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Abstract Temperature-induced phase transition of three low-molecular-weight
samples (M,, < 1.2 x 10% of poly(N-isopropylacrylamide) was studied with the aid
of turbidimetry, dynamic light scattering, and rheology. We have demonstrated that
the lower critical solution temperature depends on the length of the chain and the
concentration of the polymer in the low molecular weight range. The turbidity
results show a transition peak in the turbidity curve at intermediate temperatures.
This peak, as well as the cloud point, is shifted toward lower temperatures when the
molecular weight and the concentration of the polymer increase. The DLS mea-
surements disclose a fast and a slow relaxation mode, which in both cases are found
to be diffusive. The fast mode is linked to the diffusion of small species in the
solution, and the slow mode is associated with the formation of large aggregates.
The formation of these aggregates is less pronounced in solutions of polymers with
low molecular weight and the incipient aggregation is shifted to higher tempera-
tures. The shear viscosity measurements show the formation of weak aggregates,
which are easily broken in solutions of short polymers. This effect is less pro-
nounced when the molecular weight of the sample is increased. At certain shear
rates, temperature-induced transition peaks of the viscosity are observed.

Keywords PNIPAAM - Phase separation - Thermoresponsive polymers -
Light scattering - Shear rate dependence
Introduction

Poly(N-isopropylacrylamide) (PNIPAAM) is a thermal responsive polymer that
exhibits an intriguing heat-induced phase separation phenomenon in aqueous
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solution [1, 2] that has attracted both theoretical and technological interest [3-9]
over the years. The debate in the literature has focused on whether hydrophobic
interactions [10, 11], hydrogen-bonding effects [12, 13], or both [14, 15] are vital
for this phase transition of PNIPAAM in aqueous solution. Since the hydrophobic
effect is caused by changes in hydrogen bond interactions, these effects have been
argued to be dependent of each other [16]. The lower critical solution temperature
(LCST) of solutions of PNIPAAM has been reported to be in the range of 30-35 °C
[16], but in the literature the LCST of PNIPAAM is frequently assigned to a value
of 32 °C.

The initial investigations of aqueous solutions of PNIPAAM [1, 2] focused
mainly on the temperature-induced coil-to-globule transition of the polymer without
paying any attention on the impact of possible molecular weight and polydispersity
effects. Later, several papers dealing with PNIPAAMs of high molecular weight and
with narrow molecular weight distributions appeared. The coil-to-globule transition
[12, 17] was established in very dilute aqueous solutions of high molecular weight
PNIPAAM [18]. Fujishige et al. [19] reported that neither concentration nor
molecular weight played a significant role in the phase transition of PNIPAAM
homopolymer chains. However, the lowest value of the considered molecular
weights was 5 x 10* and the concentration effect was evaluated only in the case of
the highest molecular weight (8.4 x 10°). There is a severe lack of investigations
[20] addressing the effects of molecular weight and polymer concentration on the
LCST or on the cloud point (CP).

Recently, the self-assembly of amphiphilic copolymers containing PNIPAAM
has attracted a great deal of interest in the scientific community [21, 22], because of
their potential applications in nanotechnology, reusable elastomeric materials,
electronics, and drug delivery. These copolymers have often a fairly low molecular
weight [23, 24] and the PNIPAAM block is short. For example, in previous papers
[25-27] we have studied diblock and triblock copolymers with a typical PNIPAAM
block with less than 120 monomers. It was shown that in aqueous solution the
temperature at which these polymers formed large aggregates was strongly
dependent upon the polymer concentration. In the light of this finding, the question
arises whether the heat-induced phase separation of these copolymers is interrelated
to the behavior of short PNIPAAM homopolymers in aqueous solution. The
principal aim of this work is to examine the power of molecular weight and polymer
concentration on the phase transition behavior of low-molecular weight samples of
PNIPAAM. In addition, the heat-induced aggregation of PNIPAAM is characterized
by dynamic light scattering (DLS) at the quiescent state, and the influence of shear
flow on the aggregation process is a novel feature that is analyzed.

