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ABSTRACT: The LCST transitions of nové\l-isopropylacrylamide (NIPAM) star polymers, prepared using

the four-armed RAFT agent pentaerythritoltetrakisghénzyltrithiocarbonyl)propionate) (PTBTP) and their
hydrolyzed linear arms were studied usityNMR, PFG-NMR, and DLS. The aim was to determine the effect

of polymer architecture and the presence of end groups derived from RAFT agents on the LCST. The LCST
transitions of star PNIPAM were significantly depressed by the presence of the hydrophobic star core and possibly
the benzyl end groups. The effect was molecular weight dependent and diminished once the number of repeating
units per arme70. The linear PNIPAM exhibited an LCST of 3&, regardless of molecular weight; the presence

of both hydrophilic and hydrophobic end groups after hydrolysis from the star core was suggested to cancel
effects on the LCST. A significant decreaseRn was observed below the LCST for star and linear PNIPAM

and was attributed to the formationmtlusters. Application of a scaling law to the linear PNIPAM data indicated

the cluster sizen = 6. Tethering to the hydrophobic star core appeared to inhigiuster formation in the

lowest molecular weight stars; this may be due to enhanced stretching of the polymer chains, or the presence of
larger numbers ofi-clusters at temperatures below those measured.

Introduction tend to increase it by promoting polymesolvent interac-
tions18221.22 The influence is generally molecular weight
dependent and diminishes with increasing chain length. Schilli
et al. have studied the effect of RAFT agent end groups on the
LCST of linear PNIPAM? The RAFT agent used was benzyl
1-pyrrolecarbodithioate, so one end of the chain contained a
benzyl group and the other a pyrrole dithioester group. They
found the LCST decreased almost linearly with increasing
reciprocal molecular weight. The cloud point of the linear
PNIPAM used in their study approached 32 at a molecular
weight of =20 000 g/mol. A similar trend was observed by Xia
et al. for linear PNIPAM containing groups of varying hydro-

Aqueous solutions of poli-isopropylacrylamide) (PNIPAM)
exhibit a lower critical solution temperature (LCST) transition
at 32°C; above this temperature, the solubility of the polymer
is vastly reduced.The LCST is considered to be due to a
balance of hydrogen bonding and hydrophobic interactions
influencing polymer-solvent and polymerpolymer interac-
tions! The LCST behavior of aqueous PNIPAM solutions has
been widely studied; the presence of comonomers, cross-linking,
grafting, end groups, and the addition of cosolutes all affect
the phase transition of PNIPARMS The thermoresponsive
behavior of PNIPAM has applications in fields such as surface - .
modificatiorf and drug delivery.® Research in polymer physics phob|c_|ty prepared using ATRP. To date, howgver, _the
aims to provide deeper understanding of the LCST phenomenonbehav'or of PNIPAM star polymers has not been investigated.
and the factors influencing ¥#-12 The LCST transition can be The behavior of PNIPAM chains grafted to surfaces has also
studied using a variety of analytical methods includitd been intensively studied. The effect of tethering a PNIPAM
NMR,13 PFG-NMR14 dynamic light scattering (DLSY16 chain to a surface (planar or spherical) is to change the phase
fluorescencé’ differential scanning calorimetd$, and cloud  transition behavior in subtle ways, depending on the curvature
point determination using UVvis spectrophotometry3 of the surface and grafting densi42*2¢ The study of

Many earlier studies employed PNIPAM prepared using Polymer chains tethered at one end to a curved surface includes
traditional free radical polymerization, and therefore, the Systems such as chains grafted to small colloidal particles, the
polymers were highly polydisperse. High polydispersity is corona of polymeric micelles, and the arms of star and comb
undesirable because the LCST has been reported to be chaiffolymers:” A number of theoretical models and simulations
length dependeft'®in some cases, and independent of chain have been developed to explain the changed behavior of grafted
length in other? so the varying results may be influenced by ~chains compared with free chains in solutiéR*2°
polydispersity. The advent of living polymerization, especially A study of the combined influence of tethering PNIPAM
RAFT, has allowed the synthesis of linear PNIPAM of low chains to the star RAFT agent core (Z group), and the presence
polydispersity?°16-2lHowever, a factor to be considered is that of the end group (R group) on LCST behavior of PNIPAM stars
end groups will be present from initiators or RAFT agents with is of interest for a number of reasons. The effect of tethering
living polymerization methods and will either depress or elevate PNIPAM to the star core is expected to produce a similar effect
the LCST depending on their nature. A number of studies have to grafting to a spherical surface of minimum rad¥ithe LCST
focused on the influence of hydrophobic and hydrophilic end behavior may therefore be expected to change, and it may be
groups or copolymers on the LCST behavior of linear PNIPAM, possible to explain the changed behavior using an existing
and generally, hydrophobic groups tend to lower the LCST by modell123.2428Previous studies of the influence of a hydro-
promoting polymet-polymer interactions and hydrophilic groups  phobic end group indicate that a lowering of the transition is to

be expected as a result of increased hydrophobic interacifons.

* Corresponding author. Email: andrew.whittaker@cmr.ug.edu.au. Tele- D€termination of the LCST of the liberated arms of the star
phone: +61 7 3365 4100. Fax#+61 7 3365 3833. polymers would then provide evidence as to whether the core
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Figure 1. PFG-NMR*H spectrum of 10k target PNIPAM star prepared
by RAFT polymerization in DMF at 60C using PTBTP; PNIPAM
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provided polymers of acceptable purity as determinedtby
NMR.

Cleavage of NIPAM Star Polymer Arms with Piperidine.

Star polymers (18620 mg) were dissolved in DMF (1 mL) and
treated with piperidine (100L). Monitoring the reaction using
GPC revealed that the reaction was complete for PNIPAM stars
within 1 h. The linear PNIPAM was purified by dissolving in
acetone and precipitating into an excess of hexane. The linear
NIPAM chains used in this study thus refer to the hydrolyzed
arms of the corresponding star polymer.

Polymers were dissolved at a concentration of 1 or 10 mg/
mL in DO, and equilibrated for up to 1 week before measure-
ment. Polymer solutions were stored in a refrigerator-a53
°C. A 1732 or 10 mg/ml2*4 concentration is commonly used
for NMR and cloud point studies of PNIPAM. The polymer
solutions studied had pH 8 because this was the pH of the
D,0O used.

