Macromolecules 2001, 34, 8503—8511

Telechelic Poly(N-isopropylacrylamide): Polymerization and Chain
Aggregation in Solution

Dennis W. Smithenry,” Mun-Sik Kang,* and Vinay K. Gupta*+#

Departments of Chemistry and Chemical Engineering, University of Illinois, Urbana—Champaign,
600 S. Mathews Avenue, Urbana, Illinois 61801

Received May 4, 2001; Revised Manuscript Received August 24, 2001

ABSTRACT: The synthesis of telechelic poly(N-isopropylacrylamide) (PNIPAM) with carboxylic acid
termini was accomplished using the primary radical termination mechanism. Polymers with molecular
weight (My) ranging from 32 to 5 kDa could be prepared by changing the monomer-to-initiator ratio and
the time of polymerization. Modeling of the polymerization by a simple kinetic model based on radical
initiation, propagation, and primary radical termination by initiator was performed. Prediction of the
molecular weights by this model showed good agreement with the experimentally observed values.
Characterization of the polymer revealed a complex aggregation phenomena in DMF solutions at
temperatures of 60—70 °C. For samples with M, between 8.3 and 12.2 kDa the presence of nanometer
size aggregates was evident in the elution chromatogram, and the laser light scattered at right angles.
It was found that the aggregation appeared at a polymer concentration that was far below the overlap
concentration of the polymer chains, and the aggregates could not be broken up by either dilution of the
solutions or addition of lithium bromide to DMF. The solvent was found to play a role, and aggregation
was observed in another polar solvent such as N-methylpyrollidone but not in a nonpolar solvent such as
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tetrahydrofuran.

Introduction

Stimuli-sensitive polymers that respond to external
fields such as pH, temperature, and light are of great
interest for active control of properties of surfaces and
solutions. In this arena, poly(N-isopropylacrylamide)
(PNIPAM) has been the focus of significant attention
because of its thermoresponsive properties.l™* Past
studies have demonstrated that aqueous solutions of
PNIPAM exhibit a lower critical solution temperature
(LCST) around 32 °C.5 Dehydration of polymer chains
upon heating causes a coil-to-globule transition and
produces thermoreversible phase separation in solutions
and changes in the hydrophilic nature of surfaces
modified with PNIPAM.* Recent studies have exploited
these phenomena for applications in drug delivery,®
separations,?”~9 energy transduction,© and catalysis.!!

In the context of a larger research framework we have
focused on the synthesis of telechelic PNIPAM, its
properties, and its uses in bulk solutions and on sur-
faces. Telechelics carry functional groups at both ends
of the polymer chain and are immensely useful in
industry as precursors for block, graft, and cross-linked
polymers.12 Associating telechelic polymers are of tech-
nological importance in viscosity modification, cosmet-
ics, water treatment, and oil recovery.’® Past studies
have also reported diverse uses of telechelics in peptide
synthesis, enzyme modification, and binders for solid
rocket propellant.’4 Consequently, a variety of synthetic
approaches have been investigated for preparing telech-
elics with different functionalities and a controlled
molecular weight distribution.’215 In the case of
PNIPAM, Takei and co-workers®16 recently showed that
free radical oligomerization with a chain transfer agent
such as mercaptopropionic acid can be used to prepare
semi-telechelic binders for PNIPAM oligomers that
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Figure 1. Schematic of the synthesis of telechelic PNIPAM.

possesses carboxylic acid functionality on one end of the
polymer chain. The semi-telechelic PNIPAM then en-
ables the introduction of temperature responsive func-
tions to biomolecules such as enzyme, antigens, anti-
bodies, and nucleotides by facile conjugation to the
biomolecules via the carboxylic acid end group.389.16.17

In this paper we report the synthesis and character-
ization of telechelic PNIPAM wherein the polymer chain
possesses carboxylic acid groups on both ends. We show
that a telechelic structure for PNIPAM can be obtained
by using a synthetic approach (Figure 1) that relies on
primary radical termination mechanism.1® We demon-
strate that the molecular weight of the telechelic
PNIPAM can be manipulated by changing the relative
ratio of the monomer to the initiator and discuss the
kinetics of polymerization by comparing experimental
results with the predictions of a simple model. Charac-
terization of the telechelic PNIPAM using right angle
light scattering, viscometry, and size-exclusion chroma-
tography reveals an anomalous aggregation phenomena
in dimethylformamide (DMF).