Experimental
Materials and synthesis of the polymers

All the chemicals used for the synthesis of the polymers were purchased from
Aldrich and Fluka. N, N, N', N’, N/, N"’-(hexamethyl triethylene tetramine)
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(MegTREN) was prepared according to a procedure described elsewhere [28].
N-isopropylacrylamide (NIPAAM) (Acros Organics) was recrystallized from
toluene/hexane and dried under vacuum prior to use. Ethyl 2-chloropropionate
(ECP) was distilled under reduced pressure and degassed before use. Copper(I)
chloride from Aldrich was washed with glacial acetic acid, followed by washing
with methanol and ethyl ether to remove impurities, and then dried under vacuum
and kept under N, atmosphere. N,N'-dimethylformamide (DMF) was distilled under
vacuum prior to use.

All water used in this study was purified with a Millipore Milli-Q system. The
PNIPAAM samples were synthesized by means of atom transfer radical
polymerization (ATRP) [29, 30], which was carried out in a water/DMF 50:50
(v/v) solvent mixture at 25 °C via an ATRP system with ECP/CuCl/MesTREN
as the initiator/catalyst system (Scheme 1). The preparation and purification of
these polymers were conducted under similar conditions as described previously
[26, 31]. In a general procedure, NIPAAM (50 mmol, 5.66 g) was dissolved in
25 mL of a water/DMF 50:50 (v/v) solvent mixture [(NIPAAM) = 2.0 M] in a
50 mL Schlenk flask under magnetic stirring. The mixture was degassed by
bubbling with argon for at least 1 h, before it was immersed in a water-bath that
was kept at about 25 °C. A volume of 2 mL of the freshly prepared Cu(l)-
MegTREN water stock solution (prepared by adding degassed water (7 mL) to
CuCl (4 mmol, 0.396 g) and MegTREN (4 mmol, 1.1 mL) exposed to vigorous
stirring under the influence of argon flow) was withdrawn via a syringe and
quickly added to the above mixture. Degassed ECP (1 mmol, 128 pL) was then
added via a Hamilton syringe and the polymerization reaction was then initiated.
When the NIPAAM monomer conversion reached approximately 95% (after
approximately 1 h, '"H NMR analysis indicated that more than 95% of the
NIPAAM had been polymerized (disappearance of the vinyl signals at 6 = 5.5—
6.0 ppm), the polymerization was stopped by exposing the mixture to air and
distilled water. The polymer was further purified by dialyzing against distilled
water for several days using a dialysis membrane of regenerated cellulose with a
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Fig. 1 'H NMR spectra of the synthesized polymers in D,O (300 MHz)

molecular-weight-cutoff of 3,500. The white solid product was finally isolated by
lyophilization.

The chemical compositions and structures of the synthesized homopolymers
were all ascertained by 'H NMR with a Bruker AVANCE DPX 300 NMR
spectrometer, operating at 300.13 MHz at 25 °C by utilizing heavy water as the
solvent. The repeating number of the NIPAAM units in all the polymers were
basically calculated from the integral values of the characteristic peak (7 in Fig. 1)
of NIPAAM (6 = 3.82 ppm, -CH(CHs),, I,) and the typical peak of the end group
of ethyloxyl (2 in Fig. 1) (6 = 4.08 ppm (CH3;CH,0-), I;) based on a simple
equation: npaamy = 2 (I/Iy). We have successfully synthesized three PNIPAAM
with different repeated units of NIPAAM (n = 38, n = 60 and n = 80) by simply
adjusting the molar ratio of NIPAAM with the initiator ECP. The monomer/initiator
(NIPAAM/ECP) ratios are 50/1, 80/1, and 100/1 for the samples with n = 38,
n = 60, and n = 80, respectively.

