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ABSTRACT: The influence of microgel morphology and monomer substitution pattern of different copolymers
on their phase transition is demonstrated by temperature-dependent light scattering, Fourier transform infrared
spectroscopy, and small-angle neutron scattering. The data clearly illustrate that the ability of the neighbored
side chains to form intramolecular hydrogen bonds and the flexibility of the backbone influence the phase transition
temperature significantly. Copolymer microgels consisting of N-isopropylacrylamide (NIPAM) and N,N-
diethylacrylamide (DEAAM) or N-isopropylmethacrylamide and DEAAM show a nonlinear dependence of the
phase transition temperature on composition due to favored hydrogen bonds between DEAAM and the
monosubstituted acrylamide. In the case of DEAAM-NIPAM copolymers this leads to a depression of the transition
temperature below that of the homopolymers. Different microgel architectures, namely core-shell systems and
random copolymer microgels, demonstrate the relevance of the local distribution of the monomer units inside the
particle on the location of the phase transition.

Introduction

Synthetic polymers displaying temperature-induced phase
transitions may be used as model systems for denaturation and
folding processes of proteins. Synthetic polymers with a phase
transition temperature at 30-40 °C have attracted particular
attention.1-3

For example, aqueous solutions of poly-N-isopropylacryla-
mide (PNIPAM) undergo a reversible phase transition at 32 °C,
which is attributed to the formation of intra- and intermolecular
hydrogen bonds. The similarity of solution properties of
PNIPAM and poly-N-isopropylmethacrylamide (PNIPMAM)
polymers with protein folding processes has been pointed out
previously.4

The phase transition temperature of PNIPAM was investi-
gated by different methods like turbidity,5 light scattering,6

calorimetry,7 fluorescence,8 and infrared spectroscopy.9,10 The
transition is ascribed to a change in the intra- and intermolecular
hydrogen bonding and therefore to a change in the solvent
quality. PNIPAM with its amide groups as side chains is well-
known to form strong hydrogen bond interactions and that these
hydrogen bonds vary with the internal conformation of the
chain.11 The influence of the hydrogen bonding among the amide
groups on the transition of a temperature-sensitive synthetic
polymer was investigated by Fourier transform infrared spec-
troscopy (FTIR) measurements and density functional theory
calculations.12

Linear temperature sensitive polymers are soluble at low
temperatures but become insoluble as the temperature is
increased above the lower critical solution temperature (LCST);
a coil-to globule transition takes place. These linear polymers
can be cross-linked, resulting in a temperature-sensitive gel
network. The gel starts to shrink as the temperature is increased
by expelling water over a narrow temperature range, usually
called the volume phase transition temperature (VPTT).13

It is known that the phase transition of PNIPAM can be
controlled by copolymerization with monomers having varying

degrees of hydrophilicity/hydrophobicity,14 by chemical cross-
linking15 or by a modification of the architecture, e.g., the
core-shell structure.16-20The polymer chains become dehy-
drated upon the phase transition, and attractive interactions
between hydrophobic moieties induce the change of the
polymer conformation from a randomly coiled to a collapsed
structure. Different hydrogen bond interactions can be
distinguished in a cross-linked microgel. As a consequence,
in a core-shell system, the intra- and intermolecular
hydrogen bonds inside the core and in the shell determine
the thermosensitive phase transition of the core and shell
material. The core-shell interface exhibits additional hy-
drogen bond interactions between the core and the shell
monomers.21,22

It is possible to probe such hydrogen bond interaction patterns
in a core-shell system or a copolymer consisting of the same
monomers by FTIR measurements. Recently, we investigated
microgels with different architectures, namely core-shell and
random copolymers by temperature-dependent FTIR spectros-
copy, and we could show that the intra- and intermolecular
hydrogen-bonding pattern is correlated with the microgel
architecture.21