Experimental Section

Chemicals. All reagents, unless otherwise noted, were
purchased from Aldrich Chemicals (Milwaukee, W1) and used
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without further purification. 4,4'-Azobis(4-cyanovaleric acid)
initiator (ACVA) used in this study was purchased from Fluka
Chemical Corp. (Milwaukee, WI) and used as received. The
solvents used in this study—hexane, acetonitrile, and DMF
(Fisher)—were of reagent grade. Purified water was from an
EasyPure UV system (Barnstead, IA).

Preparation of Telechelic Poly(isopropylacrylamide).
N-Isopropylacrylamide (NIPAM) monomer was recrystallized
in hexane, and a 0.25 M solution of NIPAM in acetonitrile was
used for all reactions. The volume of acetonitrile that was used
varied from 56.4 to 177 mL over the different polymerization
reactions reported in this paper. The NIPAM solution was
placed in a 250 mL three-necked round-bottom flask and
bubbled with nitrogen for 30 min. The flask was then placed
in an oil bath heated to 82 £ 2 °C for at least 10 min.
Subsequently, solid ACVA initiator was quickly added to the
flask starting the reaction time. The ratio of initiator to
monomer (P = 100[1]o/[M]o) was varied from 1 to 9%, and the
reaction time (txn) was varied from 1 to 4 h (see Results and
Discussion). After polymerization was completed the flask was
removed from the heated oil bath.

The clear reaction mixture contained PNIPAM, unreacted
NIPAM monomer, and ACVA in acetonitrile. The solvent was
removed by vacuum evaporation and by heating to 45—50 °C.
The separated solid was subsequently dissolved in a minimum
amount of pure water. Typically a 4—5 wt % solution was found
to fully dissolve under extensive cooling (~0 °C). The aqueous
solution was dialyzed in flowing water for 1—3 days to remove
the low-molecular-weight monomer and ACVA impurities. All
but one sample were dialyzed using a Spectra/Por membrane
with a molecular weight cutoff (MWCO) of 1000. A snakeskin
membrane (Pierce Chemicals, Rockford, IL) with MWCO =
3500 was used for the sample where P = 1% and T =1 h.

Following dialysis, the solution was transferred to centrifuge
tubes and heated to 50 °C for 10 min. A white precipitate was
observed to form immediately upon heating. The samples were
centrifuged for 1 h at 9000 rpm at a temperature of 38 °C.
The solid precipitate was collected and dried in a vacuum oven
at a temperature of 60 °C for 24 h or more to remove any
remaining water.

Characterization of PNIPAM. Molecular weight and
intrinsic viscosity ([»#]) characterization was performed on a
Viscotek model 300 triple detector array (TDA). The column
was calibrated with narrow polystyrene standards ranging
from 1 to 1850 kDa. DMF with 0.05 M LiBr at 60 °C served
as the mobile phase. A 0.2 um filter was used to filter the
solutions prior to injection in the column. In the TDA system,
signals are measured in tandem from a refractometer (RI) to
estimate mass concentration, a photodetector to estimate
intensity of laser light scattered at 90° (RALLS), and a four-
capillary viscometer to estimate the viscosity (VISC). The SEC®
method?®® uses these three signals to determine My, My, [1],
and Ry. Details and evaluation of the triple detector method
are available in the literature.!®20

To measure the concentration of acid groups per PNIPAM
chain, the polymer was analyzed via titration. A known mass
of PNIPAM was diluted in approximately 15 mL of water and
titrated with 0.0144 M NaOH. The pH measurements were
carried out with a benchtop pH meter (model 59003-10, Cole
Palmer, IL). Cloud point measurements were performed for
0.5 wt % aqueous solutions of the various PNIPAM products
using a right-angle light scattering turbidometer (model
DT1000, HF Instruments, Inc.). The solution’s temperature
was controlled via a water-circulated custom cell holder. The
turbidity of the solution was measured as the temperature was
increased in ~1 °C steps. At each step, the temperature was
stabilized for 10 min before measurement of turbidity.

