
3 33 236 11-12 16.0/1.02

@ Determined via MALDI-ToF. ® Determined from "H-NMR spectra using the absolute M,(P2VP) for signal intensity calibration. ¢ Determined via

THF-SEC with polystyrene calibration.

block length. However, the produced P(GME-co-EGE) homo-
polymer can be easily removed from the triblock terpolymer by
precipitation in diethyl ether. SEC analysis (Fig. 1) shows, that
P2VP-b-PEO-b-P(GME-co-EGE) triblock terpolymers with
narrow molecular weight distributions were obtained (PDI =
1.02), and polymerization proceeds without significant side
reactions when keeping the molar ratio of glycidyl ether mono-
mers to initiator below 80.

The molecular characteristics of the synthesized triblock
terpolymers are summarized in Table 1.

Thermoresponsiveness of GME/EGE copolymers

For the investigation of the temperature dependent solubility of
the GME/EGE copolymers five different comonomer ratios were
chosen (see Table S1, ESIT). Aqueous solutions with a concen-
tration of 2.5 g/L were prepared, and the temperature dependent
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Fig. 2 (A) Transmittance curves (heating—cooling cycle) for an aqueous
solution of P(GME-co-EGE) with 50 mol% GME (2.5 g/L, 1 K/min), and
(B) cloud points of P(GME-co-EGE) copolymers and their dependence
on the GME content (heating rate 1 K/min, 2.5 g/L in water, quality
factor of the linear fit: 0.99); the open square corresponds to the cloud
point of a homo-PGME taken from literature.*

transmittance was measured at a heating rate of 1 K/min
(Fig. S2, ESI¥).

A representative heating—cooling cycle for a P(GME-co-EGE)
with 50 mol% GME is shown in Fig. 2A. The coil-to-globule
transition of the copolymer is still very sharp, irrespective of the
small compositional gradient along the chain. Similar observa-
tions were reported by Park and Kataoka for gradient copoly-
mers of 2-n-propyl-2-oxazoline and 2-isopropyl-2-oxazoline.*’
Furthermore, the cloud point of the P(GME-co-EGE) copoly-
mers depends linearly on the copolymer composition (Fig. 2B),
which was observed for 2-alkyl-2-oxazoline gradient copolymers,
too. Most interestingly, the P(GME-co-EGE) copolymers show
almost no hysteresis within one heating—cooling cycle (Fig. 2A),
similar to the poly(oligo(ethylene glycol) methacrylate) copoly-
mers prepared by Lutz et al.*®

Aggregation of P2VP-5-PEO-b-P(GME-co-EGE)

According to Scheme 1 we expect that the P2VP-H-PEO-b-
P(GME-co-EGE) triblock terpolymers form core-shell-corona
micelles under conditions where only one of the two outer blocks
is insoluble, i.e. at room temperature and high pH, or at elevated
temperatures and low pH. This was verified by light scattering
measurements, recording the scattering intensities of diluted
aqueous solutions of P2VPg;y-b-PEQys,-b-P(GME;6-co-EGE;6)
as a function of pH and temperature.

Fig. 3A shows the count rate of a 1 g/ aqueous solution of
P2VPg,-b-PEOy5,-b-P(GME34-co-EGE3¢) versus pH. At low pH
a very small count rate is observed, which is due to the fact that
only unimers are present under these conditions. Upon reaching
a pH value of around 5, the count rate increases significantly and
reaches a plateau for pH > 5.5. The transition is very sharp, and
the corresponding pH value coincides very well with values
already published.*"** At this point the P2VP block becomes
insoluble, resulting in the formation of core-shell-corona
micelles with a P2VP core (Scheme 1). What is not shown here
but nevertheless is worth to be mentioned is that the micelle
formation is fully reversible.

Fig. 3B presents the count rate of the same solution and its
dependence on the temperature at pH = 3, i.e. the P2VP block is
protonated and therefore soluble. To avoid interactions between
the charged P2VP blocks the measurements were performed in
the presence of salt (0.1M NaCl). At room temperature the count
rate is very low and starts to increase strongly at 45 °C, i.e. the
polymer chains start to aggregate at that point. The transition is
not as sharp as in the case of the pH dependent measurement, the
count rate continues to increase up to temperatures of 65 °C.
Ogura et al. showed for PEO-b-PEGE diblock copolymers with
a comparable temperature-sensitive PEGE block, that at
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Fig. 3 Scattering intensity at 6 = 90° of a 1 g/L solution of P2VPg,-b-
PEOys55-b-P(GME36-co-EGE3¢) plotted vs. (A) pH at room temperature
(titer IM NaOH, stepwise addition of 2 pL, equilibration time 3 min),
and (B) temperature at pH = 3 (0.1M NaCl, 2 K/step, equilibration time
10 min).