In this work, we investigated and compared microgel systems
consisting of differently substituted acrylamides as depicted in
Scheme 1. We prepared a copolymer microgel series of two
temperature-sensitive acrylamides: NIPAM and N,N-diethy-
lacrylamide (DEAAM) (copolymer 1). Poly-N,N-diethylacry-
lamide (PDEAAM) shows a broad phase transition temperature
range of 26-32 °C,23,24 i.e., a slightly lower VPTT as compared
to PNIPAM. The copolymerization of the monosubstituted
NIPAM and the disubstituted DEAAM leads to an unusual phase
transition. The transition temperature of the DEAAM-NIPAM
copolymer is suppressed below the phase transition temperature
of the corresponding homopolymers PNIPAM and PDEAAM.
This was explained by favored interactions of the polymer
segments during the phase transition.23 Different architectures
lead to different transition temperatures; a PDEAAM core-
PNIPAM shell system was investigated by means of light
scattering and FTIR spectroscopy, but no suppression of the
VPTT of the core-shell system in contrast to the copolymer
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system was observed. The PDEAAM-PNIPAM core-shell
microgel shows a phase transition temperature of 27 °C, i.e., is
slightly shifted compared to the VPTT of the homopolymer
PDEAAM.

The importance of a close neighborhood between the
comonomers for the hydrogen bonds was demonstrated by
comparing different architectures, namely core-shell systems
and copolymers.21 In this work we will explore the architecture
of DEAAM-NIPAM microgels with SANS experiments and
the influence of the increasing temperature on the alkyl part by
a detailed discussion of the CH vibrational region.25-27

In addition to a copolymer consisting of DEAAM and
NIPAM, a series of copolymer microgels with different amounts
of disubstituted acrylamide DEAAM and monosubstituted
acrylamide NIPMAM were prepared (Scheme 1), and the
temperature-induced phase transition was determined with light
scattering measurements. The homopolymer PNIPMAM shows
a phase transition temperature of 42 °C, indicating that the
additional R-methyl group in the backbone of the monosubsti-
tuted compound influences the phase transition temperature
significantly.

We will show that the phase transitions of microgels
consisting of mono- and disubstituted acrylamides depends
strongly on the morphology and on the substitution pattern of
the N-substituted acrylamides.

Experimental Part

N-Isopropylmethacrylamide (NIPMAM, Aldrich), N-isopropy-
lacrylamide (NIPAM, Acros Organics), N,N-diethylacrylamide
(DEAAM, Polyscience Inc.), sodium dodecyl sulfate (SDS, Fluka),
potassium peroxodisulfate (KPS, Merck KGA), and cross-linker
N,N′-methylenebis(acrylamide) (BIS, Merck KGA) were used as
received. Water for all purposes was doubly distilled Milli-Q water.

The cross-linked copolymer microgels were synthesized via free
radical dispersion polymerization as described previously.23 In brief,
the synthesis was performed in a 250 mL vessel equipped with a
mechanical stirrer, thermometer, a reflux condenser, and a nitrogen
inlet. The two monomers (NIPAM and DEAAM or NIPMAM and

DEAAM; for details see Table 1), BIS, and SDS were dissolved
in 150 mL of water at 75 °C and purged with nitrogen at least for
1 h. Polymerization was initiated by adding KPS (dissolved in
10 mL of degassed water at room temperature) and added to the
monomer mixture. Polymerization was carried out for 6 h at
75 °C, a constant gas stream, and constant stirring of 330 rpm.
The reaction mixture was allowed to reach room temperature under
stirring overnight. The dispersion was filtered through glass wool
and was purified three times by repeated ultracentrifugation
(30 min, 50 000 rpm) and decantation of the supernatant and was
redispersed in doubly distilled water. A Sorvall Discovery 90SE
ultracentrifuge with a T865 rotor was used for the centrifugation
at 20 °C.

The sample composition is indicated in the sample name, for
example, PDEAAM-PNIPMAM(90/10) (copolymer 2, Scheme 1),
where the first number denotes the mole percentage of the DEAAM
monomer and the second number gives the percentage of NIPMAM
in the monomer feed. It was not possible to determine the exact
composition with NMR spectroscopy due to overlapping peaks;
the numbers indicate the mole percentages that were used for the
synthesis. The copolymer system of DEAAM and NIPAM is
abbreviated PD-(55/45) (copolymer 1, Scheme 1), where the
numbers indicates the sample composition. The sample composition
of the PDEAAM-PNIPAM copolymer system was investigated
by NMR spectroscopy.

