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Abstract

The composition of semi-interpenetrating polymer networks (semi-IPNs) based on responsive N-isopropylacrylamide (NIPAAm)

hydrogels has been shown to affect the kinetics of the volume phase transition. Several N-alkyl-substituted acrylamides were used as the

linear polymers in a crosslinked NIPAAm network, and the kinetics was observed as a function of crosslinking density and linear polymer

concentration. The time required for collapse of the network could be reduced by as much as 90%, with little change to the corresponding

swelling ratio and volume phase transition temperature. However, the underlying changes in network morphology are not known, and here

we present kinetics data in combination with imaging of the resulting hydrogel networks. The crosslinked networks and the linear polymers

were fluorescently labeled, and the resulting morphology was imaged with confocal fluorescence microscopy and two-photon laser scanning

microscopy. The most hydrophilic of the linear polymers was acrylamide, which was shown to phase separate during polymerization. The

hydrophilic domains become more interconnected at higher concentrations of the crosslinker and the linear polymers. This correlates well

with the kinetics of the volume phase transition for the corresponding networks. The semi-IPNs containing more hydrophobic linear

polymers had very similar morphology, but some domains were present, ranging from 500 nm to 2 mm and increasing in size with increased

linear polymer concentration. The time scale of collapse was an order of magnitude faster than expected, based on size of the hydrophobic

N-alkyl group, when the linear polymer had the same lower critical solution temperature as the hydrogel network. This is an indication that

the simultaneous collapse of the linear polymer and the crosslinked network contributes to the fast response of these semi-IPNs.

q 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

The volume phase transition of hydrogels can be trig-

gered by a number of different stimuli, including tempera-

ture [1], pH [2], electric field [3], light [4], and stress [5].

The polymer undergoes a collapse from an extended coil to

a globular structure, a transition revealed on the macro-

scopic scale by a sudden decrease in the degree of swelling

of the crosslinked gels. The large volume changes and the

biocompatibility of many hydrogels have resulted in a wide

range of applications in biomaterials [6] and drug delivery

[7]. One of the most intensively studied polymers in this

field is poly(N-isopropylacrylamide) (NIPAAm), which

exhibits a sharp phase transition in water upon heating

above 32 8C [8]. However, the kinetics of the volume phase

transition is often a limiting factor, and the rate of collapse

scales with the square of the gel size [9]. The rate of

response has been accelerated through reducing the size of

the gel [10,11], producing macroporous or inhomogeneous

gels [12–15], and grafting hydrophilic or responsive

polymers into the network [16,17]. Hydrogels have also

been imaged with atomic force microscopy [18,19],

scanning electron microscopy [20,21], and confocal fluor-

escence microscopy [22,23] and are known to have a spongy

or microporous structure.

Interpenetrating polymer networks (IPNs), which consist

of both linear and crosslinked polymers that are polymer-

ized simultaneously or sequentially, have been used to

improve the properties of polymer blends and composites

[24]. IPNs and semi-IPNs based on hydrogels have been

used for tissue engineering and drug delivery [25–27], and

the network can consist of chemical or physical crosslinks

[24]. Hydrophilic [28], responsive [29], and biocompatible
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[27,30] functional groups can be incorporated into a semi-

IPN, and the ability to independently vary the crosslinked

and linear components provides a versatile platform. When

the crosslinked network is responsive, the semi-IPN retains

the responsive behavior of the crosslinked component as

long as the linear polymer is not strongly ionized or hydro-

gen bonded with the crosslinked network [31,32]. The

addition of hydrophilic and responsive linear polymers has

also been shown to affect the kinetics of the volume phase

transition [33,34].

Previous analyses of the kinetics of the responsive semi-

IPN volume phase transition have assumed that the linear

polymer is uniformly distributed [34] and trapped within the

network [33], although extraction experiments have shown

that the linear polymer also acts as a porogen [30,34].