Results and Discussion

Polymerization and Structural Characteriza-
tion. To characterize the structure of the telechelic
PNIPAM and to compare the experimental results with
a kinetic model of the polymerization, molecular weight
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Table 1. Molecular Weight Characteristics of Telechelic
PNIPAM

Cln], deg
PNIPAM P Txn  Mp? My2 of chain

sample  (100[l;]o/[M]o) (h) (kDa) (kDa) Rcoon overlap

P1T1 1 1 323 577 2.8 0.08
P1T4 1 4 217 36.6 2.0 0.06
P3T1 3 1 10.5 20.5 2.5 0.02
P3T4 3 4 7.8 175 2.2 0.01
P5T1 5 1 12.2 198 2.6 0.01
P5T2 5 2 6.8 16.5 1.9 0.01
P5T3 5 3 6.7 153 2.3 0.01
P5T4 5 4 51 144 1.8 0.01
POT1 9 1 83 165 1.8 0.01
POT4 9 4 6.5 13.9 2.1 0.02

8 Mark—Houwink parameters in [#] = KM?2 where log Kps =
—3.5637, aps = 0.599, |0g Kpnipam = —4.78 + 0.51, and APNIPAM =
0.79 + 0.11.

measurements for the PNIPAM were carried out on a
gel chromatography column equipped with three detec-
tors. The values of M,, and M,, estimated by the SEC?
method indicated that the samples had low polydisper-
sity (<1.5), which was inconsistent with the width of
the RI chromatogram and the polydispersity in apparent
molecular weights determined from ordinary SEC cal-
culation. The lower polydispersity from SEC® was,
plausibly, a result of higher estimates of M,,. The RALLS
signal, which is proportional to the product of concen-
tration and molecular weight, underestimated the con-
tribution of low-molecular-weight species. This problem
in light scattering signal was also exacerbated by the
small optical contrast between PNIPAM and DMF.

Molecular weights M, and My, (Table 1) were, there-
fore, obtained from the polystyrene equivalent apparent
molecular weight by using Mark—Houwink parameters
(K, a) that were determined from viscometric data for
both PS and PNIPAM in DMF at 60 °C. Several trends
can be observed in M, and M,, (Table 1) as the ratio of
initiator-to-monomer concentration (P = 100[l2]o/[M]o)
and reaction time for the polymerization were changed.
Qualitatively, a high initiator concentration was ex-
pected to lead to an increase in the amount of termina-
tion of growing polymer chains and result in shorter
chains. The data in Table 1 show that both M,, and My,
decreased as the initiator concentration increased from
1% to 9%. Both M, and M, also decreased with an
increase in reaction time. Qualitatively, this can be
interpreted in terms of less monomer becoming avail-
able for polymerization and thereby leading to shorter
polymer chains. The polydispersity index of all the
dialyzed samples was relatively constant, implying that
a similar range of polymer chain lengths was produced
as the polymerization progressed. The phase separation
behavior of the polymer in aqueous solutions at the
LCST was characterized by cloud point measurements.
While cloud point measurements do not represent the
most precise determination of LCST, past studies have
found that the cloud point correlates quite well with the
LCST.# All the polymers in Table 1 showed a cloud point
between 29 and 31 °C. Even though the materials were
not monodisperse, a slight molecular weight dependence
could be discerned, and the samples with the highest
molecular weight generally exhibited a rise in the
turbidometer signal between 29 and 30 °C. This trend
is consistent with past studies of LCST wherein it has
been reported that LCST decreases with increase in
molecular weight.?!
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To determine whether the PNIPAM had a telechelic
structure, a standard titration was performed on each
sample to assess the number of carboxylic acid end
groups introduced by ACVA during initiation and
termination of the polymer chain. The carboxylic acid
per chain (Rcoon) ratio (Table 1) averaged over all
samples was 2.2 + 0.3. Several factors contribute to the
variance in Rcoon. The ratio Reoon is affected by errors
in determination of M, especially for low-molecular-
weight samples and the presence of semi-telechelic
polymer chains that did not undergo termination by the
PRT. Even though we dialyzed the samples for a long
time, it is plausible that traces of unreacted ACVA were
trapped in the polymer and influenced the titration.??
However, the average carboxylic acid ratio value close
to 2 suggests that the majority of polymer chains in each
sample possess a telechelic structure.