PFG-NMR Diffusion Measurements. NMR spectroscopy
was carried out using a Bruker Avance DRX 500 spectrometer
operating at 500.13 MHz for protons and equipped with a 5
mm triple resonancelfl, 13C, 15N) z-gradient probe equipped
with actively shielded gradients. Tleegradient was calibrated
at 298 K with a HDO sample containing 0.1 mg mMLGdCk.

signals and RAFT agent signals are labeled; solvent signals have beemThe maximune-gradient amplitude was 5 T/m. A bipolar pulse

diffusion edited for clarity.

longitudinal eddy current delay (BPPLEB)pulse sequence,
or if convection was a problem, a bipolar pulse pair double

or the end group has most influence. It would be useful to know stimylated echo pulse sequence (BPPDSTRjIse sequence
the molecular weight at which these two influences cease 0 a5 ysed. The pulse sequences inaiidé msdelay to allow

affect the LCST so that polymers could be tailored for specific

residual eddy currents to decay. Sine-shaped gradient pulses

applications. Figure 1 shows the structure of the PNIPAM star yere ytilized to further minimize eddy currents. The pulse

trithiocarbonate core.

to obtain the minimum residual signal for each component at

In this paper, the aqueous solution behavior of a range of maximum gradient strength. The pulse gradients were incre-

novel PNIPAM star and linear polymers were studied using
proton NMR and dynamic light scattering (DLSH spectra,
pulsed field gradient NMR (PFG-NMR), and DLS measure-

mented from 2 to 95% of the maximum gradient strength in a
linear ramp (24 steps). A spectral window of 6000 Hz was
accumulated in an acquisition time of 2.7 s. A relaxation delay

ments were used to characterize the LCST via changes inof 5 » T, of the slowest relaxing signal was used (10 s). The
integrated NMR peak areas and hydrodynamic radii of the free induction decays were collected into 16k data points; 16
polymers. The effects of the star architecture on the transition 35 scans and 4 dummy scans were acquired on each sample.

temperature of PNIPAM as a function of molecular weight and
comparison with the LCST behavior of the liberated arms of
the star polymer after nucleophilic cleavage of the trithiocar-
bonate linkage were investigated.

Experimental Section

Materials. All synthetic reagents were analytical grade or
higher and used as received unless stated othervhse.
isopropylacrylamide (NIPAM) (Aldrich, 97%) was recrystallized

Following acquisition, the free induction decays were Fourier
transformed by applying zero-filling to 32k data points and an
exponential window function with a line broadening factor of
1-5 Hz.

Data were processed using Bruker XWINNMR software; the
diffusion coefficients were obtained from a single- or double-
exponential nonlinear least-squares fitting of the peak intensities.
The diffusion coefficients for PNIPAM samples were obtained
from a single-exponential fit of the echo attenuation decay of

from toluene/hexane 3:2 and dried in vacuo before use. PNIPAM the methyl protons of the isopropy! side chain because this signal

star polymers were prepared by reversible additivagmenta-
tion chain transfer (RAFT) polymerization M,N-dimethylfor-

mamide (DMF) using the four-armed RAFT agent pentaeryth-

ritoltetrakis(3-&-benzyltrithiocarbonyl)propionate) (PTBTP).
The synthesis of PTBTP has been reported in the literdture.
Polymerizations.For example, to prepare a target molecular
weight of 10 000 at 80% conversion, a stock solution of NIPAM
(4 M), azobis(isobutyronitrile) (AIBN) (5.33< 102 M), and
PTBTP (4 x 102 M) in DMF was prepared. Generally, 0.5

had the best signal-to-noise ratio. Diffusion coefficients were
obtained by monitoring the signal attenuation as a function of
the applied magnetic field gradient amplitudg é&nd fitting eq
1 to the results®

| =1, exp (—Dy*6°gX(A — 06/3)) (1)
wherel is the resonance intensity measured for a given gradient
amplitude g, lo is the signal intensity with no gradient applied,

mL aliquots of the stock solution were transferred to 2 mL tubes v is the gyromagnetic ratiaj is the gradient length, andl is

and deoxygenated by four freezevacuate-thaw cycles and

flame-sealed under vacuum. Polymerization was conducted at

the diffusion time.
Dynamic Light Scattering. Dynamic light scattering analysis

60 °C in a constant temperature water bath, and sampleswas performed on a Malvern Zetasizer Nano ZS system
removed at regular intervals to determine conversion using FT- equipped with a single angle 17Backscatter system incorpo-

NIR. Dried PNIPAM was dissolved in acetone and then

precipitated by addition to an excess of hexane; this method used to adjust the temperature. Polymers were dissolved

rating a He-Ne laser { = 633 nm). A Peltier controller was

B¢
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Table 1.M;, and PDI Data for PNIPAM Star Polymers, and Linear a) 1- —O—8.9k Star
Polymers Obtained by Hydrolysis of the CTA Trithiocarbonate —&— 13k star
Core 0.8 | X —8— 32k Star
star MW  repeating  PDI linear chain  repeating  PDI © A 52kStar
(NMR) units/arm  (GPC) MW (NMR) units (GPC) g 0.6 4
10 200 20 1.18 3206 28 1.09 x
13117 26 1.22 8500 74 1.04 & 0.4
32800 70 1.26 11700 102 1.1
52 680 114 1.27 0.2
concentration of 0.25 and 1 mg/mL in,O, and equilibrated 0 ‘ ‘ ‘ !
for up to 1 week before measurement. Samples for DLS 280 290 300 310 320
experiments were filtered through 0.4 PTFE filters prior Temperature (K)
to measurement and equilibrated for 20 min at each change in b) 11 4 +1gk3tlar
temperature. The DLS particle diameters were calculated using Aﬂ\é a SOK";gl:L
the Stokes Einstein equation using the viscosity values fo2D 0.8 " 10 mg/mL
obtained from the literature. The volume distribution results were S 0.6 \ O~ 13k Star
used for all samples. Data were processed using Malvern DTS - \:\ o~ 52':1;
software version 4.00. T o4 W 1 mgimL
LCST Determination. Proton NMR measurements: the . \
methyl protons of PNIPAM were chosen for peak area integra- 0.2 -
tion in each experiment because this peak had the best signal-
to-noise ratio. The peak area at each temperature was normalized 0 ‘
relative to the peak area of the lowest temperature experiment 285 295 305 315
for that polymer (determined to be below the LCST). Samples Temperature (K)

were equilibrated at each temperature for 30 min prior to NMR Figure 2. Integrated methyl proton peak area as a function of
measurements. The LCST was defined as the temperaturé;mgeAr’\aﬂture Obt?ined frOfifh(')l NM/R EO_V (a)olo(lg) 13k, 32k, andf512(|)<
corresponding to a reduction in integrated NMR peak area of star polymers= 10 mg/mL In DO; (b) comparison o

50%. The criteria for identifying the LCST varies; some authors and 1 mg/mL data for 13k and 52k PNIPAM stars ig®

state the onset of turbidity as the LCSTthers define the :
; . S . The integrated peak areas of the methyl protons of the
inflection point in the cloud point curve as the LCSTor 50% PNIPAM stars as a function of temperature are displayed in

reduction in transmittancein the current work, the point at Figure 2. The methyl proton peak areas decreased with
which the peak area decreased by 50% was the easiest to |dent|f){ncreasing temperature; all other PNIPAM signals showed a very
and thus considered the most accurate. For DLS measurement: !