Structures of IPNs and semi-IPNs have been studied by

scattering [35] and scanning electron microscopy [20], but

this does not allow the linear and crosslinked components to

be studied independently. A more quantitative interpretation

of these data in terms of overlap and interpenetration of the

linear polymers can be found in Ref. [34]. Here we present

a more qualitative approach, using confocal fluorescence

microscopy and fluorescent labeling to separately image the

linear and crosslinked components of responsive semi-IPNs

based on NIPAAm. The kinetics of the volume phase

transition of these semi-IPNs is known to vary with changes

in the crosslinked and linear components, but the underlying

structure of the resulting network is not known.

Our objective is to present both kinetic data and images

of the hydrogel morphology so that the network structure

can be correlated with the response to a step change in

temperature. We have considered the effects of the linear

polymer concentration and the crosslinking density of the

crosslinked network. Several different linear polymers were

used to study the effects of varying hydrophilicity,

molecular weight, and lower critical solution temperature

(LCST).

2. Experimental section

2.1. Materials

N-Isopropylacrylamide (NIPAAm; Aldrich) was recrys-

tallized from n-hexane, and N,N-dimethylacrylamide

(DMAAm; Aldrich) and N,N-diethylacrylamide (DEAAm;

Polysciences, Inc.) were distilled under vacuum to remove

inhibitor. N-Methylacrylamide (MAAm; ABCR), N-ethyl-

acrylamide (EAAm; ABCR), acrylamide (AAm; Life

Technologies), ammonium persulfate (APS; Aldrich),

N,N0-methylenebisacrylamide (BIS; Aldrich), N,N,N0,N0-

tetramethylethylenediamine (TEMED; Aldrich), g-meth-

acryloxypropyltrimethoxysilane (Sigma), allylamine

(Aldrich), fluorescein-5-isothiocyanate (Molecular Probes),

rhodamine B isothiocyanate (Polysciences), and fluorescein

dimethacrylate (Polysciences) were of the highest available

purity and were used as received.

2.2. Synthesis of linear polymers

Seven hundred mM monomer and 6 ml/ml TEMED were

dissolved in water. The solution was bubbled with nitrogen

and 0.4 mg/ml APS was added to initiate the reaction.

Lower molecular weight polymers were synthesized as

above except 0.8 mg/ml APS was added. The molecular

weight of the polymer was calculated using intrinsic

viscosity measurements [36], which are shown in Table 1,

and the monomers used for the linear polymers are shown in

Scheme 1. Copolymers of NIPAAm and AAm were also

synthesized with the AAm concentration varying from 1 to

10 mol%, and these copolymers are referred to as NIPAAm-

co-AAm followed by the mol% of AAm (for example,

NIPAAm-co-AAm5). The NIPAAm and DEAAm polymers

and the NIPAAm-co-AAm copolymers each exhibited an

LCST, which was measured by differential scanning calori-

metry [11]; these values are shown in Table 1. LCST

behavior has also been reported for EAAm around 70 8C

[37], but all experiments in this study are at temperatures at

50 8C or below, so in this case we do not consider EAAm to

be a responsive polymer. The fluorescently labeled linear

polymers were synthesized as above, except for the addition

of 0.1% allylamine monomer. The resulting polymer was

fluorescently labeled with fluorescein-5-isothiocyanate or

rhodamine B isothiocyanate using standard methods [38].

The molecular weights and LCSTs of the fluorescently

labeled linear polymers were within the standard deviations

of the corresponding unlabeled polymers.

2.3. Synthesis of semi-IPNs

Each sample contains NIPAAm as the crosslinked

component with different polymers as the linear component.

Therefore, the naming convention used here is to label the

samples according to the corresponding linear component.