Dynamic light scattering measurements were performed with an
ALV goniometer and a laser light wavelength of 633 nm. The
samples were highly diluted in H2O (c < 0.01 wt %) to prevent
multiple scattering and filtered through a 0.8 µm filter to remove
dust. The scattered light was detected at a scattering angle of 40°,
and hydrodynamic radius, RH(T), has been calculated from second-
order cumulant fits via the Stokes-Einstein equation. Heating and
subsequent cooling cycles have been performed. The particle size
change is fully reversible. The VPTT of different microgel systems
was determined as the inflection point of the temperature-dependent
light scattering curve.

For the FTIR measurements, CaF2 transmission windows and
0.05 mm Mylar spacers were used. The temperature in the cell was
controlled through an external water circuit. All FTIR spectra were
collected on a Nicolet 5700 FT-IR spectrometer equipped with a
liquid nitrogen-cooled MCT detector. For each spectrum, 256
interferograms of 2 cm-1 resolution were co-added. The sample
chamber was continuously purged with dry air. From the spectrum
of each sample, a corresponding D2O spectrum was subtracted. All
the spectra were baseline-corrected and normalized. All data
processing was performed with GRAMS software. FTIR measure-
ments were carried out over a temperature range of 10-50 °C with
a temperature increment of 2 K and with D2O as solvent. The
samples were investigated at mass concentration of 0.5 wt % in
D2O. To analyze the CH stretching region, a concentration of
2 wt % was used.28

SANS experiments were performed at the D11 beamline at the
Institut Laue-Langevin (ILL) in Grenoble, France. A neutron
wavelength with 6 Å was used. The data were collected on a 3He
detector with 64 × 64 pixels of 10 × 10 mm2 size. A broad q
range was covered by three detector distances of 2.5, 10.0, and
36.7 m. The incoherent scattering of water at sample-detector
distances of 2.5 and 10 m was used for absolute intensity calibration.
The microgels were investigated at mass concentrations of

Scheme 1. Schematic Drawing of the Different Microgel Types,
the Copolymer Microgel with NIPAM and DEAAM (left),

NIPMAM and DEAAM (middle), and a Core-Shell System
(right)a

a Intramolecular hydrogen bonds between amide functionalities are
shown in this scheme as well.

Table 1. Composition of the Copolymerization Batches of DEAAM and NIPMAM (Copolymer 2) and Composition of the
DEAAM-NIPAM Copolymers (Copolymer 1) (See Ref 23)

sample name DEAAM (g) NIPMAM (g) BIS (g) SDS (g) KPS/(g)
monomer composition

(mol %)
VPTT
(°C)

PDEAAM 2.45 0.07 0.02 0.12 100/0 26
PDEAAM-PNIPMAM(90/10) 1.37 0.15 0.09 0.06 0.08 90/10 26
PDEAAM-PNIPMAM(78/22) 1.16 0.34 0.09 0.06 0.07 77.6/22.4 27
PDEAAM-PNIPMAM(53/47) 0.80 0.70 0.09 0.06 0.07 53.3/46.7 30
PDEAAM-PNIPMAM(28/72) 0.41 1.05 0.09 0.06 0.07 28.1/71.9 35
PDEAAM-PNIPMAM(10/90) 0.16 1.45 0.09 0.06 0.08 10.1/89.9 41.5
PNIPMAM 0/100 42

Macromolecules, Vol. 41, No. 18, 2008 Copolymer Microgels from Substituted Acrylamides 6831



0.1 wt % in D2O. The temperature was adjusted by an external
thermostat.

Results and Discussion

The transition temperature of a temperature-sensitive nonionic
copolymer can be controlled by different polarities and amounts
of the comonomers.29-31 The hydrophilicity or hydrophobicity
of a monomer depends on its ability to build intra- and
intermolecular hydrogen bonds. Acrylamides consist of different
apolar regions like backbone and alkyl side chains; the polar
behavior is dominated by the amide functional groups. The
phase behavior of two different copolymer series with mono-
and disubstituted thermosensitive acrylamides will be discussed
in the next paragraph with focus on the composition dependence
of the phase transition temperature.

Figure 1 shows the results of DLS experiments of the
DEAAM-NIPMAM copolymer microgel series (copolymer 2).
The hydrodynamic radius RH (normalized to the radius in the
swollen state at 20 °C) is plotted as a function of temperature.
Three data sets are shown: the two homopoymers PNIPMAM
and PDEAAM and the copolymer with 53 mol % of NIPMAM
and 47 mol % of DEAAM. The VPTTs of the whole copolymer
series can be found in Table 1.