. o : i . imil ioni ki i ithi i .
the LCST was identified by a sudden change in particle 5|ze.SS'm| ar reduction in peak intensity with increasing temperature

. The decrease in the peak area as a function of temperature
Gel Permeation Chromatography. Polymer molecular  (efiects the number of mobile polymer segments and can
weight and polydispersity data were obtained using a Waters iherefore distinguish the phase transition. Significantly, the

Alliance 2690 separations module equipped with an autosampler,5 o matic signals of the RAFT agent benzyl group, situated on
column heater, differential refractive index detector, and-UVvV the ends of the PNIPAM chains, exhibited a similar reduction
visible dete_ctorN,N-Dimethylacetamide (DMAC) containi_ng in peak intensity to the PNIPAM signals with increasing
0.03 wt % LiCl was used as eluent at a flow rate of L mLTin o mperature. This suggests that the benzyl group is interacting
Two Styragel columns (3 HT and 6E HT: 5680000, and ity the PNIPAM and is affected by the polymer phase
5000-1 x 10" effective molecular weight range respectively)  yansition (discussed below). The PNIPAM samples in this study
maintained at 70°C were used for separation. Polystyrene iy not exhibit peak broadening as a result of chain immobiliza-
standards ranging from 500 to® 3 mol™* were used for o with increasing temperature. THe NMR spectra at each
calibration. Polymers were not purified prior to GPC analysis. temperature were almost identicdl; relaxation times were
Standard and sample solutions were prepared at 2 mg'mL  mneasyred on selected samples and showed minimal variation
concentration and filtered through a 04& PTFE filter. Data ity increasing temperature through the LCST transition,
were processed Wlth Milleniufh software. Molecular weights indicating that a range of spin environments of differing mobility
are reported relative to poly(styrene). were not present. In this case, the spins either maintained
mobility or became “solid”. Peak broadening has been observed
along with shorteiT, relaxation times in NMR studies of the
Effect of Molecular Weight and Molecular Architecture LCST of PNIPAM and other polymers which exhibit an
on the LCST of PNIPAM. Table 1 lists the values of molecular LCST 1336
weight and polydispersity of the star and linear PNIPAM used  All polymer solutions were turbid above the measured LCST
in the following experiments. Polymers were dissolved at a and eventually precipitated completely over a-22 h period.
concentration of 1 or 10 mg/mL ind® and equilibrated forup ~ This behavior reflects an initial intramolecular chain collapse,
to 1 week before measurement. NMR experiments provide followed by slow interchain aggregatiéA®3’No hysteresis was
dynamic information about the local segmental mobility of a observed for the PNIPAM samples in this work; the PNIPAM
polymer chain. Solution NMR selectively detects only liquid solutions redissolved completely upon cooling below the LCST.
spins; “solid” spins are not detected because their restricted The phase transition temperature of the star polymers
mobility produces extremely broad signals due to dramatically increased with increasing molecular weight; for the 10k
shortened, relaxation timeg# The mobility of polymer chains PNIPAM star, the LCST was approximately 290 K, the 13k
as a function of temperature or concentration can therefore bestar showed a transition around 296 K, and for the 32k and 52k
studied. polymers, the transitions were in the range 3356 K. TheCDV

Results and Discussion
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1 of tethering the chains to the star core, or the linear PNIPAM

LCST may be elevated for some reason.

081 The LCST of 307-308 K obtained for the linear PNIPAM
©0.6 is higher than the 305 K usually observed for linear PNIPAM
f;’ of larger molecular weightput this is not surprising. The LCST
§o.4 4 T®3k10mgimL observed for low-molecular-weight linear PNIPAM chains has
& ——8.5k mg/ml been shown to increase with decreasing molecular weight; the

0.2 O 85k10mg/mL transition temperature is expected to decrease with increasing

—O—11.7k 10 mg/mL. molecular weight as a result of the smaller combinatorial entropy
0 ‘ ‘ ‘ ! with increasing chain length.
280 20 300 310 320 The results obtained for the linear PNIPAM indicate that the
Ciure 3. Chande | kTemp"a_ttT]"’t(K) wre for PNIPAM | benzyl end group is having a negligible effect on the LCST,
lgure 5. Lhange in peax area with lemperature for PN Inear - syggesting that only the core (or combination of the cord
ﬁﬁéﬁ?%ﬁ]gmi‘ iarr:m%/ln%'Lﬂéoagcleon{pgi?nLiﬁgg_cemranoni@m'SK benzyl group) results in depression of thg LCST. This is an
unusual outcome considering many previous studies on the
effects of hydrophobic end groups and substituents on the LCST
LCST observed for the 32k and 52k PNIPAM stars was close of PNIPAM. In general, as the ratio of PNIPAM to hydrophobic
to the literature value of 305 K (32C) reported for high- end group decreases, the LCST is expected to decrease; the
molecular-weight linear PNIPAMIt appears that, once a certain  decrease should be especially significant for the smallest 3k
number of repeating units are present (in this cage), there PNIPAM chains, but no effect is apparent.
is no depression of the LCST. The LCSTs observed for the 10k one possible explanation for the LCST behavior of the linear
and 13k polymers are 15 and 9 degrees lower, respectively, thanpyipAM could be the formation of micelles with the benzyl
for linear PNIPAM. The depression of the LCST observed for groups as the core and PNIPAM as the corona. Micelle
the lower-molecular-weight stars indicates that either the effect formation has been observed in a number of studies using linear
of anchoring to the hydrophobic RAFT agent star core (Z group) pNIPAM with hydrophobic end grougs:1416 Winnik et al.
and/or the presence of the benzyl end group originating from sydied PNIPAM containing two pendantoctadecyl groups
the RAFT agent R group is enhancing hydrophobic interactions; on the chain enél.They observed an LCST for the polymer
increasing hydrophobicity is knpwn to Iower_ the LCST of very close to 32°C, and demonstrated using dynamic light
PNIPAM18921.22Each arm consists of approximately 20 and  scattering that micelle formation occurred at concentrations
26 NIPAM repeating units for the 10k and 13k stars, respec- exceeding 0.1 mg/mL. The alkyl chains were isolated from the
tively, so the influence of the core/end group should be more go|yent in the micelle core and so did not make the expected
significant for these smaller polymers than for the higher- hydrophobic contribution to the LCST. The PNIPAM chains
molecular-weight star polymers. The data in Figure 2b dem- formed the corona and exhibited an LCST in the normal range.
onstrates that polymer solution concentration has little influence o micelle consisting of a hydrophobic core of benzyl groups
Studied; Similar transition behaViOI’ was Observed for 10 and 1 experimenta| data Sugges’[s otherW|5e Benzy| groups aggregated
mg/mL concentrations, indicating minimal chain entanglement i, the interior of a micelle would experience low solvation and
occurred below the LCST at these concentrations. restricted molecular motion; a reduction (or even disappearance)
To clarify the influence of the RAFT agent core and end of the aromatic signal intensity due to low solvation and a
group on the LCST of the PNIPAM stars, the arms of the stars shortenedr relaxation time would then be expected compared
were cleaved at the trithiocarbonate linkage using piperidine with the corresponding star, and this was not observed (within
as described in the Experimental Section. The completeness ofexperimental error). In addition, aromatic groups exhibit both
the reaction was checked using GPC, the polymers were purifieda reduced hydrophobicity and larger rigidity compared with alkyl
by precipitation, and the NMR experiments repeated under chains; these attributes tend to hinder self-assembly in #&ter.