Bulk semi-IPNs were cast in a cylindrical shape, and these

samples were used to study the kinetics of the volume

phase transition. NIPAAm monomer (700–600 mM), linear

Table 1

Characterization of linear polymers

Sample High MW (g/mol) Low MW (g/mol) LCST (8C)

Aam 600,000 500,000

MAAm 1,000,000

DMAAm 300,000

EAAm 400,000

NIPAAm 500,000 300,000 32

NIPAAm-co-AAm1 500,000 33

NIPAAm-co-AAm2 500,000 34

NIPAAm-co-AAm5 600,000 36

NIPAAm-co-AAm10 500,000 40

DEAAm 200,000 25
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polymer (0–100 mM), BIS (0.5–2.1 mol%) and TEMED

(6 ml/ml) were dissolved in water. The total network

concentration was kept constant with the sum of the

NIPAAm monomer and linear polymer equaling 700 mM.

The pre-gel solution was poured into a test tube containing

glass capillaries (inside diameter 0.95 mm), the solution was

bubbled with nitrogen, and 0.4 mg/ml APS was added to

initiate the reaction. After 24 h, the gels were removed from

the capillaries and allowed to equilibrate in a large volume

of MilliQ water to remove any unreacted reagents. The

resulting cylindrical gels were used for the kinetics

experiments. The equilibrium swelling ratio of the cylin-

drical gels as a function of temperature was also measured

with both labeled and unlabeled linear polymers.

Bulk semi-IPNs were also polymerized on cover slips,

and these samples were used for confocal fluorescence

microscopy imaging of the network structure. These semi-

IPNs were fluorescently labeled and prepared as described

above, but a small droplet of the pre-gel solution was placed

on a microscope cover slip that had been treated with

g-methacryloxypropyltrimethoxysilane, which forms a

covalent bond between the cover slip and the gel [39].

The reaction was allowed to proceed for 24 h in a water-

saturated nitrogen atmosphere. For double-staining experi-

ments, fluorescein dimethacrylate was substituted for 1% of

the BIS crosslinker, and the linear polymer was labeled with

rhodamine B isothiocyanate. All other samples used linear

polymer labeled with fluorescein-5-isothiocyanate.

2.4. Kinetics experiments

Each cylindrical gel sample was placed in a water-filled

sample holder, and the diameter of the gel was observed

using an optical microscope with an Instec HCS400-

STC200 stage to control the temperature. The change in

diameter was observed in response to step changes in

temperature. The temperature was changed from 22 to 50 8C

for deswelling experiments and from 50 to 22 8C for

swelling experiments. Because the time required for the

change in temperature was approximately 10 s, the first data

point was taken at 10 s.

2.5. Confocal fluorescence microscopy

Two-photon laser scanning microscopy was used for 3D

imaging of fluorescently labeled semi-IPNs. Femtosecond

pulses to induce two-photon absorption and subsequent

fluorescence emission were generated by a Ti:sapphire laser

(Mira 900F, Coherent) pumped by an Ar ion laser (Innova

200, Coherent). The laser pulses were coupled to the

microscope (DM IRBE microscope, TCS SP confocal

scanning head, Leica Microsystems) through an optical

fiber. A pulse stretcher (grating) and post-fiber compressor

unit resulted in laser pulses at the focus of the microscope

objective being Fourier transform limited with pulse widths

of approximately 120 fs and a wavelength tunable from 750

to 850 nm.

The laser scanning microscope was also equipped with a

prism spectrometer in the detection pathway, and available

one-photon excitation wavelengths were 458, 488, 576, and

633 nm. Three photomultiplier detectors could be operated

with optical bandwidths individually adjusted for spectral

position and width, and this was used for double-staining

experiments using a combination of rhodamine B and

fluorescein. Spatial resolution of approximately 200 nm

laterally and 400 nm axially could be achieved.

The two confocal microscopy techniques vary in

resolution, the amount of photobleaching, and the number

of fluorophores that can be used. Two-photon laser scanning

microscopy has lower resolution, but the reduced photo-

bleaching enhances the capacity for 3D imaging. Conven-

tional (one-photon) confocal fluorescence microscopy has

higher resolution and can use multiple fluorophores

simultaneously for double-staining experiments, but with

significant photobleaching above and below the plane of

focus, it is best used for 2D images.