The weight-average (M,,) and number-average (M,,) molecular weights and the
polydispersity indexes (M,,/M,,) of the PNIPAAM samples were determined in
very dilute aqueous solutions by means of asymmetric flow field-flow fraction-
ation (AFFFF) methods [26, 32], and the results and data from the measurements
are collected in Fig. 2. The experimental procedure and parameters are the
same as reported previously [26]. It can be noted that all polymer samples
have low molecular weights and narrow molecular weight distributions. From
AFFFF data, we have recalculated the number of monomers, n, finding n = 47,
71, and 106 and we label the corresponding polymers as P(NIPAAM),,
P(NIPAAM),; and P(NIPAAM),o6. The molecular weight data from AFFFF have
been utilized because they are more accurate than the corresponding ones from
'H NMR.

All samples were prepared by weighing the components and the solutions were
homogenized by stirring for 1 day at ambient temperature.
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Fig. 2 Molecular weight distribution curves of the three P(NIPAAM), samples in dilute aqueous
solutions (0.01 M NaCl) with the aid of AFFFF. The inset shows the values of n, M,,, and M,/M,,

Instrumentation
Turbidimetry

The temperature dependences of the turbidity of the copolymer solutions were
monitored at a heating rate of 0.2 °C/min by employing an NK60-CPA cloud point
analyzer from Phase technology, Richmond, BC, Canada. A detailed description of
the apparatus and determination of turbidities have been given elsewhere [33]. This
apparatus makes use of a scanning diffusive technique to characterize phase changes
of the samples with high sensitivity and accuracy. The light beam from an AIGaAS
light source, operating at 654 nm, was focused on the solution that was placed onto
a specially designed glass plate that is coated with a thin metallic layer of very high
reflectivity. Directly above the applied sample, an optical arrangement with a light
scattering detector that continuously monitors the scattered intensity signal (S) from
the measured solutions as it is subjected to prescribed temperature alterations.
A direct empiric relationship between the signal and the turbidity () is found [33]
to be 7= 9.0 x 1077 $*73'. All the data from the cloud point analyzer will be
presented in terms of turbidity.

Dynamic light scattering

The DLS experiments were conducted with the aid of an ALV/CGS-8F multi-
detector compact goniometer system, with eight off fiber-optical detection units,
from ALV-GmbH, Langen, Germany. The beam from an Uniphase cylindrical
22 mW He-Ne-laser, operating at a wavelength of 632.8 nm with vertically
polarized light, was focused on the sample cell (10-mm NMR tubes) through a
temperature-controlled cylindrical quartz container (with two plane-parallel
windows), vat (the temperature constancy being controlled to within £ 0.01 °C
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with a heating/cooling circulator), which is filled with a refractive index matching
liquid (cis-decalin). Depending on the polymer concentrations, the polymer
solutions were filtered through 5 or 0.8 um filters (Millipore) directly into
precleaned NMR tubes. The measurements were carried out under the influence of
the same heating rate (0.2 °C/min) as for the turbidity experiments.

In the DLS measurements, the intensity correlation function was measured at
eight scattering angles simultaneously in the range 22—-141° with four ALV5000/E
multiple-t digital correlators. In the dilute concentration regime probed in this
study, the scattered field obeys Gaussian statistics and the measured correlation
function gz(q, 1), where g = (4nn/l)sin(0/2), with A, 60, and n being the
wavelength of the incident light in a vacuum, the scattering angle, and the
refractive index of the medium, respectively, can be related to the theoretically
amenable first-order electric field correlation function g'(g, f) by the Siegert
relationship [34] g% (g, t) =1 + Blg'(g, nP, where B is usually treated as an
empirical factor.

The correlation functions can be described by the sum of a single exponential and
a stretched exponential

g'(f) = Arexp[—t/17] + Asexp {—(t/rse)ﬁ} (1)

with A¢ + A = 1. The parameters A; and A are the amplitudes for the fast and the
slow relaxation time, respectively. The variables 7; and 7, are the relaxation times
characterizing the fast and the slow relaxation process, respectively. This type of
bimodal relaxation process has been reported [33, 35, 36] from DLS studies on
aggregating polymer systems of various natures. In the analysis of the correlation
functions by means of Eq. 1, a nonlinear fitting algorithm was employed to obtain
best-fit values of the parameters Ay, 1, T and f§ appearing on the right-hand side of
Eq. 1.