temperatures above 40 °C PEO already starts to lose some of the
bound water in its hydration shell, but still being well soluble.
This results in a further increase in the hydrodynamic radius of
the micelles despite the fact that the core forming PEGE block
(cloud point of ca. 10 °C) is already strongly hydrophobic in this
temperature range.* Partial dehydration of PEO at temperatures
above 40 °C was observed for other PEO containing block
copolymers, t00.%% Thus, the observed temperature induced
aggregation over a broad temperature range is not only caused
by the coil-to-globule transition of the P(GME-co-EGE) block,
but is presumably combined with the start of dehydration of the
PEO, too.

Fig. 4 shows the critical micellisation temperatures (cmt’s),
which correspond to the onset of the count rate increase upon
heating (Fig. 3B), of two triblock terpolymers and their depen-
dence on concentration. Compared to the cloud points of the
P(GME-co-EGE) homopolymer (50 mol% GME) a significant
shift of the cmt to higher temperatures can be observed.
For P2VPs;-b-PEQ477-b-P(GME»;-co-EGEy,) the difference is
10 °C and for PZVsz-b-PEO452-b-P(GME36-C()-EGE36) 6.4 OC,
respectively, for identical concentrations with regard to the
thermo-sensitive P(GME-co-EGE) block (see open symbols in
Fig. 4). This result marks the influence of the attached hydro-
philic PEO and P2VP (protonated at pH = 3) blocks, a common
phenomenon already described in the literature.®® As a conclu-
sion, the P(GME-co-EGE) block should have a minimum block
length in order to maintain its switchability at moderate
temperatures, as the cmt increases with decreasing block length.
Furthermore, the cmts/cloud points decrease with increasing
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Fig. 4 Critical micellisation temperatures (cmt)/cloud points of different
P2VP-b-PEO-b-P(GME-co-EGE) triblock terpolymers (at pH = 3, 0.1M
NaCl) and a P(GME-co-EGE) homopolymer as a function of concen-
tration: P2VP57-b-PEO477-b-P(GMEzz-CO-EGEQZ) (A ), PZVP(,z-b-
PEQOys,-6-P(GME;6-co-EGE;6) (@); P(GME-co-EGE), 50 mol% GME,
M, = 5,000 g/mol (H); the open symbols represent samples having the
same concentration with respect to the P(GME-co-EGE) block, high-
lighting the shift to higher temperatures caused by the hydrophilic PEO
and P2VP blocks.

concentration and level off at concentrations of about 8-10 g/L.
This is in contrast to the results reported by Watanabe and
coworkers, revealing a less pronounced concentration depen-
dence of the cloud point of a PEGE homopolymer.* A detailed
investigation of the aggregation behaviour of the P2VP-5-PEO-
b-P(GME-co-EGE) triblock terpolymers is in progress and will
be the topic of a forthcoming publication.

Gel formation and rheology

As already discussed in the Introduction, aqueous solutions of
P2VP-b-PEO-b-P(GME-co-EGE) triblock terpolymers are
supposed to form hydrogels under conditions where both end
blocks are insoluble, i.e. at high pH and temperature (Scheme 1).
Alternatively, hydrogels might be formed by close packing of
core—shell-corona micelles, too. In this case, only one of the end
blocks is insoluble, i.e. at high pH and low temperature (only
P2VP insoluble), or at low pH and high temperature (only
P(GME-co-EGE) insoluble). Hence, the ability of the synthe-
sized P2VP-b-PEO-b-P(GME-co-EGE) triblock terpolymers to
form hydrogels, and the respective response of the hydrogels to
pH/temperature was studied in detail.

In order to investigate the gelation behaviour of our triblock
terpolymers, we prepared aqueous solutions with concentrations
between 10 and 18 wt% at pH = 3 followed by a slow titration to
pH =7 (titer IM NaOH, 0.13-0.67 uL/min). At pH = 7 solutions
of PZVP57-b-PEO477-b-P(GME22-CO-EGE22) and P2VP62-b-
PEOQys,-b-P(GME;6-co-EGE36) form free standing gels already
at room temperature at concentrations =14 wt% and =12 wt%,
respectively, as revealed by the test tube inversion method
(Fig. 5A). The hydrogels are typically slightly turbid with
a bluish colour, which might indicate a certain inhomogeneity of
the samples.