3. Results

3.1. Semi-IPNs

Crosslinked NIPAAm hydrogels have a volume phase

transition that corresponds to the LCST of linear NIPAAm

polymer. However, the kinetics of this volume phase

transition is often a limiting factor in applications of these

materials. The large friction between the solvent and the

polymer network slows the diffusion of water within the gel

network. The network also undergoes a non-uniform

collapse, forming a dense hydrophobic layer at the surface

Scheme 1. Monomers used for linear polymer synthesis.
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which further slows the diffusion of water from the core of

the gel. Semi-IPNs based on NIPAAm as the crosslinked

component and poly(acrylamide) as the linear component

[33] and comb-grafted NIPAAm and poly(ethylene glycol)

(PEG) oligomers in the NIPAAm network [16,17] have

exhibited accelerated collapse of the gel network. The

hydrophilic PEG oligomers are thought to act by providing

water release channels, which facilitate the diffusion of

water through the hydrophobic surface layer. The respon-

sive NIPAAm oligomers allow rapid hydrophobic aggrega-

tion throughout the network and a more uniform network

collapse, which reduces the formation of the hydrophobic

surface layer [40]. The same mechanism is likely for the

linear component of semi-IPNs based on NIPAAm, and we

will apply this to the data analysis in the subsequent

sections.

Here we use semi-IPNs based on NIPAAm as the cross-

linked component and a series of N-alkyl-substituted

acrylamides (see Scheme 1) as the linear component.

Again, since the crosslinked component is the same for all

the semi-IPNs, we refer to the samples according to the

linear component. The NIPAAm and DEAAm linear

polymers are thermally responsive, exhibiting LCST

behavior, and by increasing the size of the N-alkyl group,

the linear component becomes more hydrophobic. There-

fore, the relative effects of the hydrophilic and responsive

linear polymers can be studied in more detail. To quantify

the relative sizes of the hydrophobic groups, the volume of

each monomer and the volume of the N-alkyl group were

calculated with ChemOffice. The percentage of the mono-

mer volume that constitutes the hydrophobic N-alkyl group

was used to estimate the relative hydrophobic and hydro-

philic nature of the different monomers, and these values are

shown in Table 2.

The linear polymers in these systems have been

described as porogens [34] and as being activated by

chain transfer and subsequently trapped during the gel

polymerization process [33]. The samples are placed in

water to leach out any unreacted reagents or linear polymer,

and somewhere between 60 and 80% of the linear polymer

does diffuse out of the network [34]. The diffusion

coefficients from these measurements suggest that the

resulting network has an open and porous structure. Thus,

the semi-IPN samples contain NIPAAm as the crosslinked

component along with trapped linear polymers that were

activated during the gel polymerization and a porous

structure from the linear polymers that have diffused out

of the system. However, the leaching process does not affect

the kinetics of the volume phase transition for the resulting

samples [34], which suggests that the rate of response is

primarily determined by the linear polymers that remain

trapped in the network.

3.2. Kinetics of the volume phase transition

Several reference experiments were used to determine

the range of linear polymer concentrations to be used. The

equilibrium diameter of the cylindrical semi-IPNs was

tracked as a function of temperature for samples containing

different concentrations of linear polymer, and the equili-

brium swelling ratio and transition temperature were found

to be determined primarily by the degree of crosslinking.

The presence of different chromophores and the type or

concentration of the linear polymer did not affect the equi-

librium swelling as long as the linear polymer concentration

was not above 100 mM. Therefore, all kinetics measure-

ments were for samples with linear polymer concentrations

ranging from 0 to 100 mM. This is consistent with previous

measurements on responsive semi-IPNs, such that the linear

polymer is only expected to affect the transition temperature

and the equilibrium swelling ratio if it is strongly ionized or

hydrogen bonded with the crosslinked network [31,32]. The

confocal fluorescence microscopy imaging requires that

the network be fluorescently labeled, and it is assumed that

the morphology is not affected by the fluorescent probe.