The fast mode is diffusive (¢°-dependent) for all the samples and it yields the
mutual diffusion coefficient D (77! = Dg?) of molecularly dispersed species and
small aggregates. The slow mode (the second term on the right-hand side of Eq. 1)
characterizes the dynamics of large aggregates and this mode is also found to be
diffusive.

The parameter 74 in Eq. 1 is some effective relaxation time, and (0 < f§ < 1) is
a measure of the width of the distribution of relaxation times. The mean relaxation
time for the slow mode is given by

)

where I is the gamma function. Depending on the stage of aggregation, the values
of f are in the interval 0.7-0.95 in this study. Since both the relaxation modes are
found to be diffusive, this enable us to calculate the apparent hydrodynamic radii
(Rns and Ry, ) from the fast and slow relaxation times, respectively, via the Stokes—
Einstein relationship D = kgT/67nRy,, where kg is the Boltzmann constant, T is the
absolute temperature, 7 is the solvent viscosity, and D is the diffusion coefficient of
the different species in the solution.
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Shear viscosity

A Paar-Physica MCR 300 rheometer, equipped with a cone-and-plate geometry with
a cone angle of 1° and diameter of 75 mm, was utilized to monitor the shear
viscosity of the polymer solutions. Even on dilute solutions, the rheometer operates
effectively with this geometry, and the viscosity of water can readily be determined
over an extended shear-rate domain. The solutions were introduced onto the plate
and to prevent evaporation of water, the free surface of the sample was always
covered with a thin layer of low-viscosity silicone oil that virtually did not affect the
solution viscosity. The instrument is equipped with a temperature unit (Peltier plate)
that provides a fast and accurate alteration of the temperature over the studied
temperature range. The temperature control is better than + 0.05 °C over the
considered temperature domain. The measurements were conducted at a constant
shear rate with a temperature gradient of 0.2 °C/min, as in the turbidity and DLS
experiments.

Results and discussion

By using turbidimetry, DLS, and shear viscosity, this work demonstrates that the
value of the LCST for aqueous solutions of PNIPAAM is dependent on both the
length of the chain and the polymer concentration. These effects should be taken

into account in the design of temperature responsive copolymers containing a
NIPAAM block.

Turbidimetry

Figure 3 shows turbidity results for the three PNIPAAM samples at a constant value
of the concentration of 1 wt%. When the temperature rises, PNIPAAM chains
become more hydrophobic and intermolecular interactions occur, resulting in the
formation of larger aggregates that leads to an increment in the turbidity values at a
certain temperature, known as CP. The CPs are determined as the temperature
where an incipient increase in the turbidity is observed (see lower inset in Fig. 3).
For all molecular weights, the turbidity exhibits a steep transition as the temperature
rises and at higher temperatures the turbidity passes through a maximum. After the
maximum, the density of hydrophobic segments in the core is high, and the close
packing of these segments in the core results in contraction of the clusters. The
hydrophobic interactions are more intensive as the polymer chain becomes longer,
and the incipient aggregation takes place at lower temperatures. We notice from the
upper inset in Fig. 3 that the value of the cloud point decreases with increasing
molecular weight of the polymer. This clearly demonstrates that the length of the
chain is a crucial variable that affects the phase transition of PNIPAAM
homopolymers in the molecular weight range studied in this work. In dilute
aqueous solutions of an amphiphilic polymer like PNIPAAM of fairly short polymer
chains, the number of hydrophobic segments in the chain will rise with increasing
molecular weight of PNIPAAM and the collision frequency and the sticking
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Fig. 3 Temperature dependences of the turbidity during a heating rate of 0.2 °C/min for P(INIPAAM)),, at
a constant concentration of 1 wt%. The upper inset shows the effect of molecular weight on the cloud
point. The lower inset shows how the CP is determined from the incipient increase of the turbidity

probability are enhanced. This leads to the formation of aggregates at a lower
temperature and a depression of the cloud point. However, at high molecular
weights of PNIPAAM this effect is lost, because the number of hydrophobic
segments plays a less dominate role for long polymer chains [19]. This is probably
the reason why the impact of molecular weight on CP for aqueous solutions of
PNIPAAM has not been disclosed earlier.

