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This paper describes the double phase transition behavior of a thermoresponsiMeigabyOpylacrylamide)
(PNIPAM) brush at the surface of a hydrophobic core. Reversible addition-fragmentation transfer (RAFT)
polymerization oiN-isopropylacrylamide (NIPAM) was conducted by using a hyperbranched polyester (Boltorn
H40) based macroRAFT agent. The resultant multiarm star block copolymer—PMIPAM) exists as
unimolecular micelles with hydrophobic H40 as the core, densely grafted PNIPAM brush as the shell. A
combination of laser light scattering (LLS) and microdifferential scanning calorimetry (micro-DSC) studies
of H40—PNIPAM in aqueous solution reveals double phase transitions of the PNIPAM corona, which is in
contrast to the fact that free PNIPAM homopolymer in agueous solution exhibits a lower critical solution
temperature (LCST) at32 °C. The first phase transition takes place in the broad temperature rar@g® 20

°C, which can be tentatively ascribed to theluster-induced collapse of the inner region of the PNIPAM
brush close to the H40 core; the second phase transition occurs ab8@ @@ich can be ascribed to the
outer region of PNIPAM brush. Employing the RAFT chain extension technique, the inner and outer part of
PNIPAM brush were then selectively labeled with pyrene derivatives, respectively; temperature-dependent
excimer fluorescence measurements further support the conclusion that the inner part of PNIPAM brush
collapses first at lower temperatures, followed by the collapse of the outer part at higher temperatures.

Introduction culture substrate®;3* and controlling the adsorption of pro-
teins3> Application-related properties such as thickness and
permeability of PNIPAM layer or shell can be finely tuned with
temperature changé%.Thus the temperature-dependent con-

In aqueous solution, amphiphilic block copolymers can self-
assemble into micelles with a hydrophobic block as the core

o 3 .
and a hydrophilic block as the shéff? The microstructure of formational changes of PNIPAM chains tethered to flat or

block copolymer micelles is not static, and there exists dynamic curved surfaces have received intensive attention during the past
exchange between micelles and unimers, i.e., they tend to be 9 P

disi i o two decadesé 5!
isintegrated upon alteration of external conditions such as ] )
concentration, temperature, pH, and ionic strengths!%tc. When polymer chains are tethered by one end to a solid
Chemical cross-linking of the micellar core or shell can lead to Substrate or an interface with a sufficiently high density, the
micelles with permanent stabilify16 When hydrophilic polymer ~ tethered polymer layer falls into the brush regime, i.e., the
chains are tethered to a hydrophobic multifunctional core, such distance between grafted sites is much less than the size of the
as dendritic macromolecules and multiarm star block copoly- pPolymer coils?253Polymer chains in the brush are crowded and
mers, they can be considered as unimolecular micelles due toforced to stretch away from the substrate due to steric exclusion
their structural resemblance to amphiphilic block copolymer between neighboring chains.
micelles!”~28 Moreover, polymeric unimolecular micelles gen-  Theoretical predications suggest that the collapse of the
erally possess well-defined chemical structures with predeter- surface-tethered polymer brush accompanying a solubility
mined core size, controllable length, and density of grafted transition proceeds continuously over a much broader range as
chains, thus they could also serve as model systems for blockthe solvent quality decreas#s5” which is distinct from that
copolymer micelles. of flexible chains free in solution, where the polymer chains
Poly(N-isopropylacrylamide) (PNIPAM) is perhaps the most  adopt random-coil conformatioi& Experimental results have
well-known member of the class of thermoresponsive poly- already confirmed this predication. Balamurugan €Y alsed
mers?° It undergoes a coil-to-globule phase transition in dilute gyrface plasmon resonance (SPR) spectroscopy and contact
aqueous solution at its lower critical solution temperature angle measurements to study a PNIPAM brush grafted from a
(LCST) of ~32°C. PNIPAM grafted to flat or curved surfaces  self.assembled monolayer on bulk gold surface. The SPR results
has been explored for a variety of practical applications jngicated that a PNIPAM brush undergoes a broad transition
including controlled drug deliver$f,3lsolute separatiof? tissue (over the temperature range-180 °C) without abrupt changes:
while contact angle measurements, which are more surface