In order to verify the thermoresponsiveness, the hydrogel
based on P2VP57-b-PEO477-b-P(GME22-C0-EGE22) (18 Wt%, pH
= 7) was heated from 20 °C to 65 °C, and the presence of a gel
state was verified by the test tube inversion method (Fig. SA-C).

This journal is © The Royal Society of Chemistry 2009
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Fig. 5 Photographs of an 18 wt% solution of P2VPs;-b-PEQy4;7-b-
P(GMEj,-co-EGE),,) at different pH and temperatures.

The first observation is a “melting” of the hydrogel at tempera-
tures between 25-35 °C, resulting in a viscous liquid. However, at
temperatures between 40 and 45 °C, which coincide very well
with the observed cmt (Fig. 4), the gel state is restored due to the
thermo-sensitive P(GME-co-EGE) block becoming hydrophobic
at that point, and thus forming the network junctions. A similar
behaviour was observed for P2VPg,-b-PEOys,-b-P(GME;¢-co-
EGE;¢), with a slight shift of the corresponding transition
temperatures to lower values, due to the increased P(GME-co-
EGE) block length. This kind of gel-sol-gel transition upon
heating is rather unusual, and is mostly accompanied by a soft-
ening of the gel at higher temperatures.®>465

The hydrogel formed by P2VPs;-6-PEO477-b-P(GMEs;-co-
EGE,,) at pH = 7 and room temperature can be disintegrated by
the addition of HCI (solubilization of P2VP), which produces
a clear solution being able to flow again. Most interestingly, the
gel can be simply restored at elevated temperatures (Fig. 5D and
E). This is observed for P2VPg,y-b-PEQ,s,-b-P(GME;z¢-co-
EGE36), too. It is noted, that a P2VP33-b-PE0236-b-P(GME11-
co-EGE,) triblock terpolymer, with identical composition
compared to P2VPs;-b-PEQ477-b-P(GMEj;-co-EGE,,) but only
half the overall molar mass does not form a gel at any temper-
ature or pH up to concentrations of 30 wt%. Thus, a minimum
molar mass is required to obtain a gel at reasonable concentra-
tions.

The thermo-responsive behaviour of our gels was investigated
more systematically by rheology. We applied an oscillatory stress
to the sample using a cone-plate shear cell geometry. Regimes
with G’ > G” are referred to as gel state with respect to the
common definitions.*®

In Fig. 6A, the storage (G’) and loss (G”) modulus are plotted
vs. the temperature for an 18 wt% solution of P2VPs;-b-PEQ477-
b-P(GME,,-co-EGE,,). Between 20 and 35 °C G’ exceeds G”
significantly, ie. the solution is in the gel state. At 35 °C G/
crosses G”, thus, at that point we reach the sol state with G’ being
significantly lower compared to G”. Finally, G’ exceeds G” again
at temperatures >48 °C, i.e. the gel state is restored. These results
agree well with the observations made by the test tube inversion
method (Fig. 5A-C). The value of G’ at 60 °C is significantly
higher compared to that at 20 °C. Hence, the gel-sol-gel
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Fig. 6 Rheological properties of aqueous P2VPs;-b-PEQy;7-b-
P(GME,;-co-EGE,,) solutions (0.7% strain): (A) temperature dependent
G’ and G” of an 18 wt% solution at pH = 7 (0.1 K/min), (B) frequency
dependent G’ (filled symbols) and G” (open symbols) of an 18 wt%
solution at pH = 7 for different temperatures, and (C) temperature
dependent G’ and G” of a 13 wt% solution at pH = 7 (0.1 K/min).

transition upon heating is accompanied by a strengthening of the
hydrogel. This behaviour is quite unique, as usually a softening
of the gel is observed for comparable transitions.*$4¢5 The whole
process is fully reversible, however, the reformation of the low
temperature gel phase is significantly shifted to lower tempera-
tures. This might be due to the mechanical stress which is applied
to the solution during the measurement. Mechanical stress
hinders the reformation of the micellar structures building the gel
(see discussion of SANS experiments).