Reference experiments were also used to verify that the

presence of the chromophores did not affect the kinetics

of the volume phase transition, but all the kinetics data is

presented for unlabeled semi-IPNs.

Linear polymers do not affect the swelling ratio of the

semi-IPN, but when the same samples undergo a step

change in temperature, the rate of collapse is affected by the

linear polymers trapped in the network. The diameter of the

cylindrical gel is tracked as a function of time (see Fig. 1),

and the rate of collapse is approximated by fitting this with a

single exponential ð, exp½2t=t�Þ: The characteristic time

scale t is a function of the type and concentration of linear

polymer as well as the crosslinking density of the

crosslinked network. AAm is unique in that it exhibits a

non-monotonic effect of linear polymer concentration on t

(see Fig. 1). All other samples show a monotonic effect of

linear polymer concentration on t; and we have looked at

the response of the two fastest samples (AAm and

NIPAAm) in greater detail.

As a result of the non-monotonic effect of linear AAm

polymer concentration, t goes through a maximum at low

concentrations, followed by a decrease at higher concen-

trations, as shown in Fig. 2A. The location of the maximum

and the rate of decrease at higher concentrations is a

function of the crosslinking density, with faster response at

higher crosslinking densities. This is compared to the

Table 2

Relative size of hydrophobic N-alkyl group

Monomer % of monomer volume

Aam 0.0

MAAm 18.2

DMAAm 31.5

EAAm 32.4

NIPAAm 41.4

DEAAm 49.2

M.E. Harmon et al. / Polymer 44 (2003) 6927–69366930



response of NIPAAm samples, shown in Fig. 2B, where t

decreases monotonically with the concentration of linear

NIPAAm chains, also with faster response at higher

crosslinking densities. Furthermore, the two sets of samples

are different in the effect of molecular weight on the

kinetics. The AAm samples are faster with higher molecular

weight linear polymer, while the NIPAAm samples are

faster with lower molecular weight linear polymer. If the

linear polymers are uniformly distributed, this might be

explained in terms of greater overlap of the hydrophilic

water release channels for the higher molecular weight

AAm samples and faster mobility of the linear NIPAAm

chains for the lower molecular weight NIPAAm samples.

However, by using confocal fluorescence microscopy, we

can consider the relative mobility and overlap of the linear

polymers as well as observing the effects on the semi-IPN

morphology.

Fig. 3 shows t as a function of the linear polymer used, in

order of increasing hydrophobicity, using the estimates from

Table 2. The time scale clearly increases with increasing

size of the hydrophobic group, with the exception of

NIPAAm. In this case, the linear and crosslinked com-

ponents of the semi-IPN are the same, and the two

components will respond simultaneously to the step change

in temperature. The cooperative motion as the linear and

crosslinked components collapse simultaneously may be

responsible for the fast rate of response for this particular

sample.

A series of semi-IPNs, varying the LCST of the linear

component while keeping the crosslinked component con-

stant, were used to test the effect of this simultaneous

collapse on the time scale of response. The linear polymers

were copolymers of NIPAAm and AAm (1–10 mol%), and

the LCST increased with increasing AAm concentration

(see Table 1) [41]. The crosslinked NIPAAm network has an

LCST of 32 8C, and t increased with increasing LCST of the

linear polymer (see Fig. 4). When the linear and crosslinked

Fig. 1. The diameter of the cylindrical semi-IPN as a function of time in

response to a step change in temperature from 22 to 50 8C. The

concentrations of linear polymer are 0 mM (B), 30 mM (X), 70 mM (P),

and 100 mM (O) with a crosslinker concentration of 2.1% BIS. The initial

diameters of these samples are around 1 mm but vary slightly with the

linear polymer concentration. The solid lines are fits to a single exponential

ð, exp½2t=t�Þ:

Fig. 2. The time scale t for (A) AAm and (B) NIPAAm semi-IPNs as a

function of linear polymer concentration for crosslinked networks with

1.2% BIS (B, A) and 2.1% BIS (X, W). The samples contain either high

(solid symbols) or low (open symbols) molecular weight linear polymers,

as shown in Table 1.