Figure 1 demonstrates that the copolymer PDEAAM-
PNIPMAM (copolymer 2) reveals a phase transition temperature
of 30 °C, which lies in between the phase transition of the
homopolymers PNIPMAM (VPTTPNIPMAM ) 42 °C) and
PDEAAM (VPTTPDEAAM ) 26 °C). The transition temperatures
of all copolymer microgels of this series are displayed in
Figure 2. A nonlinear relationship between the copolymer
composition and transition temperature can be observed. The
comparison of the phase transition temperatures of the
PDEAAM-PNIPMAM copolymer microgels (copolymer 2)
withthepreviouslyreportedcopolymersystemPDEAAM-PNIPAM
(copolymer 1) clearly demonstrates that the phase transition
temperatures of copolymers of mono- and disubstituted acry-
lamide monomers do not display a linear relationship between
VPTT and composition.

As mentioned above, the VPTT depends on the balance of
the hydrophilicity/hydrophobicity patterns of the comonomers
as well as on the polar and unpolar regions. The influence of
intra- and intermolecular hydrogen bonds on the phase transition
temperature is directly related to the close neighborhood of the
repeating units of NIPAM and DEAAM in the copolymer
system and leads to a strong increase of the intramolecular
(CdO · · ·D-N-) hydrogen bond. Intermolecular hydrogen
bonds (CdO · · ·D-O-D) with the solvent D2O are weakened

with increasing temperature. This was shown recently by
analyzing the amide I′ band in the FTIR spectrum.21

The comparison of the intensity of the amide I′ band at
1643 cm-1 of the two homopolymers and the copolymer PD-
(55/45) shows that the increase of the intramolecular hydrogen
bonds of the PD-(55/45) takes place at lower temperatures as
compared to homopolymers (Figure 3).21 This strong increase
of the intramolecular hydrogen bonds of the PD-(55/45)
copolymer microgel is favored by the -CdO · · ·D-N- interac-
tion of the neighboring monomer units. The intramolecular
hydrogen bonds pattern of a PDEAAM core-PNIPAM shell
microgel is shown in Figure 3 as well. The strong increase of
the intramolecular hydrogen bonds takes place at nearly the same
temperature as observed for the PNIPAM homopolymer system
and can be related to the local separation of the different
monomers in a core and shell region. The small shift of the
increase in intensity is caused by the interface between core
and shell where the monomer units are in a direct neighborhood.

Figure 4 shows examples of infrared absorption spectra of a
microgel. The CH stretching region (3000 -2800 cm-1) contains
information about the hydration state of the alkyl groups of the
polymers, the analysis of the amide I′ band (∼1600 cm-1)
provides information about the intra- and intermolecular hy-
drogen bonds, the amide II′ region (∼1500 cm-1) is essentially
determined by CN stretching vibrations, and at wavenumbers
of ∼1300 cm-1 CH deformation bands can be found.28

Figure 1. Temperature dependence behavior of the two homopolymers
PDEAAMandPNIPMAMandthecopolymerPDEAAM-PNIPMAM(53/
47) (copolymer 2) in H2O. All radii are normalized to the radius at
20 °C.

Figure 2. Influence of the composition on the phase transition
temperature of two different copolymer microgel series: triangles,
PDEAAM-PNIPMAM copolymer microgels (copolymer 2); squares,
PDEAAM-PNIPMAM copolymer microgels (copolymer 1). Lines are
used as guides for the eyes.

Figure 3. Temperature dependence of intramolecular components of
the amide I′ band (peaks normalized to the intensity of the wavenumber
at 1643 cm-1 at 50 °C) for PNIPAM, PD-(55/45) (copolymer 1), and
a core-shell system (PD/PN-CS(80/20)).
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In our previous work we focused on the hydration state of
the CdO groups. Here we will follow the dehydration of the
polymer chains at high temperatures by analysis of the CH
stretching region. In general, the IR bands of the CH3 stretching
vibrations undergo red shifts upon the phase transition, indicat-
ing dehydration of the alkyl groups.32

Figure 5 shows the temperature-dependent shift of the
antisymmetric CH3 stretching band of the alkyl side chains for
three different systems: the two homopolymers PNIPAM and
PDEAAM and the copolymer PD-(55/45) (copolymer 1). The
interactions of the different polar and apolar regions in the
monomer units with the neighboring water molecules are also
reflected in the wavenumber of the CH3 stretching vibration as
reported for linear PDEAAM28 and PNIPAM,32,33 respectively.

