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ABSTRACT: Copolymer hydrogels were prepared upon γ-ray-induced polymerization of aqueous micellar
solutions containing N-isopropylacrylamide (NiPAAm) and the surfactant monomer (surfmer) ω-methoxy
poly(ethylene oxide)40undecyl-R-methacrylate (PEO-R-MA-40). Stable, transparent, and thermosensitive
hydrogels were obtained in a one-step process. Dose versus conversion measurements showed a complete
conversion of comonomer solutions to hydrogels. The size of the surfmer micelles prior and subsequent to
polymerization was studied using SAXS measurements. Presence of NiPAAm in the aqueous phase did not
influence the size of the PEO-R-MA-40 micelles. During the polymerization process the particle diameter
decreased from 7.0 to 5.6 nm probably due to cross-linking in the shell of the micelles. The thermosensitive
behavior of the copolymer gels was investigated. The lower critical solution temperature (LCST) of the
surfmer-containing gels was higher than for pure poly-NiPAAm (P-NiPAAm) gels, the increase being a direct
function of the surfmer concentration. For hydrogels containing small amounts of surfmer, the shrinking at
temperatures above the LCSTwas increased, and the swelling behavior at temperatures below the LCSTwas
slightly increased. The mechanical stability of the copolymer hydrogels was studied using elongational
deformation measurements. Presence of surfmer increased the mechanical stability of the hydrogels, the true
stress at break being clearly higher for the copolymer gels compared with pure P-NiPAAm gels. A hydrogel
containing only 1% (w/w) of surfmer can be elongated up to a true stress being nearly twice as large as for the
pure P-NiPAAm gel. This can be explained by the presence of copolymerized micellar aggregates acting
as new, stable cross-linking units. A structure model correlating the mechanical properties with a possible
network structure is presented.

1. Introduction

Thermoresponsive hydrogels based onN-isopropylacrylamide
(NiPAAm) have attracted much attention in soft matter research
in recent years. If heated above 32 �C, the lower critical solution
temperature (LCST) of the hydrogel, they showa reversible phase
transition involving clouding of the hydrogel network and
expulsion of incorporated water.1,2 This property renders the
poly-NiPAAm (P-NiPAAm) hydrogels attractive for applications
in fieldsof sensors, actuators, switchesanddrugdelivery systems.3-13

Pure P-NiPAAm gels are restricted in their applications due to a
poor shrinking behavior14,15 and weak mechanical stability.16

One way to improve the shrinking properties is to incorporate sur-
factants in the hydrogels. Probably the earliest studywas reported
by Yu and Grainger,17 who prepared amphiphilic thermosensitive
terpolymer hydrogels by micellar polymerization of NiPAAm,
long chainN-alkylacrylamides and sodiumacrylate in presence of

surfactants such as sodium dodecyl sulfate. Within the hydrogels
the N-alkylacrylamides were stabilized by sodium dodecyl sulfate,
the surfactant being partially incorporated in the network. In sub-
sequent studies, the incorporation of polymerizable surfactants
(surfactant monomers, surfmers) in P-NiPAAm hydrogels was
reported. Surfactant homopolymers were first prepared followed
bypolymerization ofNiPAAm in the presence of the polymerized
surfmer.18,19 Pendant micellar structure within hydrogels could
be obtained upon copolymerization of NiPAAmwith a previously
synthesized linear NiPAAm-surfmer macromonomer.20 NiPAAm
hydrogels with grafted ionic surfactants were found to show a
rapid shrinking due to micelle formation of the copolymerized
surfactants above the lower critical solution temperature of the
hydrogel.21,22 Recently, we succeeded in the preparation of
NiPAAm-surfmer copolymer hydrogels in a one-step process
upon γ-ray induced polymerization of micellar monomer solutions
ofNiPAAmand a cationic surfmer.14,23,24 The hydrogels showed
an improved, fully reversible swelling behavior. Furthermore, the
copolymerized micelles acted as additional cross-linking sites,
thereby increasing the mechanical stability of the hydrogels.25
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The aim of the present study is to characterize the influence of
the nonionic surfmer PEO-R-MA-40 (Figure 1) on the properties
of P-NiPAAm hydrogels. We assume that the chemical and
physical properties of the PEO-R-MA-40/NiPAAm hydrogels
differ from copolymer gels prepared with ionic surfmers. The
swelling/shrinking behavior of gels containing nonionic surfmer
shouldbe independent from thepresence of salt in the aqueousphase
because, in contrast to the charged gels based on P-NiPAAmand
a cationic surfmer,14 no osmotic effect should occur. The LCST
of the PEO-R-MA-40-containing gels should be more variable
than for the gels containing ionic surfmers, because any effect of
headgroup dissociation is missing. Furthermore, we were inter-
ested in the interactions of nonionic surfmers with NiPAAm
molecules, which strongly influence the structure of the network
obtained after copolymerization, and the mechanical properties
of the copolymer gels, too.