Fig. 3. The time scale t as a function of the N-alkyl group size for the

corresponding monomer, as listed in Table 2. Samples are 100 mM of the

linear polymer with a crosslinker concentration of 2.1% BIS.
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components have different transition temperatures, they do

not respond simultaneously, and this supports the idea that

the responsive linear polymers act through cooperative

motion and uniform collapse of the resulting network. Fig. 3

also includes a data point where the linear polymer

(DEAAm, 25 8C) has an LCST lower than that of the

crosslinked network, and we will compare these sets of

samples in Section 4.

3.3. Confocal imaging of the semi-IPNs

Two-photon laser scanning microscopy was used for

imaging of samples with fluorescein-labeled AAm and

NIPAAm linear polymers as a function of linear polymer

concentration and crosslinking density. This technique is

similar to confocal fluorescence microscopy, but because of

the two-photon effect, it does not photobleach the sample

above and below the plane of focus, which facilitates 3D

imaging of the semi-IPNs. The AAm samples (see Fig. 5)

have distinct regimes of high and low linear AAm con-

centration that become more interconnected with increasing

crosslinking density and linear polymer concentration. The

interconnected hydrophilic domains correspond to faster

rate of response, and the separate domains at low con-

centrations correspond to the maximum in t as shown in

Fig. 2A. The NIPAAm samples (see Fig. 6) have regions of

higher and lower linear NIPAAm concentration, which

become more pronounced with increasing linear polymer

concentration. However, there is no apparent effect of

crosslinking density on the morphology of the NIPAAm

semi-IPNs. These images are taken after the samples are

immersed in MilliQ water to extract any unreacted reagents

or linear polymer that has not been trapped in the network.

Images taken prior to the extraction step have higher

fluorescence intensity but are very similar to these, and the

morphology does not appear to be a result of the extraction

step.

Confocal fluorescence microscopy imaging was also

performed on a network containing fluorescein dimethacryl-

ate and a rhodamine-labeled linear polymer, allowing the

observation of both the linear and crosslinked components.

This double staining experiment is the equivalent of two

simultaneous one-photon experiments. The images in Fig. 7

highlight the differences between the AAm and NIPAAm

samples. The AAm sample appears to be phase-separated,

with the image of the gel network being the negative of the

image of the linear polymer. The NIPAAm sample does

have regions of higher and lower linear polymer concen-

tration, but this is not related to the morphology of the

crosslinked gel network. The separation of the two com-

ponents in the AAm samples is even more apparent when

the images of the linear polymer and crosslinked gel net-

work are overlaid, as shown in Fig. 8. The phase separation

of the two components is evident as the dark regions of the

crosslinked NIPAAm network (green) correspond to the

light regions of the linear AAm component (red). With

increased concentration of the linear component, the AAm

domains become more interconnected, and this correlates

with faster kinetics of the volume phase transition of the

corresponding cylindrical samples.

The remaining samples were imaged with conventional

(one-photon) confocal fluorescence microscopy using

fluorescein-labeled linear polymer. The resulting images

(data not shown) show a morphology that is very similar to

the NIPAAm samples (see Fig. 6), with regions of higher

and lower concentration of linear polymer. These regions

range in size from 500 nm to 2 mm and become more

pronounced with increased linear polymer concentration,

but there is no apparent effect of crosslinking density on the

morphology of these semi-IPNs. The samples have a similar

morphology, and they also show a monotonic effect of linear

polymer concentration on the time scale of response. With

the exception of NIPAAm, they also have a slower response

with increasing size of the hydrophobic N-alkyl group.