The dehydration of the alkyl chain of the copolymer microgel
takes place at a lower temperature as compared to the two
homopolymer microgels. This is in good agreement with the
previous analysis of using the hydration sensitivity of the CdO
band vibration of these microgels.

So far, we have shown that the phase behavior is influenced
by the different polar and apolar regions of the microgels, but
also the architecture of a microgel is known to influence the
phase transition.16,34 An increasing shell thickness in PNIPAM
core-PNIPMAM shell microgels changes the phase behavior
markedly. A core-shell system with a thin shell shows a two-
step phase transition in contrast to a core-shell microgel with
a thick shell, where the swelling of the core is restricted by the
shell, and therefore a one-step phase transition is observed. A
chemomechanical model for doubly thermosensitive core-shell
microgels has been explored by differential scanning calorimetry

(DSC) and by comparison of these results with a previously
established form factor model of core-shell systems.22 Core
and shell regions with their individual thermosensitivity are
directly chemically connected at the core-shell interface. The
balance between the thermodynamic forces developed in
the core material upon heating and the volume change of the
shell leads to a stretching of the chain segments in the core-shell
interface, and this competition between the thermodynamics and
elastic forces results in unique properties of such core-shell
materials.

Figure 3 shows that intramolecular hydrogen bonds in
microgels are influenced by different microgel morphologies.
To investigate the influence of the microgel architecture on the
phase transition of PDEAAM-PNIPAM microgels, small-angle
neutron scattering (SANS) measurements were performed. The
experimental curve of the scattering intensity I(q) as a function
of the scattering vector q at T ) 26 °C is depicted in Figure 6
(see Supporting Information Figures S2, S3, and S4 as well).
The experimental data were fitted with well-established form
factor models for PNIPAM microgels and PNIPAM-PNIPMAM
core-shell systems.35,36

Two different architectures and three different compositions
of microgels with DEAAM and NIPAM monomer units will
be discussed in the following: one core shell system (PD/PN-
(80/20)) and two copolymers, one with nearly the same
composition as the core-shell system, PD-(74/26), and the other
with a nearly equimolar composition of DEAAM and NIPAM,
PD-(55/45). The VPTTs of these microgels were determined
by light scattering measurements in D2O: VPTT(PD-(55/45)) ) 20
°C, VPTT(PD-(74/26)) ) 22 °C (Figure 2), VPTT(PD/PN-(80/20)) )
27 °C.

The copolymer and the core-shell system with nearly the
same molar ratio of DEAAM and NIPAM monomers show a
different transition temperature due to the different architecture.
The scattering profile of the copolymer PD-(74/26) in Figure 6
shows Porod scattering (i.e., I(q) ∼ q-4) at 26 °C, which is
typical for a sharp surface in the fully collapsed state of a
microgel. The scattering profile at 26 °C of the core-shell
system PD/PN-(80/20), however, shows no Porod scattering.
The PDEAAM core starts to shrink at 26 °C, but the PNIPAM
shell (VPTT(PNIPAM) ) 32 °C) is still in the swollen state as
indicated by the smaller slope at high q values (0.01-0.03 Å-1).
At 38 °C, both regions of the core-shell system are fully
collapsed; hence, the intensity is proportional to q-4, charac-
teristic of a sharp surface (see Supporting Information,
Figure S2).The copolymer PD-(55/45) with a nearly equimolar
composition of DEAAM and NIPAM units is at 26 °C in the
fully collapsed state like the copolymer PD-(74/26), and Porod
scattering is observed as well.

Figure 4. FTIR absorption spectra (3200-1250 cm-1) of the PD-(55/
45) copolymer microgel in D2O at different temperatures.

Figure 5. Temperature dependence of the shift of the antisymmetric
CH stretching for -CH3 for the two homopolymers PDEAAM and
PNIPAM microgels and the copolymer PD-(55/45) (copolymer 1). Lines
are used as guides for the eyes.