In the following, the thermoresponsive behavior such as changes
in volume and transparency, and themechanical properties of the
copolymer hydrogels are investigated, and the effect of the surfmer
concentration is studied. The results from themechanical character-
ization are explained by a structuremodel that takes into account
the phase behavior and the SAXS characterization of the gels.

2. Experimental Section

2.1. Materials. ω-Methoxy poly(ethylene oxide)40 undecyl-
R-methacrylate (PEO-R-MA-40) (Figure 1) was prepared in a four
step process according to the literature.26 At first 11-bromoun-
decanol (Acros)was reactedwith 3,4-dihydro-2H-pyran (Acros)
to protect the hydroxyl group followed by reaction with poly-
(ethylene glycol) methyl ether (Sigma-Aldrich). After hydrolysis
of the protecting group the hydroxyl group was retrieved and
subsequently reacted with methacryloyl chloride (Fluka). After
recrystallization from chloroform and ether 35.1 g of a white
powder were obtained (yield: 42.4%). The purity of the surfmer
was confirmed by elemental analysis, 1HNMRandFT-IR spec-
troscopy. The FT-IR spectrum (see Supporting Information)
shows the C-H stretching mode at 2870 cm-1, C-O-C bending
modes at 1109 cm-1, CdO stretching at 1718 cm-1 and CdC
stretching at 1637 cm-1. The 1H-NMR spectrum and the peak
assignments are shown in the Supporting Information. From
the 1H NMR spectrum the average number of CdC units per
monomer was calculated upon evaluation of the integral ratios
of CdC-H (δ=6.08 and 5.55) and (CH2)7 (δ=1.26) signals.
A ratio of 1: 7 was found indicating the end-group functionality
tobeunity.Elemental analysis ofC96H190O4: calcd.C56.73,H9.42;
found C 56.32, H 9.40.

N-Isopropylacrylamide (Acros) was recrystallized from toluene
and n-hexane (volume ratio: 1: 2).Milli-Q-water was used for all
experiments.

Preparation of Hydrogels. Monomer solutions containing
10% (w/w) NiPAAm (0.885 mmol/g) and 1 to 10% (w/w) PEO-
R-MA-40 (0.005-0.049mmol/g) in degassedMilli-Q-water, the
molar ratio of NiPAAm to surfmer being between 177:1 and
18:1, were homogenized using a Vortex mixer and aged for 24 h.
Subsequently,polymerizationwascarriedout in screw-cappedglass
tubes (4.5�1.4 cmor 7�1.8 cm), quartz cuvettes (5�1 x 1 cm) or
glass capillaries (8�0.15 cm) using 60Co-γ-radiation. The samples
were placed in the middle of eight circularly arranged 60Co-sources
of equal dose rate. The total dose rate was 128.3 Gy/h, and the
temperature was 20 �C. For polymerization in quartz cuvettes

and small glass tubes 2 g of monomer solution were used, 10 g
for the bigger glass tubes and 0.4 g for the glass capillaries. To
achieve a complete conversion, each sample was exposed to a
γ-ray dose of 80 kGy.For a gel consisting ofNiPAAmandPEO-
R-MA-40 in 18:1 molar ratio (containing 10% (w/w) NiPAAm
and 10% (w/w) surfmer) an elemental analysis was conducted
after drying: Anal. Calcd for 1�C96H190O43 þ 18�C6H11ON:
C, 60.22; H, 9.61; N, 6.20. Found: C, 60.13; H, 9.63; N, 6.28.

2.2.Methods.The critical micelle concentration (cmc) was deter-
mined from static surface tension measurements of aqueous PEO-
R-MA-40 solutions at 20 �C using the Du No€uy ring method, and
the Kr€uss digital tensiometer K 10 T. The data points were correc-
ted after Zuidema andWalters,27 and the corrected surface tension
γwas plotted against the surfactant concentration c. Subsequently,
the cmcwas determined from the intersection of the two lines fitted
through the data points.