Another proof for the presence of a gel is a weak linear
dependence/independence of G’ on frequency. For G’ « w? and
G” « w' we deal with a viscoelastic fluid. In this case G’ is always
lower than G”. Fig. 6B shows the frequency dependence of G’
and G” at different temperatures. At 20 °C G’ is nearly constant
in the range 10-'-10%> Hz, and G” shows a broad minimum. This
is characteristic for gels formed by cubic micellar phases,*”7° and
is supported by our SANS experiments, which will be discussed
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later. At 40 °C G’ and G” both increase with increasing
frequency, with G’ « w'” and G” « w', which is characteristic
for the sol state. In the high temperature gel state at 65 °C, G’
exceeds G” again and both moduli run almost parallel with
frequency, showing a weak linear dependence on frequency. The
dynamic behaviour of crosslinked chemical and physical gels at
the gel point is given by the relation G’ « G” « w", i.e. G’ and G”
are parallel in a log-log plot.*®"7> This supports the proposed
crosslinking of CSC micelles with a P2VP core by the thermo-
sensitive P(GME-co-EGE) corona block above the cmt, resulting
in a reformation of the gel via open association (Scheme 1).

A 13 wt% solution of PZVP57-b-PEO477-b-P(GME22-co-
EGE,;) undergoes only a gel-sol transition upon heating
(Fig. 6C). Although the viscosity starts to increase significantly at
around 45 °C the gel state is not reached anymore. A further
decrease in concentration leads to a solution which is in the sol
state over the whole measured temperature range. After
screening a series of concentrations we can conclude that a gel—
sol transition occurs for P2VPs5:-b-PEO,77-b-P(GME»»-co-
EGE,,) only between 12 and 16 wt%. At slightly higher
concentrations, i.e. 18 wt%, a gel-sol-gel transition is observed
upon heating.

Switching to szpéz-b-PEO452-b-P(GME36-CO-EGE36), Le.
increasing only the block length of the thermo-sensitive block
from 44 to 72 repeating units, while keeping the concentration at
18 wt%, the behaviour does not change qualitatively (Fig. 7A).
However, the high temperature gel state is restored at about 10
°C lower compared to P2VPs;-b-PEQg4;7-b-P(GME,,-co-
EGE,,), which is in line with the observed lowering of the cmt
with increasing block length of the P(GME-co-EGE) block
(Fig. 4). In addition, the storage modulus increases from 5.4 kPa
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Fig. 7 Temperature dependent G’ and G” for an 18 wt% solution of
PzVP62-b-PEO452-b-P(GME3(,-(,’O-EGE36): (A) at pH = 7, and (B) at pH
= 3.5 (0.1 K/min, strain = 1%).

at20°Cto 11.5kPa at 60 °C, indicating a strengthening of the gel
at higher temperatures. Finally, G' and G” of an 18 wt% solution
of P2VP¢,-b-PEQy5,-b-P(GME;¢-co-EGE36) were monitored at
pH = 3.5 as a function of temperature, too (Fig. 7B). In that case,
a sol-gel transition occurs at about 46 °C, which was also
observed for P2VPs;-b-PEQ4;7-b-P(GMEj,-co-EGE,,). These
results are in good agreement with the observations made by the
test tube inversion method (Fig. 5D and E).

Small-angle neutron scattering

In order to gain a better understanding of the internal structure
of the hydrogels at room temperature and pH = 7, we have
performed SANS experiments on  P2VPg,y-b-PEQys;,-b-
P(GME;¢-co-EGE;e) in D,O at different concentrations.

Scattering of the 1.2 wt% solution is mostly determined by the
form factor of the triblock terpolymer micelles (Fig. 8). The data
can be well described with a core—shell model with additional
Gaussian chains accounting for the soft corona. Fig. 8§ compares
the measured SANS profile and the respective fit, which was done
using the SASfit program by Kohlbrecher.>® The insoluble P2VP
forms the core, while the highly swollen shell and corona are
formed by the soluble PEO and P(GME-co-EGE) blocks,
respectively. The fit gives a core radius of 6.5 nm for the triblock
terpolymer micelles. The total radius including the shell is found
to be 12.6 nm. In addition, a Guinier radius of the coiled chains
in the micellar corona of 2.0 nm is computed. These values are in
rather good agreement with the block length of the investigated
triblock terpolymer (Table 1). Using the hydrodynamic radius of
the block copolymer micelles obtained by DLS, a ratio p of
approximately 0.45 is obtained.” This is significantly below the
hard sphere value and in good agreement with a strongly swollen
corona.