*To whom correspondence should be addressed. E-mail: sliu@ustc.edu.cn.gansitive (the outermost G- nm) than SPR technique
T University of Science and Technology of China. ’
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solvated until the LCST, while densely packed segments within SCHEME 1: (@) Idealized Molecular Structure of H40;
the brush layer collapse over a broad range of temperatures. (b) the Chemical Structure of H40—PNIPAM

When PNIPAM chains are tethered to curved surfaces such o OO 1 TS O oy
as latex particles, gold nanoparticles, microgel, and block 1o o o (o
copolymer micellar cores, the inner part of PNIPAM segments Hgo\ﬁ% (Q; D:k(‘j 0(?% oH

close to the spherical core will be more densely packed than o, 0’2/4 o

the outer part of PNIPAM segmerfts.Napper et af34® O J O%ro 0 . &%
reported that two phase transitions could be detected for Ho Q&g” ‘ ?L, ofo/ o
PNIPAM chains adsorbed to the surfaces of latex particles in o, & OQZ(O Oi) 0%4/ ® o
aqueous solution. The first transition occurred above @he HQ}J 5

temperature of PNIPAM (30C), which is similar to that of ”“}\rb\ro\ﬂj’ J o O%Q,O{on(ém
free PNIPAM chains in aqueous solution. The second transition ™~ ¢ ° Z}Yo/v?l,ov g
was observed at lower temperatures in the broad rang&@5 yna)ko/a_(o o ¢ rs\okgo)kéw
°C, which was explained by invoking threclusters concept of irs o > . ° <
de Genne&75% According to this concept, it is possible for wo ¢7§£° (ﬁ 0)7“) g
certain types of polymer chains to exhibit attractivbody (n HO;{ 4 o9 0 O ?@OH

> 2) interactions, while the two-body interactions are still Ilg{7¢ ’ .8 o% F o J?V\o "

repulsive. The attractive-body interactions can lead to- "(’WX”’j\’ ﬂ(};o Q,gﬁu—%“‘%on(’“

clusters, which can induce the collapse of polymer brush. When Hﬁoqﬁo 10V
the polymer brush is grafted at a spherical surface, the densely Ho “;\(ﬁ%é\\(t\ oH
grafted inner layer has a larger possibility to exhibilustering- 10 430 b G ben
induced collapse, as compared to the outer part of the 5f8h.

For PNIPAM chains tethered to gold nanopatrticles, Tenhu (@)
et al*2 also reported two phase transitions by microcalorimetry.
They ascribed the phase transition&2 °C to that of the inner e 0
part of PNIPAM segments, while the phase transition-40 %
°C was ascribed to that of the outer part of PNIPAM segments. %
We also noticed that, when PNIPAM chains are tethered to a
microgef®5 or a micellar coré! temperature-dependent laser
light scattering (LLS) studies typically reveal that the size of
grafted PNIPAM brush exhibits a gradual decrease in the
temperature range 20 °C, followed by a relatively sharp (b)
decrease arount32 °C.

It should be noted that, in the studies of Napper et%af
PNIPAM is sterically tethered to PS latex particles, additional
adsorption of other parts of the PNIPAM chain may take place
except for the chain end at increasing temperatures; further
adsorption of free PNIPAM chains in the solution is also highly
possible. Au-S bonds linking PNIPAM chains to gold nano- Materials. Hyperbranched polyester Boltorn H40 was ob-
particles may not be stable enough at elevated temperdtures. tained from Perstorp Polyols AB. It was further fractionated
In the case of block copolymer micell&’sthe critical micelli- with a typical 20% vyield by using a procedure reported by
zation concentration (cmc) will change with temperature; this Tsukruk et af2-64 Boltorn H40 as an ideal dendrimer would
will lead to further incorporation of unimer chains into the theoretically have 64 primary hydroxyl groups and a molar mass
micelles. In all of the above cases, temperature-dependent LLSof 7316 g mot! (Scheme 1). SEC analysis of fractionated
or microcalorimetry results are therefore complicated to interpret Boltorn H40 indicates 8, ~ 6500 g mot and a polydispersity
due to interference from additional adsorption/aggregation upon of 1.408 We denote the fractionated hyperbranched polyester
temperature increase. as H40 here. According to Tsukruk et @l.the degree of