The surface excess concentration Γ was calculated using the
Gibbs equation for nonionic surfactants

Γ ¼ -
1

2:3RT

dγ

dðlog cÞ
� �

T

ð1Þ

whereR is the gas constant andT is the temperature. FromΓ, the
surface area asur of a surfactant headgroup at the water/air
interface was calculated as

asur ¼ ðNAΓÞ- 1 ð2Þ
where NA is the Avogadro constant.

Surfmer solutions for surface tensionmeasurements were pre-
pared by successive dilution of a stock solution inMilli-Q-water,
the concentration of PEO-R-MA-40 being 1 mmol/L.

The single phase region of micellar PEO-R-MA-40-NiPAAm-
water solutions was determined visually from their transparency
at20 �C.Thecompositionwas changedbyadding small amountsof
NiPAAmto thewater-surfmermixture.All sampleswere thoroughly
homogenized using a Vortex mixer and thermostated in a water
bath.

Small angleX-ray scattering (SAXS)measurementswere carried
out at room temperature on a Rigaku S-Max3000 system with
aMicroMax-002þmicrofocusX-ray generator.CuKR radiation
(λ=0.154 nm) was used. Scattering intensities were measured
over a scattering vector (q) range from 0.006 to 0.18 Å-1 using a
sample-to-detector distance of 2250mm. The scattered intensity
was corrected by subtracting the solvent (water) scattering.
Samples were measured in glass capillaries (Hilgenberg) of
1.5 mm path length sealed with two-component epoxy resin
adhesive.

Scattering data were analyzed by means of classic Guinier
approximation assuming a system of monodisperse spherical
aggregates using eqs 3 and 4:

IðqÞ ¼ Ið0Þ expð- q2RG
2=3Þ ð3Þ

Rm ¼ RG

ffiffiffi
5

3

r
ð4Þ

where I(q) is the scattering intensity and I(0) the scattering
intensity extrapolated to q=0. Rm is the radius of the micelles
and RG the radius of gyration. The radius of gyration was
determined from the initial slope of ln I(q) plotted against q2.

Figure 1. Molecular structure of nonionic surfmer PEO-R-MA-40.



9966 Macromolecules, Vol. 43, No. 23, 2010 Friedrich et al.

FT-IR spectra were measured using a Perkin-Elmer spectrum
1000 spectrometer. Samples were dried in vacuum at 30 �C and
pestled with the 4-fold amount of potassium bromide. The
mixture was subsequently pressed in a pellet using a hydraulic
press (Perkin-Elmer).

1HNMR spectra were recorded on a Bruker DPX 300 instru-
ment operating at 300 MHz.

Elemental analyses were obtained on a Perkin-Elmer 2400
elemental analyzer.

Dose vs conversion curves of the comonomer solutions were
determined gravimetrically. For polymerization 2 g of aqueous
solutions containing 10%(w/w) NiPAAm and 1 or 10% (w/w)
PEO-R-MA-40 were filled into screw-capped glass-tubes, and
exposed to different γ radiation doses at 20 �C.After irradiation,
hydroquinone was added to each sample in order to inhibit further
polymerization. This process was followed by two shrinking/
reswelling cycles inMilli-Q-water at 20 and 60 �C for 2 h to leach
out residual monomers. Subsequently the samples were dried in
vacuum at 30 �C.

UV/vis measurements were carried out using a Perkin-Elmer
Lambda 14 UV/vis spectrometer equipped with a thermostated
sample holder. The lower critical solution temperature (LCST)
was determined bymeasuring the gel transmission at 500 nmas a
function of temperature. For the measurements, hydrogel samples
were used, which were previously prepared in quartz cuvettes
(5�1�1 cm).

Studies of the swelling/deswelling behavior were carried out
using hydrogel samples with a total weight of 1.5 g after poly-
merization. The hydrogels were prepared from aqueousmicellar
solutions containing 10% (w/w) NiPAAm and 0 to 10% (w/w)
PEO-R-MA-40 in quartz cuvettes of 5� 1� 1 cm in size. After
irradiation, the hydrogels were taken from the cuvette and
immersed in 200 mL thermostated Milli-Q-water or physiolo-
gical salt solution (0.9% (w/w) NaCl) for different time periods.
Thewater uptake (or release) was determined gravimetrically by
weighing the hydrogel prior and subsequent to the water treat-
ment. The degree of swelling S was calculated as

S ¼ Wt -W0

W0
ð5Þ

whereWt andW0 are the weights of the sample after and prior to
swelling in water. Swas determined as a function of time at con-
stant temperature, the temperature being in the range between
20 and 60 �C.