identical conditions and concentrations. If a micelle did form and the aromatic core was sufficiently
PNIPAM chains liberated from the core of the 13k, 32k, and Well-solvated and mobile enough to prevent loss of NMR signal
52k molecular weight star polymers were found 3y NMR intensity, a suppression of the LCST would be expected for the

end group analysis to have molecular weights of 3200, 8500, 3k chains, but this was not observed.

and 11 700 (Table 1). The integrated peak areas of the methyl Another possible explanation for the observed LCST behavior
protons of the linear PNIPAM as a function of temperature are Of the linear PNIPAM is the presence of a hydrophilic group
displayed in Figure 3. Surprisingly, all linear PNIPAM chains on the opposite end of the PNIPAM chain. A thiol is expected
exhibited an LCST of 307308 K (34-35 °C). Comparison of to form during the cleavage reaction with piperidfidut would

the LCST values obtained for the star and linear PNIPAM not be detected in theH NMR spectrum because of chemical
suggest that attachment to the RAFT agent star core was theexchange with deuterium. In any case, the presence of a
cause of the depressed LCST observed for the 10k and 13krelatively hydrophilic group such as a thiol on the opposite end
star polymers. This may reflect either the increased overall of the polymer chain may offset the hydrophobic effect of the
hydrophobicity of the smaller polymers due to the combined benzyl group. Hydrophilic end groups generally result in an
influence of the RAFT agent core and benzyl end group, a chain- increase in the LCSTSO the overall effect would be to cancel
length-dependent effect of tethering to the RAFT agent core, the end group influence on the transition. Such a scenario could
or a combination of these effects. The influence of tethering to produce the LCST behavior observed for the linear PNIPAM.
the central core is thus molecular weight dependent and There are numerous reports that show either no influence of
disappears once the number of repeating units/@. The LCST end groups on LCST as a function of molecular weight, or a
values for the 32k and 52k PNIPAM stars are lower than those strong influence. For example, linear PNIPAM containing a
of the linear PNIPAM chains; this may suggest a small effect terminal carboxyl group via chain transfer polymerization W&BV
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3-mercaptopropionic acid had an identical LCST transition to a) —&—10k 1mg
nonfunctionalized PNIPAM for molecular weight 1360 —O—13k 1mg
19 0004142 Conversely, Xia et &l recently reported a 5.2C 45E-09 | ——32k 10mg
decrease in LCST with an increase in molecular weight from e —O—32k 1mg
3000 to 7300 for linear PNIPAM containing ethyl 2-chloro- £E —A— 50k 1mg
propionate end groups. On the basis of the above discussion, =

the effect of the benzyl end group on the LCST transitions 2.5E-09 -

observed for the linear and star PNIPAM cannot be predicted.

Diffusion and dynamic light scattering studies (discussed below)

were conducted in order to clarify whether end group effects 5.0E-10 w w w w

or micelle formation were responsible for the elevated LCST
of the linear PNIPAM.

280 290 300 310 320

Temperature (K)

There was a linear dependence of LCST on the reciprocal 4.0E-09 1 b) Bl b
M, for the PNIPAM star polymers (data not shown). A similar —8-8.5k 1 mg
——-11.7k 10mg

dependence of LCST oM, was observed by Schilli et al. for

linear PNIPAM prepared by RAFT polymerizati8ihe linear 3.0E-09 -
PNIPAM in this work did not exhibit any dependence of LCST EE
on chain length in the molecular weight range 13..7k; the

X\-\*
presence of the thiol end groups may explain this observation 2.0E-09 - Q

as discussed above.

Width of the LCST Transition of Star and Linear

PNIPAM. The transitions observed for all PNIPAM in the 1.0E-09
280 290 300 310 320

current study using NMR are less well defined than the sharp
1-2 °C transition commonly observed for linear PNIPAM using
cloud point,'"H NMR, or DLS114 The transitions occur over a  Figure 4. Hydrodynamic radii of star and linear PNIPAM as a function

range of approximately +015 °C (Figures 2 and 3). This is  of temperature; (a) 10k, 13k, 32k, and 52k PNIPAM star polymers: 1

unexpected for polymers of low PDI. Zhulina et!&lhave mg/mL in D;0, and 32k PNIPAM star 10 mg/mL indD; (b) 3k, 8.5k,

predicted transition broadening on theoretical grounds for chainsﬁ,]nl_diﬁlbzl(()llmear PNIPAM 10 mg/mL, and 8.5k linear PNIPAM 1 mg/

attached to surfaces compared with an isolated three-dimensional
chain. The effect was ascribed to interchain interactions within for p,0 at various temperatures obtained from the literature.

layers for chains attached to a surface producing a weaker phasgnce the diffusion coefficients were known, estimation of the
transition, the effect becoming more pronounced with a decreasenydrodynamic radii of the polymers as a function of temperature
in the dimensionality of the chains in the layer and with \as possible using the StokeBinstein equation:

increased grafting density. The broad transition is present for

all PNIPAM samples in the present study, so unless the linear
PNIPAM does form a micelle, and formation of a micelle

produces an effect similar to tethering, this does not explain Herek is the Boltzmann constarTT is the temperature; is