To simulate the polymerization, we used a simple
kinetic model based on decomposition of the initiator
into radicals, initiation of polymer chains by the radi-
cals, propagation of chains by addition of monomer, and
termination by initiator radicals.?® Under assumptions
of equal reactivity regardless of size of propagating
radicals, negligible chain transfer to the solvent, and
steady state for the concentration of free radicals in the
system, it has been shown?* that primary radical
termination leads to a rate of polymerization that is

diM(®)]

Rp dt =—k on[M(t)]

where kpoy is a polymerization rate constant. The
change in monomer concentration as a function of time
is then

1 1

M@ M, ot

Combining above with a first-order decomposition of the
initiator gives the average kinetic chain length

Kooy [M(D]?
i 2ka[|2]o exp(—kpt)

Rp
DP(t) = — R

where kp is the ACVA decomposition rate constant. If
P = 100[l;]o/[M], is the percentage ratio of initiator to
monomer added at the beginning of the polymerization
reaction, then

5Okpoly['\/l]o
kaP(l + kpoly[M]Ot) EXp(—th)

DP(t) =

Here f is the fraction of the initiator radicals produced
that initiate polymerization.

To perform a kinetic simulation of the polymerization,
estimates of kp, Kpoy, and f were required. The rate
constants kq and kyoy Were measured by monitoring the
concentration of initiator and monomer during polym-
erization using UV/vis absorption and 'H NMR, respec-
tively. The initiator was found to follow first-order
kinetics while the polymerization of the monomer fol-
lowed second-order kinetics, which are consistent with
the simple model discussed above. At 82 °C, we deter-
mined kp to be 1.15 x 1074 s7! and kpoy to be 2.59 x
103M st

The typical range for the initiator efficiency at dif-
ferent initiator concentration and reaction time was
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Figure 2. Calculated M, and M,, as a function of polymeri-
zation time for two different ratios of initiator-to-monomer
concentration.

Table 2. Comparison between Experimental and
Predicted Molecular Weights

PNIPAM Mn My Mn,predict Mw,predict
sample (kDa) (kDa) f (kDa) (kDa)
P1T1 323 57.7 0.36 36.3 49.4
P1T4 21.7 36.6 0.29 19.7 40.2
P3T1 10.5 20.5 0.37 12.1 16.5
P3T4 7.8 17.5 0.27 6.6 134
P5T1 12.2 19.8 0.19 10.6 14.4
P5T2 6.8 16.5 0.24 7.5 12.7
P5T3 6.7 15.3 0.21 6.3 12.0
P5T4 5.1 14.4 0.25 5.7 11.7
PIT1 8.3 16.5 0.16 9.9 135
P9T4 6.5 13.9 0.11 5.4 11.0

estimated by the ratio of the number of chains produced
to the total amount of initiator radicals.

[M®D/M,
exp(—kpt))

_113([M], —
261 -

Table 2 shows the calculated values of f for each
PNIPAM sample based on the experimentally measured
M. The calculated efficiency factors in Table 2 fall
between 0.1 and 0.8 and are consistent with past studies
for free-radical polymerization.?> In general, the calcu-
lated f is inversely dependent upon the initial ACVA
concentration; a slight effect of the time of reaction on
f is also observed. The true value of f should be higher
than values reported in Table 2 as the experimental
estimates of M, in Table 1 are high due to two reasons.
First, the low sensitivity of the LS detector for short
chains leads to a poorer estimation of M—H parameters
for low molecular weights. Second, the samples in Table
1 have been dialyzed, and therefore, chains shorter than
the molecular weight cutoff of the membrane do not
contribute to the M.