Samples for mechanical characterization were prepared upon
cutting half-frozen hydrogels into slices using razor blades. For
the elongational measurements, samples of about 20 mm in length
with a cross section around 2�3 mm2 were used.

For the determination of the mechanical limit, elongational
deformation experiments were performed at constant rate at
room temperature. The elongational deformation measure-
ments were conducted using theARES-EVF. Elongational rates
ε· of 10, 1, 0.1, and 0.01 s-1 were applied. Details of the method
for the mechanical characterization are given in the literature.25

The molecular weight between two cross-linking units can be
calculated as

Mc ¼ 3 3NArkT
E

ð6Þ

where E is the plateau modulus in elongation determined as the
slope of the true (or Hencky) stress-strain curves in the linear
region, NA is the Avogadro constant, F is the density of the gel,
T is the temperature, and k is the Boltzmann constant.

3. Results and Discussions

Surface TensionMeasurements. Since wewanted to copoly-
merize NiPAAm and PEO-R-MA-40 in its micellar form, it
was necessary to determine the critical micelle concentration

(cmc) of the surfmer. Therefore, the interfacial properties of
the surfactant monomer were studied. Surface tension mea-
surements were carried out using the ring detachment method
at 20 �C. The cmc at 25 �C has already been reported,26 but
since the polymerization was carried out at 20 �C and the
surfmer headgroup increasingly became hydrated, if the
temperature was lowered, we determined the cmc at 20 �C.
In Figure 2, the plot of the surface tension versus the molar
surfmer concentration is shown. From this plot a cmc of 3.4�
10-4 mol/L could be determined, which is nearly five times
larger than the cmc found at 25 �C (6.6�10-5 mol/L).26 Our
measurement shows that PEO-R-MA-40 forms micellar
structures above a concentration of 0.07% (w/w) at 20 �C.
This value is far below the surfmer content in the monomer
solutions used for hydrogel preparation.

Using eq 2 an area of the surfmer headgroup at the air/
water interface of 1,75 nm2 was calculated. This value was
used to calculate the critical packing parameter (cpp) of the
surfmer using eq 7:28,29

cpp ¼ ν

asurlc
ð7Þ

where ν is the volume of a linear alkyl chain of n carbon
atoms and lc its maximum length defined by eqs 8 and 9,
respectively:30

ν ¼ 0:0274þ 0:0269n ð8Þ
and

lc ¼ 0:15þ 0:1265n ð9Þ
A cpp-value of 0.12 was obtained for PEO-R-MA-40 (for

n being 15). Since cpp-values of surfactants forming spherical
aggregates are known to be up to 0.33, we assume that the
PEO-R-MA-40 micelles exhibit a spherical shape although a
direct proof of the aggregate structure is still missing.

Phase Behavior of the PEO-R-MA-40-NiPAAm-Water
System. In order to prepare clear, transparent hydrogels, it
was necessary to start from clear aqueous solutions of the
monomeric compounds. Therefore, the phase behavior of
the ternary NiPAAm/surfmer/water mixture was investigated
and the clear-turbid phase boundaries were determined
(Figure 3). If only NiPAAm and no surfmer was present in
the aqueous phase, a clear solution formed up to a NiPAAm

Figure 2. Surface tension vs concentration of nonionic surfmer PEO-
R-MA-40 in aqueous solution (T= 20 �C). The symbols represent the
measured data points below (closed symbols) andabove (open symbols)
the cmc, the solid lines are obtained by fitting the data points of surface
tension in the two regions.
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content of 22% (w/w). Presence of surfmer increased the
NiPAAm solubility to 24% (w/w), the solubility being inde-
pendent of the surfmer concentration in the concentration
range investigated. Since the solubility of NiPAAm in the
aqueous surfmer solution is almost independent of its con-
centration, it can be inferred that PEO-R-MA-40 does not
interact with NiPAAm. The higher NiPAAm solubility has
its origin in the lower surface tension of the aqueous surfmer
solution compared with pure water. In principle, the surface
tension is only affected by the molecularly dissolved portion
of the surfmermolecules. Since this portion is constant above
the cmc, the solubility of NiPAAm also remains constant at
surfmer concentrations above the cmc.