Decreasing the molecular weight of the linear polymer

does have a small effect on the morphology of the AAm

samples, with a larger number of smaller domains for the

lower molecular weight linear polymer (see Fig. 9). For

example, the 30 mM AAm samples shown have 1.67 ^ 0.28

and 1.54 ^ 0.24 mm domains for the higher and lower

molecular weight linear AAm polymer, respectively. The

same comparison for the remaining samples shows no

apparent difference in the semi-IPN morphology as a func-

tion of the linear polymer molecular weight. The resolution

and contrast of conventional confocal fluorescence micro-

scopy and two-photon laser scanning microscopy are dif-

ferent, and there are slight differences in the appearance of

the samples with the two imaging techniques (for example,

comparing the corresponding images in Fig. 9 with Figs. 5

and 6). However, the sizes and numbers of domains seen for

similar samples with the two techniques are consistent, and

Fig. 4. The time scale t as a function of the LCST of the linear polymer. The

crosslinked component is NIPAAm, which has an LCST of 32 8C, and the

linear polymers are the NIPAAm-co-AAm polymers listed in Table 1.

Samples are 100 mM of the linear polymer with a crosslinker concentration

of 2.1% BIS.
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Fig. 5. Two-photon laser scanning microscopy images of a series of AAm semi-IPNs as a function of linear polymer concentration and crosslinker

concentration. The linear polymer is labeled with fluorescein isothiocyanate. Scale bar is 5 microns.

Fig. 6. Two-photon laser scanning microscopy images of a series of NIPAAm semi-IPNs as a function of linear polymer concentration and crosslinker

concentration. The linear polymer is labeled with fluorescein isothiocyanate. Scale bar is 5 microns.
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the data from the two sets of measurements can be

compared directly.

4. Discussion

Two different confocal microscopy techniques were used

to image the internal structures of semi-IPNs based on

temperature-responsive NIPAAm hydrogels. We have

shown horizontal slices of the two-photon laser scanning

microscopy images (see Figs. 5 and 6), but it is also possible

to use vertical slices and to reconstruct the entire network. A

threshold intensity was chosen as the boundary between the

linear and crosslinked domains, and this was used to

reconstruct a 3D surface for the linear AAm polymer in the

crosslinked matrix. This approach was used to verify that

domains shown for the 70 mM AAm/2.1% BIS and the

100 mM AAm/1.2% BIS samples in Fig. 5 are indeed

interconnected. The 3D image was displayed with the

confocal microscopy software but is not included here due

to the difficulty in presenting 3D structures on the printed

page. The interconnected linear polymer domains could be

interpreted as a percolation threshold, and the fast kinetics

seen for these samples can be related to the rapid diffusion

of water out of the gel network through interconnected

water release channels. This is also an important distinction

in considering the previous reports on similar systems that

assume a uniform distribution of the linear polymer in the

crosslinked NIPAAm network [31–34].

The AAm semi-IPNs are clearly different from the

remaining samples, with the characteristic time scale of

collapse having a maximum at low concentrations of linear

polymer. The imaging of these samples shows that the linear

and crosslinked components are phase separated, and the

size of the domains is a function of the crosslinking density.

The kinetics of the volume phase transition can be corre-

lated to the hydrophilic domains acting as water release

channels and becoming more interconnected as a function of

crosslinking density as well as linear polymer concentration

and molecular weight. A similar mechanism has been pro-

posed for comb-grafted hydrogels, but the resulting domains

were too small to be imaged, and no direct comparison

could be made. Imaging of the AAm samples with low

linear polymer concentration shows individual domains of

AAm polymer (see Fig. 8), and this corresponds to the

maximum in the time scale of response (see Fig. 2A). As the

network collapses, the individual hydrophilic domains may

act to trap water within the network and actually impede the

diffusion of water out of the core of the gel, with this

mechanism being responsible for the maximum in the time

scale of response. The remaining samples show no apparent

difference as a function of polymer molecular weight and

crosslinking density. The regions of higher and lower linear

polymer concentration become more pronounced at higher

concentrations of linear polymer, but this is not affected by

the size of the N-alkyl group on the linear polymer. These

samples have similar morphology and, with the exception of

NIPAAm, a similar effect of the linear polymer composition

and concentration on the rate of response.