the increased transition width in this case. solution viscosity, andRy is the hydrodynamic radius (for the
The broadening of the phase transitions observed for both simple case of a spherical particf§).
star and linear PNIPAM suggests that the origin of the  Figure 4 shows the hydrodynamic radii for the star and linear
broadening is not a function of molecular weight, at least not pN|PAM as a function of temperature. A steady decrease in
within the molecular We|ght ranges Stud|ed, and not due to the RH is observed with increasing temperature for all Sammsw
tethering of the PNIPAM chains to the star core. It has been the LCST and occurs over a broad range of temperatures_ The
demonstrated that an increase in the degree of polymerizationsignificant decrease |RH below the LCST suggests a consider-
tends to sharpen the LCS%1? Schild et al'® have observed  gple change in the PNIPAM chain conformation occurs below
that linear PNIPAM of high polydispersity (2:3.9) exhibited  the phase transition. A more dramatic decreas®.jroccurs
a broadened phase transition; this reflects the contributions fromaround the phase transition as expected because chain Co||apse
a variety of chain lengths. The molecular weights of PNIPAM  resyits in a more compact particle. The 3k linear polymer shows
used for this work are low relative to the molecular weight of steady decline iRy across the transition with no dramatic
linear PNIPAM used in most studies (usua#yl00k), so it change occurring at the LCST, but in general, all the PNIPAM
seems plausible that the low molecular weight of these chainssamp|es show a relatively steady declineRp across the
results in the observed transition broadening. The broadeningtransition. The highest-molecular-weight star and linear PNIPAM
was not a function of concentration over a 10-fold change in show a somewhat sharper transition, however. These observa-
polymer solution concentration, and the concentrations usedtions suggest that the transition is not discontinuous (of first
were below the overlap concentration as determined from PFG-order), but continuous and of second ordfet This may be a
NMR diffusion measurements (discussed below). function of the small number of repeating units because
Pulsed Field Gradient NMR Studies of the Hydrodynamic increasing chain length has been shown to sharpen the E&ST.
Behavior of Star and Linear PNIPAM over the LCST Concentration effects were not observed between 1 and 10 mg/
Transition. PFG-NMR was used to measure diffusion coef- mL for either the star or linear PNIPAM, as shown in Figure
ficients of the star and linear PNIPAM as a function of 4a—b for the 32k star and 8.5k linear samples, respectively.
temperature. The samples used for diffusion experiments were Information on the conformation of the PNIPAM chains in a
the same as those used for #ieNMR experiments described  good solvent may be obtained by comparing the root-mean-
above (1 and 10 mg/mL in f®). Diffusion coefficients were square (rms) end-to-end distance for free PNIPAM chains in
normalized for temperature and viscosity using viscosity values solution to theRy values obtained experimentally via PFEDV

Temperature (K)

D = kT/(677Ry,) )
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Table 2.Ry and rms End-to-End Distances Calculated for Star and S 268K Star
Linear PNIPAM at 288 K 4 Iheta Btar e
diameter  calculated RMS measured a 'Egg; EI‘:;M
MW Ry (nm) (nm) end-to-end diameter as 15.3 - © >LCST Star
(NMR) (NMR) (NMR) distance (nm) % rms size
Star
10 200 2.92 5.84 10.71 54.5 a 1551
13117 2.78 5.56 12.11 459 4
32800 4.87 9.74 18.79 51.8 5.7 1
52 680 5.49 10.98 23.69 46.3
Linear
3206 1.83 3.66 5.9 62 -15.9
8500 2.82 5.64 9.5 59.4 3 35 4 45 5
11 700 3.38 6.76 11.13 61 log M

. . Figure 5. Molecular weight dependence of the diffusion coefficient
NMR. The rms end-to-end distance was calculated using the for star and linear PNIPAM over a range of temperatures. Lines are

relation24 the least-squares fits to the data.
(r2)1’2= C Ynv2 (3) is therefore becoming NMR invisible (due to a shortey as
” the temperature increases (see Figures 2 and 3). If aggregates
whereC. is the characteristic ratio of PNIPAM: 25 & 124 | form between the linear chains, these may not be NMR visible

is the C-C bond length, ana is number of backbone bonds ~2nd may explain why no evidence of a slow-diffusing compo-

(including the star RAFT agent core). The measRgdalues nelr:n was observ_ed in tfhﬁ %iffudsion d_ecay CUIVES. f d
and calculated rms end-to-end distances for the star and linear, " Of & comparison of hydrodynamic properties of star an
PNIPAM are shown in Table 2. ThBy values shown were linear PNIPAM of similar molecular weight, the 10k and 13k

those obtained at 288 K, i.e., well below the LCST, and therefore SIS ¢an be compared to the 11.7k linear PNIPAM. Riaéor
apply for the polymer in a good solvent. TR values were the 10k_ and 13k stars were 2.92 and 2.78 nm, respectlvely,_ the
converted into diameters and compared with the calculated rms 117k linear PNIPAMR,, was 3.?38.nm.. These results are In
end-to-end distance values; the diameters are approximately 5oofigreement with theoretical predictions; branching results in a
and 60% of the calculated chain dimensions for the star and contraction relative to the linear chain of similar molecular
linear polymers, respectively. While some uncertainty in the Weight" The ratioh = Dinea/Dsiar(contraction factor) compares

NMR measurement and from the use of the SteKasstein the transla.tiona'l diffusion coeffipients of the linear and star
equation for a hard sphere is expected, the measured radiipolymer of |de_nt|cal molecular\_/velght. For a random walk chain,
indicate that the star and linear PNIPAM form relatively the value ofhis calculated using eq4:
compact structures in solution in a good solvent and that the
linear polymers are slightly more expanded than the stars. —
As mentioned above, the aromatic signals of the RAFT agent 2 —f+ 2" — 1)
benzyl group showed a similar reduction in NMR peak area
intensity as the PNIPAM, suggesting that the benzyl group, wheref is the number of arms, in this case= 4, andh =
situated on the end of the PNIPAM chain (see Figure 1), was 0.897. The 11.7k linear PNIPAM molecular weight lies between
interacting with the PNIPAM. It is likely that the end groups that of the 10k and 13k star polymers, amavill therefore be
become trapped by the collapsing PNIPAM chains at the LCST, an estimate; comparing the ratios of the diffusion coefficients
reducing the mobility of the aromatic protons and causing a at 288 K providech = 0.868 using the 10k star, aid= 0.822
reduction in signal intensity. The compact size of the linear and using the 13k star. The value bfthus lies in the range 0.822
star PNIPAM may reflect this interaction; the polymer may 0.868 and is slightly lower than the random-walk value.
adopt a conformation where the chain ends are enclosed by theExperimental values dfi higher than the random-walk value
PNIPAM chains. In the case of the star polymers, an associationindicate chain stretching due to steric crowding, common in
between the benzyl groups and the hydrophobic RAFT agent stars of high functionality? At the 6 temperature (in this case
core is also possible. defined as +2 degrees below the observed LCST), using the
The 10k PNIPAM star has a larg&; than that of the 13k 13k star,h = 0.91 was obtained as expected because the
star; this may be due to experimental error or may indicate that hydrodynamic properties of branched and linear polymers
the 10k star arms are more stretched because tethering causdsecome comparable with chain collag8e.
chains to stretch in a direction perpendicular to the interface  Figure 5 shows the loglog plot of the diffusion coefficient
due to strong interarm repulsions in the c&fé>46 The D (normalized for temperature and viscosity) versus molecular
expansion or extension of the polymer chains in the core region weight for a range of temperatures; the data demonstrates that
can extent over most of the length of the polymer having small the diffusion coefficient is mass dependent for star and linear
molecular weight and reduces in importance with increasing chains over a range of temperatures. The slope provided by least-
molecular weight> squares fits of the curves gives the critical exponent?® In a
It is apparent from the data in Table 2 that fRRevalues for good solvent, the exponent is expected to be close to 3/588.
the linear chains are less than those obtained for the parent starsThe exponents obtained from the slopes of the plots in Figure
verifying that the linear PNIPAM does not form micelles at 5 are listed in Table 3.
288 K. This trend occurs throughout the temperature range as Under good solvent conditions (288 K), the exponents
depicted in Figure 4; no increaseRy due to the formation of obtained from least-squares fits wer€.54 and—0.47 for the
larger (NMR observable) particles is apparent. At 288 KOD  star and linear PNIPAM, respectively. A value of aroun@.55
is a good solvent for PNIPAM, and as the temperature increases,has been obtained experimentally for polymers in good sol-
the solvent quality becomes poorer. A portion of the NMR signal vents?° indicating that, in the case of the star PNIPAM at ZéBV