Figure 6. SANS profiles of PD-(55/45), PD-(74/26) (copolymer 1),
and PD/PN-CS(80/20) (core-shell) at 26 °C. Both copolymers are in
the collapsed state in contrast to the core-shell system.
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The comparison of the copolymer PD-(74/26) and the
core-shell system PD/PN-(80/20) demonstrates that not only
the composition plays an important role for the phase behavior
but also the local distribution in different compartments such
as core and shell regions. The copolymers exhibit a homoge-
neous structure with a statistical distribution of the two monomer
units, whereas the core-shell microgel is characterized by
spatially separated PNIPAM and PDEAAM regions.

However, not only the microgel architecture affects the phase
transition. It is influenced by the acrylamide backbone as well
as will be discussed for the PDEAAM-PNIPMAM copolymer
microgel. The additional R-methyl group of the NIPMAM
backbone governs the flexibility of the whole polymer chain,
and more energy is required to compensate for this stiffness at
the phase transition.37 We focus on the amide I′ region of the
PDEAAM-PNIPMAM(53/47) (copolymer 2) and compare the
intra- and intermolecular hydrogen-bond interactions with
the two homopolymer systems. A full spectrum of the copolymer
microgel can be found in the Supporting Information
(Figure S1). An analysis of the CH vibration region is not
possible in this case due to overlapping asymmetric stretching
vibrations of the R-methyl group in the backbone and the
isopropyl side group of the NIPMAM unit.

Two main peaks in the FTIR spectrum of the PDEAAM
homopolymer can be found, at 1620 and 1597 cm-1 (see
Supporting Information, Figure S5).28,38 The peak at 1620 cm-1

is assigned to a more hydrophobic environment of the CdO
groups, and the peak at 1597 cm-1 is related to intermolecular
hydrogen bonds to water. The FTIR spectrum of the homopoly-
mer PNIPMAM shows two main peaks, at 1633 cm-1 (intramo-
lecular H-bond) and at 1606 cm-1 (intermolecular H-bond).33

Assignments and frequencies of intra- and intermolecular
hydrogen bonds for the two homopolymers and the copolymer
are listed in Table 2.

Figure 7 shows the FTIR spectrum of the copolymer microgel
PDEAAM-PNIPMAM(53/47) (copolymer 2) at different tem-
peratures. Two main peaks can be observed: the first one at
1620 cm-1 and the second at 1597 cm-1. A broad shoulder

appears at 1637 cm-1 above the phase transition temperature
(VPTT(PDEAAM-PNIPMAM(53/47)) ) 30 °C). The band at 1597 cm-1

decreases with increasing temperature. This indicates that this
peak is related to intermolecular CdO stretching vibrations. The
CdO stretching bands of the intermolecular hydrogen bonds
of the two homopolymers show nearly the same positions, so it
is difficult to distinguish if the peak at 1597 cm-1 of the
copolymer microgel consists of a single CdO vibration related
to DEAAM units or if it includes an additional contribution
from the NIPMAM units. The peak at 1620 cm-1 increases with
increasing temperature. The position of the weakly hydrated
intermolecular hydrogen bond of the homopolymer PDEAAM
is in good agreement with the wavenumber observed for the
PDEAAM-PNIPMAM(53/47) copolymer (copolymer 2,
Table 2). This peak can be related to a more hydrophobic
environment of the CdO groups caused by the PDEAAM
compound in the copolymer system. This peak broadens with
increasing temperature due to contributions of the intramolecular
CdO bond of NIPMAM. The shoulder at 1637 cm-1 is either
related to vibrations of free CdO groups of DEAAM or
intramolecular hydrogen bonds of the NIPMAM compound.

Figure 8a shows the temperature-dependent intensity of
the intramolecular components of the amide I′ bands of
PNIPMAM and the copolymer PDEAAM-PNIPMAM(53/47)
(copolymer 2). The shape of the curves looks rather similar.
The formation of the intramolecular hydrogen bonds of the
copolymer microgel is shifted toward lower temperature com-
pared to the PNIPMAM homopolymer. The increased intensity
at frequencies related to vibrations of CdO · · ·D-N(D-O-D)
hydrogen bonds at low temperature indicates a favored
polymer-polymer interaction between the DEAAM and NIP-
MAM monomer units. The temperature shift is in good
agreement with the shifted temperature of the phase transition
as observed by light scattering experiments (see Figure 1).