Polymerization. Since NiPAAm and PEO-R-MA-40 do
not show strong interactions in the monomer solution we
assume that the copolymerization proceeds as follows. The
methacrylate groups of the surfmer mainly polymerize in
the core of the micelles. In the shell of the micelles radicals
are formed upon reaction of the ethylene oxide units with
hydroxyl radicals resulting from the γ irradiation of the aqueous
phase (eq 10 and 11).31-33

H2O f
γ-ray •OH, e- aq, H

•, H2O2, H2, H
þ ð10Þ

-CH2-CH2-O- þ •OH f -CH2- _CH-O- þH2O

ð11Þ
The radicals may initiate grafting of NiPAAm or cross-

linking of adjacent poly(ethylene oxide) chains.
The process of polymerization was studied by measuring the

dose versus conversion behavior for monomer solutions con-
taining10%NiPAAmand1or 10%PEO-R-MA-40.Details are
given in the Experimental Section. In Figure 4, the conversion is
plotted as a function of radiation dose (dose rate: 128.3 Gy/h).
For comparison, the dose vs conversion curve of the homopoly-
merization of NiPAAm14 is also shown. It can be seen that the
copolymerization proceeds very rapidly. A dose of about 20 kGy
is sufficient to obtain a complete conversion of both comonomer
solutions into hydrogels. Compared with the polymerization of
pure NiPAAm in aqueous solution, the polymerization is slower
and longer induction periods occur. Furthermore, the dose,
which is necessary to obtain 100% conversion, increases with
increasing surfmer concentration. For preparation of hydrogels,
we exposed the comonomer solutions to high radiation doses of
80 kGy to ensure a total conversion to hydrogel.

The composition of the hydrogels was studied using IR
spectroscopy (see Supporting Information) and elemental

analysis (see Experimental Section). In the copolymer IR-
spectra the characteristic features of the two components are
obvious. The CdO stretching modes at 1652 and 1718 cm-1

as well as the N-H and the C-O-C absorption modes at
3430 and 1109 cm-1 indicate the presence of P-NiPAAmand
P-PEO-R-MA-40 portions in the gel.

SAXS Measurements. SAXS-measurements were carried
out to determine the size of the PEO-R-MA-40 micelles in
the monomer solutions and the polymer particles formed in
the hydrogel. As known from the literature, the difference
in electron density between hydrophobically modified poly-
(ethylene oxide) copolymers and water leads to a scattering
contrast which allows to determine the size of micelles in
aqueous solution.34,35

First aqueous solutions containing 5% (w/w) surfmer, and
5% (w/w) surfmer and 10% (w/w) NiPAAm were investi-
gated to determine the influence of NiPAAm on the size of
the micelles. Subsequently a hydrogel prepared from an
aqueous solution containing 5% (w/w) PEO-R-MA-40 and
10% (w/w)NiPAAmwasmeasured. In Figure 5 a, the SAXS
curves of the systems are shown. The corresponding Guinier
plots are shown in Figure 5 b. The sizes of the micelles and
polymer particles were calculated from the slope of the Guinier
plots using eqs 3 and 4.

For the monomer solutions similar radii of 3.5 ( 0.1 and
3.6 ( 0.1 nm were found for the systems with and without
NiPAAm, respectively. This result is consistentwith the absence
of interaction between NiPAAm and PEO-R-MA-40 already
observed in the study on the phase behavior (Figure 3). If the
comonomer solution is irradiated, the Guinier plot shows a
lower slope indicating a smaller particle size. For the polymer
particles in the hydrogel a radius of 2.8 ( 0.1 nm was cal-
culated. The smaller size of the copolymerized particles can
be explained by a grafting of NiPAAm to radicals formed in
the poly(ethylene oxide) chains in the shell. Additional cross-
linking of poly(ethylene oxide) chains may also occur. Both
effects cause a denser packing in the headgroup region of the
surfmers and the shell becomes smaller. Some surfmer chains
may also be pulled out of the micelles during the copoly-
merization, leading to a decrease in the aggregation number
of the micelles and to a smaller particle size.