fl/2

(4)
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Table 3. Values of the Flory Exponent,» Obtained by Least-Square Table 4. Comparison of Chain Densities for Star and Linear
Fits of the Data in Figure 5 for Star and Linear PNIPAM at PNIPAM at Various Temperatures Across the LCST Transition
Various Temperatures - - - -

chain  chain chain chain
v 288 K v 0 vy LCST w5 K> LCST density density density density total %
MW 288K atd atLCST 5Kabove LCST increasein
star (R‘g'i“o_%ﬁo) Rg'fo_ggﬂ) R2-120_9778) R‘;-ioo_go%) (NMR) (g/cnd) (glend)  (glen?) (glcn?) chain density
linear —0.47 ~0.50 —0.48 —0.42 Star
— _ _ _ 10200 0.018 0.019 0.022 0.038 52.6
(R*=0.9973) R?*=0.9976) R?*=0.9964) R2=0.9789) 13117 003 004 0053 008 625
32800 0.014 0.026 0.047 0.17 91.8
K, water is a good solvent (the 10k star was not included in the 52680 0.016 0.027  0.033 0.213 925
plots because of its low LCST of 290 K). An exponented.5 Linear
indicates & solvent}” so even at temperatures well below the 3206 0.023 0.039  0.049 0.057 59.6
LCST of the linear PNIPAM, water appears to be a poorer than 8500 0.015  0.022  0.037 0.048 68.8
0 solvent. The PNIPAM star data givés ~ M~947 at thed 11700 0.013 002  0.027 0.03 56.7
temperature, anB ~ M~942at the LCST; an exponent 6f0.33 apercentage change relative to the final density over the temperature

represents a hard, dense sphere, so a dense collapsed chain fi&1ge 288 5 K above the LCST.

not formed. Above the LCST, the linearity is poor and the

scaling relation breaks down. The linear PNIPAM shoviied  decreasing chain density with increasing molecular weight across
~ M~050 at thed temperature as expected, and an exponent of the full range of temperatures.

—0.42 is obtained above the LCST. The decrease in the exponent The overall increases in chain density of the PNIPAM
in going from a good solvent(0.47) to# conditions 0.50) samples, expressed as a percentage of the final density, are also
may be due to the effects of partial drainifigexpansion of a ~ shown in Table 4. The star polymers show a higher overall
polymer chain in a good solvent lowers the chain density in increase in chain density with increasing molecular weight; there
the coil and may reduce the effective hydrodynamic size of the is no definite trend for the linear PNIPAM, but the overall
polymer in relation to the nondraining limit. The effects of increases are less than those for the parent star polymers. In
partial draining are expected to reduce un@eonditions, and the case of the linear PNIPAM, the chain densities do not
this may explain why the value of the exponent obtained under increase significantly above the LCST, and the chains still
these conditions is as expected. This partial draining effect may contain a large amount of water. As a comparison, the 52k star

affect linear and branched polymers to different degfées. has a chain density of 0.213 (79% watet)%aK above the
The chain density in g/cfrof the star and linear PNIPAM LCST; the corresponding linear PNIPAM of 11.7k molecular
was estimated using eq35: weight has a chain density of only 0.03 (97% water). A linear
PNIPAM chain of molecular weight 107 was found to have a
My, chain density of 0.2 g/cfrabove the LCST? The low molecular
—_— 5) weight of the linear PNIPAM in this work must prevent the
(47[/3|:RHENA) formation of a dense globule.
As a final comment, the overlap concentratioh(based on
where My is weight-average molecular weighRy is the Ry) is equivalent to the chain density and ranges from 13 to 23
hydrodynamic radius, anda is Avogadro’s constant. mg/mL for the PNIPAM samples at 288 K (Table 4). The value

Chain density was plotted as a function of temperature for of c" increases with increasing temperature, so the concentration
star and linear PNIPAM (data not shown), and the sudden of the PNIPAM samples studied in this work (1 and 10 mg/
increase in the chain density around the LCST allowed a lessmL) are belowc”, and the solutions are therefore considered to
ambiguous determination of the onset of chain collapse but be in the dilute regimé®
correlated very well with the values obtained for a 50% Decrease inRy Below the LCST: The n-Cluster Model.
reduction in integrated NMR peak area (Figures 2 and 3). A The substantial decreaseRn at temperatures below the LCST
good correlation with dynamic light scattering measurements observed for star and linear PNIPAM in this work suggested
(discussed below) was also observed (for a comparison, seethat considerable change in the PNIPAM chain conformation
Table 6). occurs below the phase transition. Zhu and NagFéhave

The chain densities calculated for the PNIPAM samples at invoked the ‘h-cluster” formation theory developed by de
different temperatures are shown in Table 4. The data illustratesGennes et &l to explain similar observations from DLS studies
that the chain densities for the 13k, 32k, and 52k stars are of PNIPAM attached to the surfaces of polystyrene latex
generally decreasing with increasing molecular weight, but the particles. They observed a coil-to-globule type transition below
10k star has a comparatively low chain density even above thethe LCST which manifested as a steady decrea&g imut the
LCST. The low chain density indicates that the smallest star particles remained sterically stable until above the LCST, when
cannot adopt a conformation as compact as the larger stars, anflocculation occurred. Similar observations were made by
may reflect higher stretching of the chains that prevents close Walldal et al** for PNIPAM chains grafted to colloidal silica
packing; the chain density of the 10k star mostly resembles the particles.
11.7k linear chain across the entire temperature range. At 5 K The “n-cluster” model describes the solution thermodynamics
above the LCST, the chain densities of the PNIPAM stars (with of a polymersolvent mixture where the interaction of a
the exception of the 10k star) are much higher than the linear monomer pair is repulsive (i.e., in a good solvent), but
PNIPAM, so the star architecture permits the formation of a interactions between > 2 monomers are attractivé?35253
more compact globule; this is in line with theoretical predictions Thesen-clusters may indicate the formation of microaggregates
for star and linear polymer$.At a temperatue 5 K above the or protomicelles, and are predicted for solutions of free chains
0 temperature, the density of the stars increases with increasingas well as chains end-tethered to a surf&ce.
molecular weight; a larger number of repeating units results in ~ Zhu and Napper thus attributed the coil-to-globule behavior
a denser globule. The trend for the linear PNIPAM is one of they observed under better th@isolvent conditions tu-clusterCDV
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Table 5. Calculated Values ofn-Cclusters and Binary Cluster
Contents for Star and Linear PNIPAM