The Kinetic model was used to simulate the polym-
erization and to calculate M, and My, as a function of
initiator concentration. For the kinetic calculations at
each initiator concentration, an average f was used
based on the values in Table 2.6 Figure 2 shows the
change in the calculated M, and M, as polymerization
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Figure 3. (a) Chromatogram of the refractive index (RI) detector signal for PNIPAM samples obtained after 1 h of polymerization.
Total concentration of the samples injected in the column are 13.6 mg/mL (P1T1), 6.1 mg/mL (P3T1), 4.4 mg/mL (P5T1), and 5.4
mg/mL (P9T1). (b) Chromatogram of the refractive index (RI) detector signal for PNIPAM samples obtained after 4 h of
polymerization. Total concentration of the samples injected in the column are 13.1 mg/mL (P1T4), 5.2 mg/mL (P3T4), 5.5 mg/mL
(P5T4), and 9.0 mg/mL (P9T4). (c) Chromatogram of the refractive index (RI) detector signal for P5 samples after different
polymerization times. Total concentration of the samples injected in the column are 4.4 mg/mL (P5T1), 4.7 mg/mL (P5T2), 5.2

mg/mL (P5T3), and 5.5 mg/mL (P5T4).

proceeds for two different initial ACVA concentrations.
The kinetic model correctly predicts the trends for M,
and My, with reaction time and initiator concentration.
The predicted values for M, and M,, that correspond to
the experiments are shown in Table 2. Quantitatively,
the average percent error between predicted and ex-
perimental values is lower for My (~13%) and higher
for My, (~19%) and is only slightly higher than the
uncertainty in measurements of molecular weights.?’
The simple kinetic model, therefore, predicts M,, and
M., reasonably well.

Aggregation in Solution. Figure 3a shows the RI
signal, which is proportional to mass concentration, for
PNIPAM samples obtained after 1 h of polymerization
(P1T1, P3T1, P5T1, POT1). Except for the higher mo-
lecular weight material P1T1 all other samples exhib-
ited two peaks: peak 1 at high retention times (~22

min) and peak 2 at short retention times (~18—19 min).
The presence and location of peak 2 in the Rl chromato-
gram indicates that the peak is due to either a fraction
of very long chains giving a bimodal distribution or some
kind of intermolecular association that leads to forma-
tion of aggregates which elute the column at short times.

Figure 3b shows the RI signals for the PNIPAM
prepared using the same initiator concentration as
shown in Figure 3a but after 4 h of polymerization
(P1T4, P3T4, P5T4, P9T4). In this case none of the
elution chromatograms show a second peak at low
retention time. Figure 3c shows the elution chromato-
gram for P5 series of material wherein samples were
withdrawn from the reaction mixture at four different
times during the course of the reaction, purified, and
then characterized. Interestingly, the RI signal for
sample P5T1 obtained after 1 h shows two peaks that
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are comparable in magnitude. However, the relative
magnitude of peak 2 at short retention times decreases
sharply for samples withdrawn at later stages in the
polymerization. Peak 1 shifts slightly to higher retention
times, which indicates the change in molecular weight
distribution as shorter chains are produced.

Results in Figure 3b,c indicate that peak 2 in the RI
signals is not due to a bimodal distribution of polymer
chain lengths. Because a high molecular weight fraction
cannot disappear during late stages of polymerization,28
the presence of a peak indicates the presence of ag-
gregates of polymer chains.?® Surprisingly, the aggrega-
tion occurs in DMF even though it is a good solvent for
poly(N-isopropylacrylamide) as indicated by the Mark—
Houwink exponent of a ~ 0.79. The aggregates are
observed at a fairly high temperature (60 °C) and at
concentrations much lower than the overlap concentra-
tion (C[y] < 1; Table 1) of the polymer chains. Estima-
tion of the peak areas shows that the aggregated
fraction is 30—35% in both P5T1 and P9T1 but only ~3—
5% in P3T1.