To study the phase transition behavior of the PNIPAM corona branching of H40 was 0.4 and the average number of monomeric
of unimolecular micelles will be more straightforward and units (the degree of polymerization) was ca. Beisopropyl-
convincing because the length, size, and density of grafted acrylamide (NIPAM) was purified by recrystallization in a
PNIPAM chains are predeterminéd®! Herein we prepared  benzenai-hexane mixture. THF was distilled over sodium/
unimolecular core shell nanostructures with a PNIPAM corona benzophenone. (4-(1-Pyrenyl)butyl) acrylate (PyBA) and an
based on commercially available fourth-generation hyper- H40-based macroRAFT agent were synthesized according to
branched polyester (Boltorn H40) via the RAFT technique. previously reported proceduré&s.

Boltorn H40 as an ideal dendrimer would theoretically have 64 ~ Sample Preparation. Synthesis of H40PNIPAMS8 The
primary hydroxyl groups (Scheme 4.7 The molecular size ~ general procedure for synthesizing H4BNIPAM was as

of fractionated Boltorn H40 (denoted as H40) is estimated to follows. A glass ampule was charged with H40 macroRAFT
be ca. 3 nn¥266.57thus the RAFT grafting oN-isopropylacryl- agent, AIBN, and NIPAM in THF; it was then degassed by
amide (NIPAM) from an H40 core results in a densely packed three freezethaw cycles and sealed under vacuum. The
PNIPAM brush surrounding the hydrophobic H40 core. The polymerization was carried out at 8@ for 12 h. The mixture
thermoresponsive phase transition behavior of PNIPAM brush was precipitated into anhydrous diethyl ether twice. The product
is characterized in detail by dynamic and static laser light was collected by filtration and then dried in a vacuum oven at
scattering (LLS), microdifferential scanning calorimetry (micro- room temperature. The chemical structure of HENIPAM
DSC), and excimer fluorescence techniques. We demonstratewas shown in Scheme 1.

here that PNIPAM brush at the surface of the hydrophobic H40
core exhibits double thermal phase transition behavior.

Experimental Section
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Synthesis of Pyrene-Labeled H4BNIPAM. Pyrene-labeled
multiarm star block copolymer, H4PNIPAM(Py), was syn-
thesized by RAFT copolymerization of NIPAM and PyBA (1.5
mol %) by using an H40 macroRAFT agent according to a
similar procedure used to synthesize HANIPAM. By
employing the RAFT chain extension technique, HENIPAM-
(Py)-b-PNIPAM and H46-PNIPAM-b-PNIPAM(Py) are also
synthesized, with the inner and outer part of the PNIPAM brush
labeled with pyrene derivatives, respectively.

Cleavage of Grafted PNIPAM Chairf8. 0.5 g of H40-
PNIPAM (0.5 g) or H46-PNIPAM(Py) (0.5 g) was dissolved
in 100 mL of anhydrous THF, and excess lithium chloride and
potassium borohydride were slowly added to the solution. The
reaction was refluxed with vigorous stirring under nitrogen until

Luo et al.

temperature dependence, which were 0.167 and 0.174 mL/g at
25 and 40°C, respectively! dn/dC of H40—PNIPAM in water

was determined to be 0.154 mL/g at 16. The same nfdC
value of 0.154 mL/g was used for pyrene-labeled H40
PNIPAM, assuming that the incorporation of 1.5 mol % pyrene
monomer units into the PNIPAM chain has a negligible effect
on d/dC. The above d/dC values are then used in the
determination oMy, app0f H40—PNIPAM, H40-PNIPAM(PYy),
H40—PNIPAM(Py)b-PNIPAM, and H40-PNIPAM-b-PNIPAM-

(PY).