MW (NMR)  AR4(<60) ARy(>6) %n-clusters % binary
Star
10 200 0.15 0.92 18 82
13117 0.39 1.01 22 78
32800 0.89 1.85 32 68
52 680 0.9 2.28 28 72
Linear
3206 0.30 0.19 61 39
8500 0.34 0.56 36 64
11 700 0.42 1.39 23 77

formation, and the simultaneously occurring steric stabilization
to repulsive binary interactiorf$:2* It has been predicted
theoretically than-cluster formation at interfaces can produce
a vertical phase separation with an inner layer of globular,
bulklike polymer chains and an outer layer that is more dittite.
This outer layer is responsible for the steric stabilization. This
type of structuring is predicted to occur only when the
temperature of the system is less thanf@tiemperature, which
in the case of aqueous PNIPAM is 306 115253

Zhu and Napper calculated the chang®irbelow and above
the 6 temperature (30.6C) and expressed the results as %
n-cluster and % binary interactions. It should be noted that the
polymers used in the work by Zhu and Napper were in the
molecular weight range 3.2 10° to 2 x 10°.22 They found
that, with decreasing molecular weight, theluster contribution
increased significantly. The relative balance between the two

contributions was thus shown to be molecular weight dependent,
but a clear explanation for the molecular weight dependence

was not provided. A PFG-NMR study of an aqueous solution
of linear PNIPAM of molecular weight 3.5 1 (3, 10, and

30 mg/mL in D:O) was made by Larsson et &t.pnly a slight
change in diffusion properties, and hernkg, was observed
about 2°C below the observed LCST of 3Z, indicating only
minor rearrangements of the chains occurred aroundéthe
temperature. For a similar molecular weight PNIPAM, a tethered
chain of molecular weight of 3.2 10° in the case of Zhu and
Napper, and a free chain of molecular weight of 3.8.(° in

the case of Larsson, it is apparent that tethering to a polystyrene

latex affected the transition behavior, and substantial rearrange
ment of the chains occurred below thaemperature.

To determine the contribution @fclusters to the PNIPAM
samples used in the present work, the decreadeyibelow

Macromolecules, Vol. 39, No. 24, 2006

Table 6. LCST Values Obtained Using'H NMR, PFG-NMR, and
DLS for Star and Linear PNIPAM; Particle Diameters Obtained
Using PFG-NMR and DLS at 288 K

LCST 50% diameter  diameter
MW decrease in LCST chain PFG-NMR DLS
(NMR) peak area density DLS (nm) (nm)
Star
10 200 2906-292 290 290 5.84 7.30
13117 296 296 295 5.56 6.14
32800 306 303 302 9.74 8.00
52 680 305 303 302 10.98 9.44
Linear
3206 307308 Not clear 307 3.66 3.48
8500 307308 308 5.64
11 700 307308 308 6.76

The data shows thai-cluster contributions for the PNIPAM
stars increase with increasing molecular weight from around
20% for the smaller stars to 30% for the larger stars. These
observations are opposite to the molecular weight trend observed
by Zhu and Napper, who found a decrease ritluster
contributions with increasing molecular weight. In contrast, the
n-cluster contributions for the linear PNIPAM decreased with
increasing molecular weight in agreement with the trend
described by Zhu and Napper faethered PNIPAM. The
decreasing levels ofh-cluster contributions with increasing
molecular weight observed for linear PNIPAM may be a
reflection of chain flexibility. Chain flexibility increases with
degree of polymerization, and this may influence the balance
of binary andn-cluster contributions below th@temperature.
In addition, the influence of the chain end in promotimgluster
formation may be diminished at higher molar masses.
Then-cluster content calculated for the 8.5k and 11.7k linear
PNIPAM and their corresponding parent stars are similar,
suggesting that the tethered and free chains are being influenced
in similar ways with increasing temperature. The 13k star and
the corresponding 3k linear PNIPAM hawecluster contents
of 22% and 61%, respectively; the large difference-ciuster
content between the tethered and linear lower-molecular-weight
chains must reflect the influence of the star core. As observed
for the LCST transitions of the PNIPAM stars, the influence of
the star core diminishes as the number of arm repeating units
exceeds 70; the 32k and 52k stars have very simieluster
contributions.

The formation ofn-clusters in the smaller stars may be

and above the temperature was calculated for each of the inhibited by the hydrophobic nature of the star core and/or the
polymers, and contributions of the two interactions were t€thering of the chains to the core. A hydrophobic environment
compared. Because the LCST of the star polymers was less tharP"OMOtes stronger polymepolymer interactions, and thus a
the H-temperature of 30.6C and the LCST of the linear lower LCST, but why such an environment should inhibit the
PNIPAM was higher than this temperature, théemperature ~ formation ofn-clusters is unclear. It might be expected that the
in this case was defined as-2 degrees below the observed N-cluster contributions wouléhcreasewith increasing hydro-
LCST (depending on the data available for a specific sample); Phobicity. The anchoring of the PNIPAM chains to the star core
the range over which changes Ry were taken included the 1S expected to decrease chain flexibility, and this may inhibit
lowest measured temperature (288 K) to 5 degrees above thdrcluster formation below thé temperature. For tethered chains,

measured LCST. The changesRy below and above thé then-clusters are predicted to form nearer to the tethering point
temperature were defined as follows: and to extend outwarH. If the core region of the smaller stars

is more expanded than that of the 32k and 52k stars, the lower
— _ percentage ofi-clusters may be due to the stretching of the
ARy (<0) = Riygasai ~ Ruo ©) chains. As mentioned earlier, the expansion of the polymer
AR, (>0)= R — RuesTsk) @) chains in the core region can extend over most of the length of
the polymer having small molecular weight and reduces in
% n-clusters= AR, (<0)/[AR, (<6) + AR, (> 6)] x 100 importance with increasing molecular weight:546
®) The n-cluster contents determined in this from PFG-NMR
measurement do not correspond with the values of LCST
measured of the particular polymers. The linear PNIPAM
samples all have the same LCST, but widely diffenemusterCDV