Scattering profiles for different concentrations are shown in
Fig. 9. Already at a concentration of 2.4 wt% interactions
between the micelles become important, which is reflected by the
appearance of a structure factor maximum at q = 0.012 Al
This maximum shifts to higher q-values with increasing
concentration and gets more pronounced, ie. the distance
between the micelles decreases and the micellar assembly exhibits
increased order.
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Fig. 8 SANS data for a 1.2 wt% solution of P2VPgy-b-PEQys,-b-
P(GMEj;6-co-EGEj36) in D,O at 20 °C and pH = 7. The solid line is a fit

with a core-shell model plus Gaussian chains. The fit was done using the
SASfit program by Kohlbrecher.®®
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Fig. 9 SANS data for P2VPsy-b-PEOys,-b-P(GME36-co-EGE;6) solu-
tions in D,0 at 20 °C and pH = 7. The curves were shifted vertically for
clarity.

In the SANS profile of the 16.6 wt% solution clearly 2 well-
defined higher order reflections are visible, corresponding to
relative peak positions of 1:2"%3"2 (Fig. 10). This is consistent
with a simple cubic (sc) or body centred cubic (bcc) packing of
the spherical CSC micelles. Due to a lack of higher order reflexes
an assignment to sc or bcc is not possible. However, a bee-type
packing of spherical micelles is frequently observed for compa-
rable diblock copolymer micelles having a star-like architecture,
i.e. the soluble corona forming block is significantly larger
compared to the insoluble core forming block, which supports
a bee-type structure for our system, t0o.”#7® We plan to perform
SANS experiments under shear in order to differentiate between
a sc- and bee-type packing. This method was used to determine
the exact structure of the micellar packing in aqueous solutions
of star block copolymers composed of PEO and PPO, i.e. bec-
type packing, which was not possible by SANS under static
conditions.”

At this point we are not able to provide a detailed mechanism
for the observed gel-sol-gel transition upon heating. In order to
investigate the underlying structural changes, extensive SANS
experiments are necessary and will be performed in the near
future. However, based on our results a tentative mechanism
might be given. At room temperature and pH = 7 the gel is
formed by a cubic packing of spherical CSC micelles (probably
bec structure), as shown by SANS. Upon increasing temperature,
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Fig. 10 SANS data for a 16.6 wt% solution of P2VPgy-b-PEQys;,-b-

P(GME;6-co-EGE3¢) in D,O, top x-axis normalized to 1% order
reflection.

but still below the cmt of the triblock terpolymers at low pH
(Fig. 4), the P(GME-co-EGE) blocks start to lose some bound
water, similar to PEO but at significantly lower tempera-
tures.****%2 This induces a shrinkage of the micelles, which will
result in the observed transition into a sol phase if the volume
fraction of micelles is below the critical value for a bee phase (® =
0.68). A further increase in temperature above the cmt of the
triblock terpolymers will make the outer P(GME-co-EGE)
blocks insoluble, thus reforming the gel by additional physical
crosslinking of the CSC micelles. The presence of additional
network points is supported by the higher storage modulus of the
gel phase at elevated temperatures compared to that at room
temperature, and by the corresponding change in the frequency
dependence of G’ and G”, too (Fig. 6, 7).

Conclusions

We successfully synthesized well-defined double stimuli-respon-
sive P2VP-b-PEO-b-P(GME-co-EGE) triblock terpolymers by
means of sequential anionic polymerization. The thermo-sensi-
tive outer block consists of a glycidyl methyl ether (GME)/ethyl
glycidyl ether (EGE) copolymer. Even though the copolymers
exhibit a small compositional gradient, the coil-to-globule tran-
sition remains sharp, and the cloud point is easily adjustable by
the comonomer ratio. Since both outer blocks of the triblock
terpolymer are stimuli-responsive, a micellisation of the triblock
terpolymer in aqueous solution under conditions where at least
one outer block is hydrophobic takes place, i.e. pH = 7 and room
temperature, or pH = 3 and temperatures above 40 °C. At pH =
7 and sufficiently high concentrations a unique gel-sol-gel
transition is observed upon heating, which is accompanied with
a strengthening of the hydrogel. Depending on block lengths,
concentration, and pH, one additionally observes gel-sol and
sol-gel transitions, and the gel strengths as well as the gel-sol and
sol-gel transition temperatures vary. The low temperature gel
at pH = 7 is based on a cubic arrangement of spherical
CSC micelles with P2VP cores, as was shown using SANS
experiments.
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