In dynamic LLS, the Laplace inversion of each measured
intensity—intensity time correlation functio&@(q,t) in the self-
beating mode can lead to a line-width distributid(l’). For a
pure diffusive relaxation' is related to the translational

the evolution of gas ceased. After the solvent was removed underdiffusion coefficientD by (I'/g?)c—o0.q-0 — D, or further to the
reduced pressure, the residue was dissolved in methylenehydrodynamic radiu®, via the StokesEinstein equationR,
chloride and an equal volume of water added. This mixture was = (kgT/67170)/D, wherekg, T, and are the Boltzmann constant,
extracted three times with methylene chloride, and the organic the absolute temperature, and the solvent viscosity, respectively.

layers were collected and combined. After concentrating the
solution, it was then precipitated in diethyl ether for 3 times.
The cleaved thiol-end-functionalized PNIPAMvas dried in

Microdifferential Scanning Calorimetry (Micro-DSCT.he
copolymer solutions were measured by a VP-DSC microcalo-
rimeter (MicroCal Inc) at an external pressure of 180 kPa. The

a vacuum oven overnight at room temperature. The above cell volume was 0.157 mL. The heating rate was mnin'
reduction procedure degraded the hyperbranChed pOIVeSter cor@nd the instrument response time was set at 5.6 s. All the micro-

and recovered the grafted PNIPAM for further SEC character-
ization.

Characterization. Nuclear Magnetic Resonance (NMR)
SpectroscopyAll *H NMR spectra were recorded using a Bruker
300 MHz spectrometer. H40- and H40-based macroRAFT
agents were analyzed itDMSO, and H46-PNIPAM and
H40—PNIPAM(Py) were analyzed id-DMSO or CDC}.

Size Exclusion Chromatography (SE®)olecular weight

DSC data were corrected for instrument response time and
analyzed using the software in the calorimeter.

Fluorescence MeasurementEluorescence spectra were
recorded using a JASCO FP-6200 spectrofluoriometer. The
temperature of the water-jacketed cell holder was controlled by
a programmable circulation bath. The slit widths were set at 5
nm for both the excitation and the emission. In a 1-cm cell, the
samples were heated slowly with the heating rate of @A

distributions were determined by SEC using a series of three min. The excimer-to-monomer ratio was calculated as the ratio

linear Styragel columns, HT3, HT4, and HT5, and an oven
temperature of 60C. A Waters 1515 pump and a Waters 2414
differential refractive index detector (set at 30) were used.
The eluent was DMF+ 1 g/L LIBr at a flow rate of 1.0 mL/
min. Polystyrene standards were used for calibration.

Laser Light Scattering (LLS)A commercial spectrometer
(ALV/DLS/SLS-5022F) equipped with a multi-tau digital time
correlator (ALV5000) and a cylindrical 22 mW UNIPHASE
He—Ne laser {o = 632 nm) as the light source was used. In
static LLS, we can obtain the weight-average molar mikg (
and thez-average root-mean-square radius of gyratidy?(}?
or written aslRy[) of polymer chains in a dilute solution from

of the emission intensity at 480 nm to that of the emission at
373 nm.

Results and Discussion

Syntheses of H40-PNIPAM and Pyrene-Labeled H40-
PNIPAM. The syntheses of H4PNIPAM and pyrene-labeled
H40—PNIPAM followed previously reported proceduf8SEC
analysis in DMF of H46-PNIPAM gives a symmetric elution
peak with a number-average molecular weigi)(of 4.75 x
10° g mol~t and a polydispersity of 1.22, while H40 itself has
aMp = 6500 g mof! and polydispersity of 1.40. The relatively

the angular dependence of the excess absolute scatteringl@rrow polydispersity of H46PNIPAM suggested the con-

intensity, known as the Rayleigh rati,(q), as

KC 1 1 2.2
~—(1+Z + 2A

Ru(@) ™~ WL SR+ 2,
whereK = 422n?(dn/dC)%(Nale*) and g = (4mn/ig) sin(/2)
with Na, dn/dC, n, and 1o being the Avogadro number, the
specific refractive index increment, the solvent refractive index,
and the wavelength of the laser light in a vacuum, respectively;
A; is the second virial coefficient. Strictly speaking, h&g-
() should beRy(q) because there is no analyzer before the
detector. However, the depolarized scattering of the solution
studied is insignificant so th&,,(q) ~ Rn(Q). Also note that,
in this study, the sample solution for LLS was so dilute (%.0
1076 g/mL) that the extrapolation o — 0 was not necessary,
and the term &,C in eq 1 can be neglected; the obtairdg
value is denoted as the apparent molecular weiatapp

The specific refractive index increment)/dC, was deter-
mined by a precise differential refractometer at 6327 Arfor
PNIPAM homopolymer in water, ddC values exhibit weak

@)

trolled RAFT polymerization of NIPAM using an H40 mac-
roRAFT agent. Because SEC analysis uses linear polystyrene
as standards and H4®NIPAM take a dendritic conformation,
static LLS was used to determine the absolute molecular weight
of H40—PNIPAM. The apparent weight-average molecular
weight Mw.app determined by LLS in water was 69 1(° g
mol~1.