Fig. 7. Double staining confocal microscopy images of AAm and NIPAAm

semi-IPNs with 100 mM linear polymer and 1.2% BIS. The linear polymer

is labeled with rhodamine B and the crosslinked gel network contains

fluorescein dimethacrylate, allowing the two components to be imaged

simultaneously. Scale bar is 10 microns.

Fig. 8. An overlay of the double staining confocal microscopy images of the linear polymer and the gel network for a series of AAm semi-IPNs. The samples all

have a crosslinker concentration of 1.2% BIS with linear polymer concentrations as shown. The linear polymer is labeled with rhodamine B (red) and the

crosslinked gel network contains fluorescein dimethacrylate (green). Scale bar is 5 microns.
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The NIPAAm samples do have much faster kinetics than

expected, but this series of samples is unique in that the

linear polymer and the crosslinked network have the same

LCST and respond simultaneously to the step change in

temperature. This effect was further probed by using a series

of NIPAAm-co-AAm linear polymers, with increased

LCST as a function of increasing AAm concentration. The

resulting semi-IPNs had a linear component with an LCST

greater than that of the crosslinked NIPAAm component. In

response to an increase in temperature, the linear component

should therefore respond after the crosslinked component,

and the response of the resulting semi-IPN is slower (see

Fig. 4). The DEAAm samples have a linear component with

an LCST lower than that of the crosslinked NIPAAm

component, and the resulting response is also slower (see

Fig. 3). This supports the idea that the fast response of the

NIPAAm samples (see Fig. 4) is due to the linear and

crosslinked components having the same LCST and

responding simultaneously to the step change in tempera-

ture. However, there is no reason to assume that the

behavior for linear components with an LCST above that

of the crosslinked component is the same as for linear

components with an LCST below that of the crosslinked

component. In other words, the mechanism of the slow

response of the DEAAm semi-IPNs is not necessarily the

same as for the NIPAAm-co-AAm10 samples. Thus, this

system needs to be studied in greater detail for a complete

understanding of this effect.

These results suggest that cooperative motion of the

linear and crosslinked components will result in uniform

collapse of the responsive network and faster kinetics of the

volume phase transition. The higher mobility of the linear

polymers allows hydrophobic aggregation to occur through-

out the network, and the effects of NIPAAm molecular

weight on the kinetics can be related to the increased

mobility of the lower molecular weight linear polymers.

This does not explain the faster kinetics with higher

crosslinking density, but it is possible that the higher

mobility of the linear polymer becomes even more

important in the collapse of a more rigid network with

higher crosslinking density.

5. Conclusion

The kinetics of the volume phase transition was studied

for a series of fast-responsive semi-IPNs based on NIPAAm

as the crosslinked component and a series of N-alkyl-

substituted acrylamides as the linear component. The same

series of samples was fluorescently labeled and imaged

using confocal fluorescence microscopy and two-photon

laser scanning microscopy, and the morphology of the

semi-IPNs was used to explain the mechanism of the faster

kinetics. The most hydrophilic of the linear polymers

appears to be phase separated, and the kinetics of the

volume phase transition can be related to the appearance of

interconnected hydrophilic domains within the responsive

crosslinked network. The morphology of the remaining

samples is not clearly related to the corresponding kinetics,

but the fast kinetics of the NIPAAm linear polymer in a

crosslinked NIPAAm matrix suggests that the effect is

primarily due to the simultaneous collapse of the two

components of the semi-IPNs. Previous reports on similar

systems have taken a more quantitative approach, assuming

uniform distribution of the linear polymers in the cross-

linked hydrogel network. With confocal microscopy we

have shown that this is clearly not the case, and the resulting

images correlate well with the kinetics of the semi-IPN

volume phase transition.
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