Effects of both the length of the polymer and polymer concentration on the
temperature dependence of the turbidity are depicted in Fig. 4a—c. The general
picture that emerges is that both longer polymer chains and higher concentration
depress the value of CP and the transition zone seems to be more distinct at higher
molecular weight. The results clearly reveal that the value of the cloud point is
strongly affected by molecular weight and concentration (see Fig. 4d). However, at
higher polymer concentration the effect of molecular weight on CP disappears
because when the semidilute concentration regime is approached, the molecular
species overlap each other and the individual features of the molecules vanish. This
situation is reminiscent of the behavior for polymer solutions, when they are
transformed from the dilute to the semidilute regime, where the polymer chains
form a transient network and the molecules individuality is lost. We notice that the
concentration dependence of CP is less pronounced as the molecular weight of the
sample is increased; this feature is consistent with the idea discussed above that the
influence of molecular weight on the value of CP diminishes at sufficiently high
molecular weights.

The influence of temperature and polymer concentration on CP can be
rationalized in the following scenario. As the temperature rises, the polymer
molecules become more “sticky” (the hydrophobicity increases) and when they
collide aggregates are formed, giving rise to enhanced turbidity. The depression of
CP with increasing polymer concentration may be interpreted with resort to the
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Fig. 4 a—c Effects of concentration and molecular weight on the turbidity for the P(NIPAAM),, samples
and concentrations indicated. d The concentration dependences of the cloud point for the polymers
indicated

effective Flory-Huggins interaction parameter y.r [37, 38], where y.¢ is a function
of both temperature (7) and concentration (c), i.e., Yetr = Yere(T, €). At a given
temperature, the raise of y.p with increasing polymer concentration is ascribed to
poorer solvent conditions, or in the case of associating polymer solutions to stronger
association. The effects of polymer concentration and temperature on the formation
of aggregates in polymer solutions have been addressed in several theoretical
studies [39—-45]. De Gennes elaborated a model [41] for the interpretation of the
association behavior in aqueous poly(ethylene oxide) solutions. In this model, the
concentration dependence of . is ascribed to attractive interactions leading to
stable clusters of n > 2 monomers (e.g., micelles) while binary monomer-monomer
interactions remain repulsive. This is a type of two-state model for associating
polymers, where a dynamic equilibrium between “clustered” and “non-clustered”
monomers is considered. This model predicts a situation at very poor thermody-
namic conditions, where a very dilute solution of individual polymer species
coexists with a dense polymer phase (i.e., aggregates). A scenario emerges where
increasing the polymer concentration reduces solvent quality, e.g., a solution of a
polymer in water at room temperature exhibits good solvent features at low polymer
concentration and poor solvent properties at high concentration. In a general
approach developed by Painter et al. [43] for polymer solutions, the concentration
dependence of y.t is attributed to the interplay between intrachain and interchain
contacts. In the framework of these models, the observed decrease of CP with rising
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polymer concentration can be attributed to more intense intermolecular association
at higher concentration, leading to a reduction of the cloud point temperature.

Dynamic light scattering

The normalized correlation functions at a scattering angle of 90° for 1 wt%
solutions of P(NIPAAM),, were recorded continuously at a heating rate of 0.2 °C/
min (the same rate as before) and they are displayed in Fig. 5 in the form of
semilogarithmic plots. Each measurement took 1 min and the temperature refers to
the mean temperature during an experiment. To take into account trivial changes of
the solvent viscosity with temperature, the correlation function data have been
plotted against the quantity ¢7/5. For the solutions of P(NIPAAM),; and
P(NIPAAM);, the decays of the correlation functions can initially be described
by a single exponential, followed at longer times by a stretched exponential (Eq. 1).
As can be seen from the inset plot in Fig. 6, the value of the amplitude of the fast
mode (Ay) decreases markedly with raising temperature for both polymer fractions.
This is because the size and number of the formed aggregates increase and the
impact of small entities on the decay of the correlation function is strongly reduced.
At this stage, the values of Ay is very low and it is not possible to extract the fast
relaxation mode, so we describe the decay of the correlation function by means of a
single stretched exponential.