To determine the actual molecular weight of the PNIPAM
arm and grafting density, PNIPAM was cleaved from H40
PNIPAM through reduction and purification, SEC analysis of
the recovered PNIPAM revealed\, of 1.10 x 10* g mol?!
and a polydispersity of 1.20, and the degree of polymerization
(DP) of PNIPAM arm was then calculated to 887. Consider-
ing that theMy, app0f H40—PNIPAM is 6.9x 1C° g mol, and
the weight-average molar madd{) of grafted PNIPAM chain
is 1.32 x 10* g mol%, the number of PNIPAM arms grafted
per H40 core is calculated to be52. There are about 60
hydroxyl groups on the surface of H48,%4 so ca. 90% of the
surface-functionalized RAFT groups participated in the polym-
erization, assuming 100% functionalization of H40 during
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TABLE 1: Molecular Parameters of H40—PNIPAM and Pyrene-Labeled H40-PNIPAM

Mn Mw,app Mn'pN|pAM DP of number

g mol1a Muw/Mp2 g mol® g moltc Muw/MC PNIPAM of armg'
H40—PNIPAM 4.75x 10° 1.22 6.9x 10° 1.10x 10 1.20 97 52
H40—-PNIPAM(Py) 5.23x 10° 1.25 8.6x 1P 1.36x 10 1.16 120 54
H40—PNIPAM(Py)-b-PNIPAM 5.05x 10° 1.31 7.1x 10° / / 53/66 /
H40—PNIPAM-b-PNIPAM(Py) 4.90x 10° 1.28 7.5x 1P / / 67/5% /

aDetermined by SEC using DM 1.0 g/L LIBr as eluent® Determined in water by static LLS at P&. ¢ Determined by SEC after cleavage
via reduction with KBH. ¢ Calculated fromM,, app determined by LLS and molecular weight of cleaved PNIPAM arms determined by <Sk&gree
of polymerization of the inner block and outer block determined by static LLS for the precursor and final dendritic macromolecules, assuming the
number of grafted chain per H40 core is 52.
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Figure 1. Scattering vectord) dependence of Rayleigh ratRu(q) I_:igure_z. Scattering vectory) dependence of the average char_acteristic
of H40—PNIPAM in aqueous solution at two different temperatures, i€ width () of HA0-PNIPAM in aqueous sce)lutlon at different
where the concentration is 1:0 1076 g/mL. temperatures, where the concentration is.Q0°6 g/mL.

The concentration for LLS studies is chosen to be very low
(1.0 x 107 g/mL) to avoid any possible aggregation between
dendritic H4G-PNIPAM above the phase transition. It can be
clearly seen that the slope in Figure 1 decreases with increasing
temperature. On the basis of eq 1, this reflects the decrease of
[Ry0) i.e., the shrinking (or collapse) of the grafted PNIPAM
brush at higher temperatures. The extrapolatioiKGfR(q)

to g— 0 at two different temperatures leads to almost the same
intercept ¢5%), indicating thaM,, appis nearly constant in the
temperature range 36 °C. My, appWas determined to be 6.9

x 10 g molt. We then further investigated the dendritic
macromolecules at a higher concentration of £.00~3 g/mL,

o ] scattering intensity remained constant below@tand showed

LI__S Characte_nzanon. LLS was used to chqracterlze the  10-15% increase in the temperature range-30 °C. This
chain conformational changes of H4BNIPAM in aqueous jpgicates that partial aggregation between dendritic macromol-
solution upon heating. It is well-known that PNIPAM ho-  oqyles takes place above the LCST of PNIPAM shell.
mopolymer undergoes a coil-to-globule phase transition in dilute Figure 2 shows the? dependence of the average characteristic