Figure 3a shows that the retention time for peak 2 is
quite similar in the different samples. Because the
retention time depends on the hydrodynamic volume ([#]-
M) of the eluting species, this suggests that the ag-
gregated structures possess similar size. By using the
Einstein—Simha equation and the polystyrene calibra-
tion for [#]M, we estimated a sphere-equivalent hydro-
dynamic radius (Rp) for the different samples. The
maximum of peak 2 in Figure 3a corresponds to Ry ~
18 nm for P3T1 and Ry ~ 11—12 nm for P5T1 and P9T1.
In contrast, the maximum of peak 1 for these three
samples corresponds to Ry ~ 2.2—2.5 nm, which indi-
cates that the aggregates are 5—7 times larger in size
than the polymeric chains. Using the intrinsic viscosity
measurement, the ratio Mpeak2/Mpeat is approximately
30 for P3T1 and approximately 10—15 for P5T1 and
POT1.

We can also analyze the RALLS signal (Rg°) for the
samples shown in Figure 3 where Rg® = KCM,, is
proportional to molecular (M,,) weight of the eluting
species and its mass concentration (C). The RALLS
signals for the samples obtained after 1 and 4 h of
polymerization are shown in parts a and b of Figure 4,
respectively. Figure 4c shows the RALLS signals for the
series of PNIPAM-P5 samples that were withdrawn at
different times during polymerization. All samples that
showed the presence of a peak at short retention times
(~18—19 min) in the RI signal (Figure 3a) also showed
a sharp peak in the RALLS signal (Figure 4a). In fact,
the relative magnitude of the Rl and RALLS signal for
the two peaks in samples P5T1 and P9T1 indicates the
disparity in molecular weights of the species that
correspond to these two peaks. By using the peak
maximum in the RI signal and the LS signal, the ratio
Mpeak2/Mpeak1 IS approximately 28 for P3T1 and ap-
proximately 12—20 for P5T1 and P9T1, which agrees
well with the estimates from the intrinsic viscosity and
RI signal chromatogram.

For samples obtained after 4 h of polymerization, the
RALLS signals (Figure 4b) show small secondary peaks
at short retention times even though the corresponding
RI signal in Figure 3b did not indicate any multiple
peaks. These peaks in RALLS signal suggest traces of
aggregated structures that are sometimes even larger
(e.g., for sample P9T4) than those observed in Figure
4a. As in the case of RI signal (cf Figure 3c), Figure 4c
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shows that the RALLS signal corresponding to peak 2
for P5T1 also drops sharply as the polymerization time
exceeds 1 h, which suggests once again the disappear-
ance of the aggregation phenomena.

Our attempts to break up the aggregation were
unsuccessful. Figure 5a shows the RI signals of the
sample P9T1 in DMF when it was diluted 10-fold in
concentration from 11.5 to 1.3 mg/mL. In all cases, the
chromatogram showed the presence of peak 2 at the
same retention time, ~19 min. The ratio of areas of peak
1 to peak 2 was constant, indicating that the weight
fraction of the aggregated material in the solution does
not change. There was no shift in the retention time,
which indicates that the hydrodynamic volume of the
aggregates does not change appreciably. Interestingly,
in the dilution runs the sample with a concentration of
11.5 mg/mL showed a third peak at ~15 min in the
RALLS signal that was reminiscent of the peak in
sample P9T4 (cf. Figure 4b). Like P9T4, the RI signal
indicated that the moieties giving rise to this peak were
present in trace concentration. To test whether polar
interactions were at play in the intermolecular associa-
tion, the concentration of the salt LiBr was increased
4-fold to 0.2 M, but no effect was observed in the
chromatogram. Preheating the sample to 45 °C prior to
injection in the chromatographic column or performing
the chromatography at 70 °C (Figure 6) also did not
disrupt the aggregation.