Lower Critical Solution Temperature and Gel Transparency.
The thermoresponsive behavior of copolymer hydrogels was
studied by measuring the change in light transmittance at
500 nm as a function of temperature (Figure 6 a). The influence
of the surfmer concentration on the LCST was investigated
and comparedwith the pure P-NiPAAmhydrogel, which has

Figure 4. Dose vs conversion curves of pure NiPAAm and NiPAAm-
PEO-R-MA-40 comonomers in aqueous solution (dose rate: 128.3 Gy/h,
T = 20 �C).

Figure 3. Partial phase diagramof the systemPEO-R-MA-40/NiPAAm/
water indicating the clear/turbid boundary of the micellar solutions
(T = 20 �C).
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already been reported.14 In Figure 6 b the temperature at
which a transmittance of 40% is reached is plotted versus the
surfmer concentration, for comparison. The P-NiPAAm
hydrogel shows a very sharp transition from high to low trans-
parency, if theLCSTof the gel of 33.2 �Cis reached (Figure 6 a).
Upon addition of PEO-R-MA-40, the LCST increases. The
more surfmer is added, the higher the LCST becomes. Since
the surfmer is very hydrophilic, its presence renders the gel
more hydrophilic, which explains the increase of the LCST.
Asalso shown inFigure 6a, the phase transition rangebroadens
with increasing surfmer content. Clouding of the hydrogel
network always starts at the same temperature, both for
the pure P-NiPAAm gel and for all surfmer containing gels.
The transmission curves reflect the competition between the
hydrophobic interaction in the P-NiPAAm portion and the
hydrophilic effect of the PEO-containing portions on the
phase transition of P-NiPAAm.36 Introducing more surfmer
leads to shorter P-NiPAAm blocks connecting the micelles.
This favors the increase of the LCST and the broadening of
the transition.

Swelling Behavior. The swelling behavior was studied for
hydrogels containing different surfmer concentration. For
this purpose, gels were immersed in pure water for different
time periods. The weight increase or decrease of the samples
was determined gravimetrically and the swelling ratio S was
calculated using eq 5. In Figure 7, swelling ratios at 20 and 50 �C
are plotted versus the immersion time. For the temperature

below the LCST, it can be seen that the pure P-NiPAAm gel
and hydrogels containing up to 5% (w/w) PEO-R-MA-40
show a similar time-dependence of S. With increasing surf-
mer concentration, theS-value slightly increases, because the
larger amounts of copolymerized PEO-R-MA-40 render the
hydrogels more hydrophilic. Above the LCST, the P-NiPAAm
gel only exhibits a moderate shrinking of -0.37 g/g. Shrinking
is essentially finished after 1 h as already reported.14 The reason
for the shrinking behavior of the pure gel is the formation of
a hydrophobic skin at the surface of the hydrogel, the skin
being impermeable to water molecules. In surfmer-containing
gels the formation of an impermeable skin is prevented by the
presence of hydrophilic copolymerized micelles, which render
the gels more permeable to water. As a consequence, the
hydrogels containing copolymerized surfmer exhibit a more
intense shrinking and the shrinking process takes a longer time.
For a hydrogel containing 1% surfmer shrinking is complete
after 7 h, whereas for the gels with higher PEO-R-MA-40
concentrations, shrinking is not finished after the investi-
gated time period of 8 h. The highest shrinking after 8 h was
found for the hydrogels with the lowest surfmer concentra-
tion (-0.76 g/g), and a decrease in shrinking with increasing
PEO-R-MA-40 content was observed. The latter can be
explained by the increasing hydrophilicity of the system. It
partially compensates the thermosensitive behavior of the
P-NiPAAm portion of the network. The effect of increasing
hydrophilicity can be clearly seen for the swelling of hydrogels
at temperatures near to the LCST of the pure P-NiPAAm
hydrogel. In Figure 8, swelling ratios at 40 �C are plotted
versus the immersion time of hydrogels containing different

Figure 5. SAXS curves of PEO-R-MA-40 micelles in aqueous mono-
mer solutionwith andwithout addition ofNiPAAmand copolymerized
surfmer micelles in the hydrogel (a) and corresponding Guinier plots
(b). Each sample contains 5% (w/w) surfmer.

Figure 6. Transparency of various NiPAAm/PEO-R-MA-40-hydro-
gels and pure P-NiPAAm gel as a function of temperature (λ=500 nm).
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amounts of PEO-R-MA-40. Shrinking decreases with increas-
ing surfmer concentration until a concentration of 5% (w/w)
is reached. At a concentration of 7.5% (w/w) PEO-R-MA-40,
the weight of the hydrogel nearly remains constant and a
hydrogel containing 10% (w/w) surfmer shows a moderate
swelling.