@ Springer



Polym. Bull. (2009) 62:487-502 497

R, (nm)

25 30 35
Temperature (°C)

e a2

100 M T T T T T T T T T T T T T T
24 26 28 30 32 34 36 38 40

Temperature (°C)

Fig. 6 Temperature dependencies of the apparent hydrodynamic radii determined from the fast
relaxation time (Ry,¢) and the slow relaxation time (R) through the Stokes—Einstein relation for 1 wt%
solutions of P(NIPAAM),,. The inset plot shows the temperature influence on the amplitude of the fast
mode Af

For the P(NIPAAM),q¢ solutions, it is not feasible to extract the fast single
exponential decay at any temperature owing to the large aggregates that are formed
even at room temperature. Therefore, the decays of these correlation functions have
been portrayed with the aid of a single stretched exponential. At all conditions, the
relaxation modes are diffusive. The general feature in Fig. 5 is that the tail of the
correlation function is shifted toward longer times as the temperature increases,
which announces the temperature-induced growth of association complexes.

Figure 6 shows the temperature dependences of the hydrodynamic radii,
corresponding to the fast mode (R;¢) and the slow mode (Ry, ;) for 1 wt% solutions
of P(NIPAAM), with n =47, 71, and 106. The values of R,¢ are 2 nm for
P(NIPAAM)4; and 3 nm for P(NIPAAM),;, which reflects the size of single
molecules and/or small aggregates. This seems to support the conjecture of de
Gennes [41] about the dynamical equilibrium and coexistence of molecularly
dispersed molecules and aggregates. At high temperatures, an incipient compression
of the species is detected for the solution of PINIPAAM);; at the onset of interchain
association. This type of behavior has been reported [32, 46, 47] for copolymers of
various natures. This contraction is not observed for the solution of the PNIPAAM
with the shortest chains (n = 47), probably due to the lower flexibility of the chains.

The temperature dependence of Ry, extracted from the slow mode, displays a
different pattern of behavior for the population of the large clusters portrayed by this
mode. At low temperatures (weak hydrophobic interactions), there is no significant
difference in the size of the clusters because at low temperatures the aggregation
number is almost the same for the three samples, and since the molecular weight of
the PNIPAAM fractions is not very different (the size of the molecularly dispersed
molecules is not very different for the three samples) the clusters in the solutions
should be of almost the same size. The temperature-induced growth of the
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Table 1 Values of CP from

turbidimetry and values n From the deviation From turbidimetry Deviation
: y of Ry (°C) CP (°C) (%)
estimated from Ry, s data for -
1 wt% solutions of
P(NIPAAM), 47 37.2 36.9 0.8
71 34.1 322 5.6
106 31.0 31.2 0.6

See text for details

aggregates commences at a lower temperature with increasing molecular weight
of the sample. This is compatible with the trend observed from the turbidity
measurements, and this demonstrates that in dilute solutions the molecular weight
plays an important role for the phase transition behavior.

It is interesting to note that the temperatures determined from the incipient
deviation of Ry, ¢ from the baseline of the data at elevated temperatures are fairly
close to the values of CP estimated from the turbidity measurements (see Table 1).
This indicates that the growth of the clusters is a harbinger of phase transition
behavior.

Shear viscosity

The temperature-induced association behavior of solutions of PNIPAAM, probed by
turbidimetry and DLS, has revealed the formation of large complexes at elevated
temperatures under quiescent conditions. The growth of these aggregates is related
to the stability of these clusters. To gain insight into this matter, we have examined
the effect of shear flow on the aggregation process. Figure 7 shows the influence of
shear rate on the relative viscosity, M1 (Hret = M/Mwaters With Hyaer the solvent
viscosity at a given temperature) for 1 wt% solutions of P(INIPAAM),, (n = 47, 71
and 106) with the same heating rate as that used in DLS and turbidimetry. In the
solution of P(INIPAAM),, a strong upturn of the relative viscosity is registered at
the lowest shear rate (10 s~ ") for temperatures above 40 °C, whereas at higher shear
rates almost no effect of temperature on #, is found. This suggests that association
structures are formed at a low shear rate, whereas higher shear rates suppress the
buildup of aggregates. It should be noted that the aggregate growth temperature for
the viscosity is appreciably higher than that obtained from the DLS data at the
quiescent state (cf. Fig. 6). This indicates that the shear flow reduces the rate of
growth of aggregates.