The temperature dependence of the intensity of the intermo-
lecular components of the amide I′ band of the two homopoly-
mers and the PDEAAM-PNIPMAM copolymer microgel
system can be found in Figure 8b. The intensity of the
homopolymer PDEAAM and the copolymer PDEAAM-
PNIPMAM(53/47) (copolymer 2) intermolecular components
of the amide I′ band decreases at the same temperature, but the
shape of their curves is slightly different. The intensity decrease
of the PDEAAM homopolymer intermolecular components of
the amide I′ band takes place over a broader temperature range.
The intermolecular CdO · · ·D-O-D vibrations intensity of the
PNIPMAM homopolymer microgel is reduced at a higher
temperature compared with that of the copolymer system,
indicating that the copolymerization of the DEAAM with the
NIPMAM leads to a suppression of the hydrophilicity of the
whole microgel. This suppressed hydrophilictiy is caused by
the different substitution pattern of the monomers and their
mutual interaction.

By comparing the two different copolymer systems
PDEAAM-PNIPAM (copolymer 1) and PDEAAM-PNIPMAM
(copolymer 2), the strong influence of the backbone on the phase
transition is visible. Both copolymer series reveal a nonlinear

Table 2. Assignment and Frequencies of Intra- and Intermolecular Hydrogen Bonds in the Amide I′ Region in D2O of the Two
Homopolymers PNIPMAM and PDEAAM and the Copolymer PDEAAM-PNIPMAM(53/47) (Copolymer 2)

sample wavenumber (10 °C)/cm-1 wavenumber (50 °C)/cm-1 assignment

PNIPMAM 1633 1633 intramolecular CdO · · ·D-N
1606 1606 intermolecular CdO · · ·D-O-D

PDEAAM 1637 “free” CdO
1619 1620 weakly hydrated intermolecular CdO · · ·D-N(D-O-D)
1597 1598 strongly hydrated intermolecular CdO · · ·D-O-D

PDEAAM-PNIPMAM (53/47) 1637(broad) free CdO (or weak intramolecular)
1620 1620 weakly hydrated intermolecular CdO · · ·D-O-D
1598 1598 intermolecular CdO · · ·D-O-D

Figure 7. Second derivative of the amide I′ band of the copolymer
microgel PDEAAM-PNIPMAM(53/47) (copolymer 2) in D2O in the
swollen state (10 °C), in the phase transition region (30 °C), and in the
collapsed state (50 °C).
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dependence of the monomer composition on the phase transition
temperature (Figure 2), but only the PDEAAM-PNIPAM
copolymer microgels show a strong suppression below the
VPTT of the two corresponding homopolymers. The R-methyl
group in the backbone of the PNIPMAM compound in the
PDEAAM-PNIPMAM microgel (copolymer 2) restricts the
free movement the polymer chain due to an additional stiffness
and results in a higher phase transition temperature.

To highlight the influence of the substitution pattern of the
side chains, we will compare our copolymer systems with well-
established copolymer systems consisting of NIPAM and N,N-
dimethylacrylamide (DMAAM). Soutar et al. studied the change
in the balance of the hydrophilicity/hydrophobicity by a linear
copolymer series of NIPAM and DMAAM.39 They could show
that an incorporation of DMAAM, which shows no temperature-
dependent behavior in water, into the polymer structure raises
the LCST of the copolymer system due to an increase of the
hydrophilicity. Other groups reported the same temperature-
dependent behavior; Shibayama et al. observed an increasing
enthalpy change by thermal analysis of the copolymers and
proposed that the second comonomer (DMAAM) affects the
local environment of the NIPAM compound.40 Benrebouh et
al. synthesized different copolymers of N-alkylacrylamides as
hydrogels and focused their attention on the relative hydrophi-
licity of the copolymers, hence the chemical structure and the
composition of the constituent monomers.30

The solvation of PDMAAM and PDEAAM linear homopoly-
mers in protic and aprotic solvents has been studied by infrared
spectroscopy.38 The comparison of the νCdO stretching mode
frequencies of the two polymers in different solvents indicates
that the PDEAAM is less solvated in a protic solvent due to
steric hindrance of the side chains in contrast to the PDMAAM
polymer. Not only the steric hindrance of the side chain
influences the thermal behavior in aqueous and alcohol solutions;
also, the tacticity of the tertiary acrylamide polymers plays an
important role as could be shown by the analysis of the
copolymer system of PDEAAM and PDMAAM.41 The tacticity
is dominated by the polymerization method (e.g., anionic:
mainly isotactic structure, group transfer polymerization: syn-
diotactic) as reported for linear PDEAAM,42 and this different
spatial structure influences the phase transition temperature
significantly (32-40 °C).24,43