The influence of salt addition on the swelling behavior of
the copolymer gels was also investigated. Therefore, the hydro-
gels were immersed in physiological salt solution at 20 �Cand
the swelling was measured as a function of time (for a plot
of S vs time see the Supporting Information). The swelling
is only slightly diminished, if salt is present in the aqueous
solution. The lower S-values can be explained by the induc-
tion of an osmotic pressure difference between the gel and the
surroundings, which opposes the swelling.

Elongation Measurements. Since we were interested in the
effect of copolymerized surfmers on the mechanical stability
of NiPAAm hydrogels, the mechanical behavior of surfmer/
NiPAAm gels with different surfmer concentration was
investigated. In order to obtain information on the limits
of mechanical stability, nonlinear elongational measure-
ments were performed. In Figure 9, the true stress is plotted
as a function ofHencky-strain for hydrogels containing 10%
(w/w) NiPAAm and different amounts of PEO-R-MA-40. It
can be seen that the addition of surfmer leads to an increase
in stiffness. The E-modulus increases from 14 kPa for the pure

P-NiPAAm gel to 37 kPa for a hydrogel containing addi-
tional 7.5% (w/w) PEO-R-MA-40. Hencky-strain and true
stress at break are increased upon surfmer addition. The
influence of surfmer concentration on the limit ofmechanical
stability is shown in Figure 10. For surfmer concentrations
up to 5% (w/w), stress and strain at break, σH,max and εH,max,
respectively, increase with increasing surfmer concentration.
A hydrogel containing 5% (w/w) can be elongated up to a
true stress of 90 kPa being more than two and a half times
larger than for the pure NiPAAm gel. For hydrogels with
higher surfmer concentration the true stress at break is lower.
A hydrogel containing 7.5% (w/w) breaks at a stress σH,max

of 78 kPa. For a concentration range between 1 and 5% (w/w),
the Hencky strain at break also increases with increasing surfmer
concentration. A hydrogel containing 1% PEO-R-MA-40
can be deformed up to a Hencky-strain εH,max of 1.0, a
hydrogel containing the 5-fold amount of surfmer breaks
at a Hencky strain of 1.2. Further increase of the surfmer
concentration leads to hydrogels, which are less ductile, the
Hencky strain at break being similar to the one observed for
the pure P-NiPAAm gel.

The molecular weight Mc between two cross-linking sites
was calculated using eq 6. In Figure 11,Mc is plotted versus
the surfmer concentration of the hydrogels. Mc decreases with
increasing surfmer concentration. For the pure NiPAAm
gel, the molecular weight between the cross-linking sites is
531 kg/mol. Upon surfmer addition, Mc decreases until the
hydrogel containing 7.5% (w/w) PEO-R-MA-40 exhibits
Mc=201 kg/mol. Since themolecularweight of chains between
two cross-linking sites affects the deformability, the Hencky
strain at break is decreased for the highly cross-linked hydrogels
containing 7.5% (w/w) PEO-R-MA-40. This can be under-
stood as a balance between the reduction of the stretched
chain length and the distance between the cross-linking points.
The ratio between these two quantities gives the maximum
stretch that a rubber-like material such as the hydrogels can
withstand without damage.

To examine the influence ofMc on the true stress at break,
the stress-strain behavior of a pure P-NiPAAm hydrogel
containing 15%NiPAAm, was investigated. ItsMc value of
212 kg/mol is similar to the surfmer/NiPAAm copolymer gel
containing 7.5% PEO-R-MA-40, which means that both gels
exhibit a similarcross-linkingdensity. In the following, themecha-
nical properties of the gel containing 15% (w/w) NiPAAm
were compared with the properties of the PEO-R-MA-40-
containing hydrogel and a P-NiPAAm hydrogel with lower

Figure 7. Swelling ratio S of pure P-NiPAAm and PEO-R-MA-40/
NiPAAm copolymer hydrogels of different composition in water at 20
and 50 �C as a function of time.

Figure 8. Swelling ratio S of a pure NiPAAm hydrogel and PEO-R-
MA-40/NiPAAm copolymer hydrogels of different composition in water
at 40 �C as a function of time.