It is well known that in systems of sticky species, shear flow bring polymer
molecules close to each other, faster than Brownian motion, and the formation of
aggregates can be accelerated [48]. This is called orthokinetic aggregation and
usually arises at low shear rates. At high shear rates, the growth rate of aggregates is
often depressed or even arrested, and giant clusters are disrupted under the influence
of strong shear stresses [49-51]. In a recent study [52] on aqueous solutions of a
high molecular weight PNIPAAM sample, a viscosity maximum was observed just
before the demixing temperature and the viscosity decreases strongly when the two
phase region is approached. The maximum was ascribed to network formation,
whereas the maximum in this work is attributed to evolution of aggregates. The
network was disrupted at higher shear rates.
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When the solutions of P(NIPAAM),, and P(NIPAAM),s are exposed to shear
stresses a different picture emerges. In this case, narrow transition peaks appear at
low shear rates for both samples. This feature suggests that the formation of large
complexes is favored in the earlier stage of the association process, but when the
aggregates are sufficiently huge the structures breakup under the influence of shear
flow. The reason why viscosity peaks are developed for the two higher molecular
weight PNIPAAM fractions but not for POINIPAAM),; is probably that stronger
association complexes are formed in these cases because of the higher intensity of
the hydrophobic interactions. At high shear rate, no transition peak is evolved since
the growth of large aggregates is repressed.

A comparison of the effect of temperature on the relative viscosity for 1 wt%
solutions of the studied PNIPAAM fractions at a fixed shear rate of 50 s™' is
depicted in Fig. 7d. For the solution of the lowest molecular weight (P(NIP-
AAM),4;), the relative viscosity is virtually unaffected by temperature in the
considered temperature domain. For the solutions of P(NIPAAM),;; and
P(NIPAAM), (s, transition peaks appear but the peak is located at a lower
temperature and more pronounced for the solution with the polymer of the
highest molecular weight. This difference in behavior between the samples can
directly be traced to the augmented intensity of the hydrophobic interactions for
the polymer with the longest polymer chains and the highest number of
hydrophobic segments.
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Conclusions

The results from this work have clearly demonstrated that the value of the cloud
point for aqueous solutions of rather monodisperse low molecular weight poly(N-
isopropylacrylamide) samples is considerably affected by both the molecular weight
and the polymer concentration. Longer polymer chains and higher concentration,
both depress the value of the cloud point. At polymer concentrations approaching
the semidilute regime, the molecular weight dependence of the CP gradually
disappears.

The DLS results divulge two populations of species—molecularly dispersed
entities and association structures. The temperature-growth of the aggregates is
portrayed by the slow mode, and the transition starts at a lower temperature with
increasing molecular weight of the polymer and it becomes more prominent for the
longer polymer chains. The temperatures for the onset of the growth of the
aggregates for the different molecular weights are fairly close to the corresponding
values of CP determined from the turbidity measurements.

The shear viscosity experiments show that for the PNIPAAM sample with the
lowest molecular weight, the tendency of forming aggregates at elevated
temperatures is suppressed at all the shear rates, except at the lowest shear rate
where large association complexes are developed at high temperatures. For the
solutions of the higher two molecular weights, marked transition peaks are evolved
at moderate shear rates and virtually no association complexes are formed at high
shear rates. These findings can be rationalized in terms of more intensive
hydrophobic interactions at elevated temperatures for the longer polymer chains that
are more hydrophobic. The results from this work can provide vital information in
the design of new thermoresponsive block copolymers that can be modulated to
self-assembly at specific temperatures.
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