% binary= 100 — % n-clusters

(9)

The results for star and linear PNIPAM are listed in Table 5.
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51 sulfate (SDS, 93 mg/l<cmc)y? prevented the formation of the
R®=0.0097 large aggregates, but did not affect the location of the LCST.
All samples contained low quantities of aggregated particles
with diameters of 5680 nm (1-5%) and~ 500 nm (0.%
0.5%), even at low temperatures, and with SDS added. The
concentration of the aggregates increased up to 2-fold approach-
14 ing the LCST and then dramatically at and above the transition.
The proportion of aggregates formed was somewhat lower at
0 ' , 0.25 mg/mL than at 1 mg/mL, suggesting the interactions of
0.0E+00  5.0E+07  1.0E+08 particles to form aggregates is concentration dependent and

1/Fn

M2 occurs even at very low concentrations. The difference in the
Figure 6. Reciprocal of the fraction afi-clusters formation (H,) vs size of the aggregates formed from the lower molecular weight
M®2-1) for linear PNIPAM, forn = 6. stars (166-200 nm) and the higher molecular weight stars{60

80 nm) above the LCST may reflect the reduced shielding of
the hydrophobic star core by the low-molecular-weight PNIPAM
—— 13k Star chains. The 10k and 13k PNIPAM stars collapsed to form less
—A— 32K Star dense particles than the higher-molecular-weight stars (see Table
4); this may allow stronger hydrophobic interactions between
cores to occur and result in the formation of larger aggregates.

Table 6 compares the LCST values obtained for the star and
linear PNIPAM using'H NMR, PFG-NMR, and DLS. The
various methods of detecting the LCST provide similar results,
although the values of LCST determined as the temperature of
50% decrease in NMR peak area tends to overestimate the
values for some samples. The LCST values obtained using PFG-
NMR and DLS are very close. Also, compared in Table 6 are
the particle diameters obtained using PFG-NMR and DLS at
288 K. DLS appears to overestimate the size of the low-

contributions. The 8.5k and 11.7k linear PNIPAM have similar molecular-weight stars_ and to underestimate the size of th? 32k
n-cluster contributions to the 32k and 52k parent stars, but the and 52k stars. The 3k linear PNIPAM particle diameter obtained

LCST temperatures measured for the staesfK lower than using DLS is close to the PFG-NMR result and confirms that
those obtained for the linear chains (see Table 6) the linear PNIPAM does not form micelles. It is necessary to
An estimate of the value of cluster size,i.e the.number mention that the decrease in particle diameter below the LCST
of repeating units involved in am-cluster, may be obtained by observed using PFG-NMR _coul_d not be detected_us_lng [.)L.S;
application of a scaling law. Zhu and Napper derived the all samples were measured in triplicate, but the variation within

following scaling relation for tethered PNIPAM chaifisThey a group of measurements for a particular sample varied up to
o X . : ;
predicted that a plot of the reciprocal of the fractiomefluster 25%. It may be that the particle size being measured is too small

formation ) againstM®2- should be linear. They tested to accurately detect small size variations using DLS.
values ofn ranging from 3 to 6 and found the plot far= 3 to
be reasonably linear; plots of = 4, 5, or 6 were decidedly
nonlinear. They therefore suggested that the formation of The LCST transitions and aqueous solution behavior of novel
n-clusters in tethered PNIPAM involved around three isopropyl four-arm NIPAM star polymers and their hydrolyzed linear arms
groups. The same analysis was applied to the star and lineawere studied using a combination’sf NMR, PFG-NMR, and
PNIPAM in this study. For the star polymers, this plot was DLS. Star polymer LCST transitions were found to be signifi-
nonlinear for all values of ranging from 3 to 10 (6 is usually ~ cantly lowered as a result of tethering of PNIPAM chains to
considered the upper limit). The linear PNIPAM data, however, the RAFT agent star core or to a combination of the core and
was very linear R2 = 0.99) forn = 6 (see Figure 6). This  benzyl end groups. The effect was molecular weight dependent
suggests that-cluster formation involves around six isopropyl and diminished once the number of repeating units per arm was
groups for linear PNIPAM. =70. The liberated linear arms of the star polymers exhibited
The failure to obtain linear plots with data for the star polymer identical LCST transitions regardless of molecular weight and
is due to the contribution from the smaller stars because, asVvalues higher than normally obtained for PNIPAM. The presence
discussed above, the influence of the star core is molecularof a hydrophilic and hydrophobic end group on opposite ends
weight dependent. It would be useful to prepare larger PNIPAM of the polymer chain is suggested to cause this effect.
stars with molecular weights of around 75 000 and 150 000 to  Diameters of the star and linear PNIPAM obtained from PFG-
determine whether-cluster formation follows expected trends. NMR and DLS measurements suggest the polymers adopt a
LCST Transition and Particle Size Analysis of Star and relatively compact conformation even under good solvent
Linear PNIPAM Using Dynamic Light Scattering. Figure 7 conditions. The LCST transitions were broad, extending over a
shows the change in particle diameter with increasing temper- 10—15 °C range, and the low molecular weight of these chains
ature for the 10k, 13Kk, 32k, and 52k PNIPAM stars. The LCST may explain the observed transition broadening. The chain ends
is easily detected as a sudden increase in particle diameter. Thef the polymer arms carrying the RAFT agent benzyl end group
size of aggregates formed above the LCST are largest for theshowed decreased mobility with increasing temperature in all
smaller star polymers; if left for 2630 min at temperatures  samples, indicating the chain ends interact with the PNIPAM.
above the LCST, all samples formed aggregates of siz2@00 The compact size of the star and linear PNIPAM determined
nm. The addition of a low concentration of sodium dodecyl from PFG-NMR and DLS lead to this type of interaction. CDV
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Figure 7. Particle diameter vs temperature for 10k, 13k, 32k, and 50k
PNIPAM stars in RO obtained using DLS.

Conclusions
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The star polymers exhibited increasing chain density with
increasing molecular weight above the LCST, while the opposite
trend was observed for linear PNIPAM and indicates that the
star polymers are able to collapse to form a denser globule as
a result of the star architecture.

A significant decrease iRy was observed below the LCST
for star and linear PNIPAM using PFG-NMR and was attributed
to the formation ofn-clusters. The star polymers showed
increasingn-cluster contributions with increasing molecular
weight, while the linear PNIPAM showed the opposite trend.
Successful application of a scaling law to the linear PNIPAM
data indicated that the average size of the clustersnvass.

Star polymer data did not obey a scaling law; the hydrophobic
star core may inhibib-cluster formation in the lowest-molecular-
weight stars.

Particle diameters measured using DLS agreed reasonabl);(

well with PFG-NMR, and excellent agreement of LCST
transitions between DLS and PFG-NMR was obtained. DLS
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