To obtain insight into the aggregation phenomena,
three results can be considered. First, as shown in
Figure 3, the phenomenon largely disappeared for
samples produced with reaction times greater than 1
h. This observation suggests that short polymer chains
that are produced as the polymerization proceeds do not
show significant aggregation. Second, we analyzed the
PNIPAM in the aqueous supernatant obtained from
centrifuging during the PNIPAM purification procedure.
A sample P5T1-sup was recovered from the supernatant
solution of sample P5T1 by evaporation of water. Figure
5b shows a comparison between the RI signals of the
two samples. The molecular weight of P5T1-sup is
smaller than P5T1 as evident by the shift to higher
retention time. Molecular weight analysis showed that
the polymer from the supernatant solution had M, ~
6.6 kDa and M,, ~ 11.3 kDa. More importantly, no sign
of aggregation was observed for P5T1-sup. This differ-
ence also indicates that very low molecular weight
species in the polymer mixture do not participate in
aggregation. Finally, even though the P1T1 sample was
obtained after reaction for 1 h, aggregation was largely
absent from its RI signals (cf. Figure 3a). Its molecular
weight of M,, ~ 32.3 kDa is substantially higher than
the other samples that were obtained after a polymer-
ization time of 1 h and that exhibited multiple peaks in
their chromatogram. This result suggests that polymer
chains lying in an intermediate molecular weight range
are susceptible to intermolecular association. Among the
samples in this study, the polymers with M, between
approximately 8.3 and 12.2 kDa exhibited aggregation
(Figure 3).

What Causes Aggregation? Complex aggregation
behavior of another water-soluble polymer, poly(ethyl-
ene oxide), in good solvents such as methanol, acetoni-
trile, chloroform, etc., has been reported and has been
a subject of controversy.3° Past researchers have specu-
lated that the aggregation of PEO is a result of residual
water in the solutions or hydrogen-bonding interactions.
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Figure 4. (a) Light scattering (LS) detector signal for PNIPAM samples obtained after 1 h of polymerization. (b) Light scattering
(LS) detector signal for PNIPAM samples obtained after 4 h of polymerization. (c) Light scattering (LS) detector signal for P5

samples after different polymerization times.

Recent results by Duval and co-workers3! support
neither these speculations nor the aggregation due to
impurities. Duval et al. suggest that PEO aggregates
are a result of the history of preparation of the sample
and that exposure of PEO to water at high temperatures
greater than 89 °C but lower than the critical solution
temperature (~102 °C) of PEO correlates with the
observation of irreversible aggregation. In contrast to
PEO, all samples of the telechelic PNIPAM studied here
possess similar history in terms of the purification
procedure, and yet only some samples show aggregation.
Furthermore, aqueous solutions of PNIPAM are heated
to 50—60 °C, which is above the LCST. The sample
P5T1-sup that was recovered after evaporation of water
also did not show aggregation. Because of these reasons,
we believe that it is neither the history nor the drying
after exposure to hot water that accounts for the
presence of aggregation reported here.

Past studies on block copolymers (BCPs) have re-
ported aggregation in dilute aqueous or organic solu-

tions when the solvent is selective toward one block.32:33
In the case of telomers, numerous studies have reported
aggregation of hydrophobically modified polymers (HMPs)
in agqueous solutions.133435 Aggregation of telechelic
polymers in organic solutions has been observed only
for polymers with ionic chain ends.3637 In all of these
systems the classical picture of aggregation is one
wherein the polymers form a micellar core of either
hydrophobic alkyl chain ends (for HMPs) or one block
of a copolymer (for BCPs). The core is protected by a
shell of long, water-soluble chains or solvated blocks of
BCPs.32:35:38 The aggregation observed for the telechelic
PNIPAM differs in several ways from these past studies,
which makes direct analogy difficult. First, the carboxy-
lic acid groups in the PNIPAM are not ionized. Second,
high dielectric solvents such as DMF (¢ ~ 36.7) and
elevated temperatures do not favor intermolecular as-
sociation.3”3% Third, while past studies3637 have sug-
gested that the aggregation decreases with increase in
molecular weight, an intermediate range of molecular
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Figure 5. (a) Chromatogram of the refractive index (RI)
detector signal for P9T1 sample illustrating the effect of bulk
concentration. (b) Comparison of refractive index (RI) detector
signal for P5T1 and the polymer recovered from the superna-
tant solution PNIPAM-P5T1-sup. See text for discussion.