To summarize, the main difference in the phase behavior of
PDEAAM-PNIPAM (copolymer 1) and PDMAAM-PNIPAM
copolymers is caused by the steric and solvation properties of
the side chains. The ethyl group of the DEAAM monomer unit
seems to have a favored orientation in a polymer chain in
contrast to a DMAAM unit. Because of this favored orientation,
formation of intramolecular hydrogen bonds is preferred between
the NIPAM and DEAAM units and induces the strong sup-
pression of the phase transition temperature observed. It is
possible to apply this model of favored orientation of the ethyl
side chains for the PDEAAM-PNIPMAM copolymer microgels
as well. DEAAM monomer units have a preferred configuration
in polymer segments. NIPAM and NIPMAM consist of the same
isopropyl side chains; the only difference between the two
monosubstituted acrylamides is the additional R-methyl group
in the NIPMAM backbone which leads to a stiffer polymer
chain. In contrast to the flexible NIPAM, the orientational
dynamics of the NIPMAM monomer is hindered for steric
reasons and restricts the whole copolymer system by rearrange-
ment of intramolecular hydrogen bonds between the neighbored
monomer units. The combination of the NIPMAM monomer
with the DEAAM monomer leads to a nonlinear dependence
between composition and phase transition temperature.

Conclusions

The influence of the architecture and monomer substitution
pattern on the phase transition temperature was demonstrated
with thermosensitive polyacrylamides microgel systems consist-
ing of DEAAM and NIPAM or DEAAM and NIPMAM,
respectively, by means of temperature-dependent light and
neutron scattering as well as FTIR spectroscopy measurements.
The transition temperature of the copolymers depends on the
composition, morphology and substitution pattern of monomers,
and thus the ability to build intra- and intermolecular hydrogen
bonds between the monomer units. Different regions can be
distinguished in an acrylamide monomer: side chain, amide
functionality, and backbone. The transition from the swollen
to the collapsed state is correlated with the breaking of hydrogen
bonds between polymer and water and the formation of
intramolecular hydrogen bonds between monomer units. The
favored hydrogen bonds between DEAAM and the monosub-
stituted monomer unit (NIPAM and NIPMAM, respectively)
lower the VPTT, and thus a nonlinear relation between VPTT
and composition is observed in both cases.

The influence of the modified backbone on the phase
transition was shown by comparing two different copoly-
mer microgel series: PDEAAM-PNIPAM and PDEAAM-
PNIPMAM copolymers. The additional R-methyl group of the
NIPMAM backbone restricts the flexibility of the entire
copolymer system and thus hinders the formation of the
intramolecular hydrogen bonds. Consequently, the VPTT of
the NIPMAM-based microgels occurs at higher temperatures
as compared to the NIPAM systems.

The influence of the local molecular interaction was inves-
tigated by different microgel architectures, namely core-shell
and copolymer structures made of the two monomers DEAAM
and NIPAM. Small-angle neutron scattering reveals the statisti-

Figure 8. Temperature dependent intensity of (a) intramolecular
components of the amide I′ band (normalized to the wavenumber at
1620 or 1633 cm-1) of PNIPMAM and PDEAAM-PNIPMAM(53/
47) (copolymer 2) and (b) intermolecular components of the amide I′
bands (normalized to the wavenumber at 1597 or 1606 cm-1) for
PDEAAM, PNIPMAM, and PDEAAM-PNIPMAM (53/47) copoly-
mer.
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cal distribution of DEAAM and NIPAM in the copolymer
microgel in contrast to the local separation of shell and core
region appearing in the core-shell system. In core-shell
systems, the formation of hydrogen bonds is further determined
by the spatial separation of the different monomer units. Thus,
the combination of different monomers and microgel architec-
tures employs aspects of supramolecular and colloid chemistry44

and provides a toolbox for tailoring the properties of stimuli-
sensitive microgels.
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