Figure 9. True stress vs Hencky strain for a pure NiPAAm-hydrogel
andPEO-R-MA-40/NiPAAm-hydrogelscontaining10%(w/w)NiPAAm.
Elongation rate: 0.1 s-1.
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solid content of 10% (w/w) and a higher cross-linking molar
massMc of 531 kg/mol (Figure 12). On one hand the higher
cross-linking density of the gel with 15% NiPAAm com-
pared with the gel with 10% NiPAAm influences the
Hencky-strain at break, which is decreased to 0.72. Because
of the enhanced cross-linking density, the gel containing
more P-NiPAAm is less ductile. On the other hand, the true
stress at break is very similar for both pure P-NiPAAm gels.
Therefore, we assume that an increase in cross-linking density
due to a higherNiPAAmconcentration does not really increase
the mechanical stability of the hydrogels. The gel containing
7.5% (w/w) surfmer can be elongated to a σH,max value more
than twice as large although the cross-linking density is the
same. This indicates that the copolymerized micelles repre-
sent stronger cross-linking sites than the radiation-induced
cross-linking sites in the P-NiPAAm portion of the network.

A structure model taking into account the phase behavior
of the monomeric solution as well as the results of the SAXS
measurements and the mechanical characterization of the
hydrogels is shown in Scheme 1. In the monomeric solution,
NiPAAm molecules as well as surfmer micelles are present,
which do not strongly interact in contrast to NiPAAm and
micelles of cationic surfmers. During polymerization the
copolymerized micelles form new cross-linking sites in addi-
tion to the cross-links formed duringNiPAAmpolymerization.
Consequently, the copolymer hydrogels are more strongly
cross-linked than the pure P-NiPAAm gels, resulting in smaller

Mc-values. The new junctions are more stable than the
P-NiPAAm based ones. Therefore, the copolymer hydrogels
can be deformed to a higher true stress.

4. Conclusions

In our contribution, it is demonstrated that P-NiPAAm-based
hydrogels containing the nonionic surfmer PEO-R-MA-40 can
be prepared in a single step process upon γ-ray induced copoly-
merization of aqueous micellar solutions. The copolymer hydro-
gels show an increased mechanical stability. The mechanical
properties can be ascribed to the copolymerized micelles acting
as additional strong cross-linking sites. Presence of hydrophilic
surfmer also prevents the formation of an impermeable skin at
the surface of the hydrogels. Therefore, an improved shrinking
behavior is obtained at low surfmer concentrations. Upon addition
of surfmer, the lower critical solution temperature can be varied

Figure 10. Hencky strain at break and true stress at break as a function
of surfmer-content for PEO-R-MA-40/NiPAAm hydrogels containing
10% (w/w) NiPAAm.

Figure 11. Molecular weight between two cross-linking sites as a func-
tion of surfmer-content for hydrogels containing 10% (w/w) NiPAAm.

Figure 12. True stress vsHencky strain for pureNiPAAm-hydrogels con-
taining 10 or 15%NiPAAm and a PEO-R-MA-40/NiPAAm-hydrogel
containing 10% (w/w) NiPAAm and 7.5% surfmer. Elongation rate:
0.1 s-1.

Scheme 1. Schematic Illustration of a Pure NiPAAm
Network (a) and a NiPAAm/Surfmer Network (b)a

aThe blue spheres demonstrate NiPAAm cross-linking units, the
orange ones are cross-links formed by micelles.
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over a wide range due to the increasing hydrophilicity of the
hydrogel network with increasing PEO-R-MA-40 content.

Different from ionic surfmers, no interaction of NiPAAm
and PEO-R-MA-40 is observed and therefore, the size of the
PEO-R-MA-40 micelles in aqueous monomer solution is only
little effected by the addition of NiPAAm. The network struc-
tures of the copolymer hydrogels containing nonionic and ionic
surfmerdiffer strongly.Forhydrogels containingnonionic surfmer,
the molecular weight between two cross-linking sites decreases
with increasing surfmer concentration,whereas for the gels contain-
ing ionic surfmers it increases due to an incorporation of NiPAAm
in the copolymerized micelles.25 Therefore, PEO-R-MA-40 hydro-
gels are much stiffer. Despite of a low scattering contrast SAXS
measurements were found to be an effective tool to determine the
size of the polymer particles in the hydrogel network. Upon
polymerization the particle size decreases due to cross-linking in
the shell of the PEO-R-MA-40micelles. For the ionic surfmers an
increased size was found subsequent to polymerization14 due to
further incorporation of NiPAAm in the micelles during the
copolymerization process.
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