weight for aggregation has not been observed. Fourth,
in past reports the solvent either was nonselective for
one of the polymer blocks or had unfavorable interac-
tions with the chain ends in HMPs. In contrast, DMF
is a good solvent for PNIPAM.

One characteristic of DMF that can underlie the
interchain association is its hydrogen bond acceptor
capability, which can lead to hydrogen bonds with
carboxylic acid groups.® To test whether this charac-
teristic is indeed important, the telechelic PNIPAM was
studied in two other solvent systems using two different
triple detector systems. Figure 6 shows the comparison
of the RI chromatogram for P9T1 sample in DMF with
the chromatogram in N-methylpyrollidone (NMP) and
tetrahydofuran (THF). Like DMF, aggregation was also
observed in the polar solvent NMP. As indicated by the
areas of the peaks in Figure 6, the proportion of
aggregates appears to change and there is a decrease
in the fraction of aggregates. Interestingly, in THF no
evidence of aggregation was observed. These results
suggest that polar interactions are not the primary force
driving aggregation as the polymers would be most
susceptible to aggregation in the nonpolar THF (¢ =
7.58) and not in the more polar NMP (e = 32.2) or DMF
(e = 36.7). The chemical structures of the solvents
indicate that differences exist in electron pair donor
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Figure 6. Chromatograms of the refractive index (RI) detector
signal for P9T1 sample in DMF at 60 and 70 °C, NMP at 65
°C, and THF at 25 °C. The chemical structure of the solvents
is shown in the inset.

ability (Lewis basicity) and the electron pair acceptor
ability (Lewis acidity) of the three solvents. One common
method to characterize these donor and acceptor capa-
bilities relies on the Gutmann donor number (Dy) and
acceptor number (An), respectively.*! Indeed, THF has
lower basicity and acidity (Dy = 20, Ay = 8) compared
to those of DMF (Dn = 26.6, Ay = 16), and comparison
of the aggregation phenomenon for the telechelic
PNIPAM also reveals that the aggregation is absent in
THF and highest in DMF. For NMP, which has inter-
mediate values of Dy = 17 and Ay = 13.3, the degree of
aggregation observed is larger than THF but lower than
DMF. Thus, the effect of the solvent on the aggregation
phenomenon indicates some type of solvent-mediated
intermolecular association between the polymeric chains.
However, the exact nature of this intermolecular inter-
action and the role of molecular weight of PNIPAM are
unclear at this point and are the subject of our continu-
ing investigation.

Conclusions

In conclusion, we have demonstrated the synthesis
of telechelic poly(N-isopropylacrylamide) (PNIPAM)
with carboxylic acid. Control over the molecular weight
characteristics was possible by changing the monomer-
to-initiator ratio and the time of polymerization. We
interpreted the polymerization using a simple Kinetic
model based on decomposition of the initiator into
radicals followed by initiation, propagation, and primary
radical termination by initiator. Prediction of the mo-
lecular weights by this Kkinetic model showed good
agreement with the experimentally observed values.
Characterization of the polymer showed a complex
aggregation phenomena in DMF solutions. For samples
with My, between 8.3 and 12.2 kDa the presence of large
aggregates was evident in the elution chromatogram
and the laser light scattering at 90°. The aggregation
was irreversible, and neither dilution of the polymer nor
addition of salt reduced reversed the association. The
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aggregation phenomenon was also observed in another
polar solvent (NMP) but not in THF, indicating that
solvent molecules play a role in mediating the aggrega-
tion. The exact nature of the intermolecular association
and the role of the molecular weight remain to be
elucidated.
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