agueous solution at its LCST of ca. 32.2° At a temperature  |ine width (T') of H40—PNIPAM in water at different temper-
below the LCST, PNIPAM chains adopt a randomly coiled 4yres, where the concentration is &QL0-6 g/mL. It reveals
structure due to the predominfantly intermolecular hydrogen tnatT is a linear function ofi2 and the extrapolation df to q
bonding between PNIPAM chains and water molecules. At a _, passes through the origin, confirming that the apparent

temperature above the LCST, intramolecular hydrogen-bonding gitfusion coefficient depends only on the translational motion
interactions between=€0 and N-H groups renders the chains  qying heating. Here, the slope df vs q? leads to the

to become compact and collapse, reducing their water solubility. +,anslational diffusion coefficiend and further to the hydro-
From a structural point of view, dendritic H&PNIPAM in dynamic radiusR, by the Stokes Einstein equatiorR, = (ksT/
aqueous solution will exist as unimolecular micelles with H40  675,)/D.
as the core and PNIPAM as the shell at low temperatures. The Figure 3 shows typical plots of the hydrodynamic radius
molecular size of H40 core was estimated to be ca. 3%fth%’ distributionf (Ry) of H40—PNIPAM at three different temper-
the number of grafted PNIPAM chains per H40 core wek, atures: 15, 27, and 36C. It can be clearly seen that the
thus the grafting density at the surface of H40 core surface wasdistribution curve shifts to the left with increasing temperatures.
calculated to be 0.46 rfrper PNIPAM chain. Compared t0  The average hydrodynamic radiufR{) of H40—PNIPAM at
the hydrodynamic diameter of free PNIPAM chain with a DP 15 27, and 36°C are 26, 16, and 14 nm, respectively. This
of 97 (around 5 nm), the grafting of PNIPAM resulted in @ should be ascribed to the collapsing of the PNIPAM brush.
densely packed PNIPAM brush surrounding the hydrophobic Unimolecular micelles at different temperatures are relatively
core. monodisperse, and the polydispersity indexes of the size
Figure 1 shows typical angular dependences of the Rayleighdistributions (2/T'?) are typically less than 0.12u,/T? is
ratio [KC/Ry(q)] of H40—PNIPAM at 15°C and 36°C, which relatively smaller at 36C (u2/T? = 0.08) than that at 18C
is below and above the LCST of free PNIPAM chains in water. (u2/T'? = 0.12) and 27C (uo/T? = 0.11).

preparation of the macroRAFT agéftdi40—PNIPAM(Py) was
characterized in similar procedures and the results are shown
in Table 1. For H46-PNIPAM(Py)b-PNIPAM and H46-
PNIPAM-b-PNIPAM(PYy), cleavage of the grafted and partially
labeled PNIPAM chains was not conducted, and the DP of the
pyrene-labeled and unlabeled block is calculated on the static
LLS results, assuming that the number of grafted chain per H40
core is~52. The pyrene content relative to the PNIPAM block
determined by UV-vis absorption using 1-pyrenebutanol as a
model compound is ca. 1.3 mol %. The molecular parameters
of H40—PNIPAM and pyrene-labeled H4PNIPAM are
summarized in Table 1.
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Figure 3. Typical hydrodynamic radius distribution§R,), of H40— Figure 4. Temperature dependences of the average radius of gyration,
PNIPAM-Py aqueous solution at different temperatures, where the [Rj[Jand average hydrodynamic raditB[) of H40—PNIPAM in water
concentration is 1.6« 107 g/mL. during the heating process, where the concentration of HlIPAM
is 1.0 x 107 g/mL.
The grafting density of PNIPAM chains at the hydrophobic

H40 core surface is very high, ca. 0.46per chain. PNIPAM
chains in the brush are expected to be crowded and forced to Lar ¢ Heating process
stretch away from the substrate to avoid overlapping. Theoretical - '—“\\‘N
predictions suggest that strong interchain repulsions are present
in the brush and should cause a broadening of the transition of
polymer chain$*~57 Considering the molecular size of H40 core
(3 nm in diameter) and@R,Jof H40—PNIPAM in the swollen
state at 15C (26 nm), the average length of a surface-attached o0slk T=m¢ .
PNIPAM chain with a DP of 97 is about 24.5 nm. In preliminary \ \ \ \ \ .
experiments, we found that tH&,Jof free PNIPAM chains 15 20 25 30 35 40
with a DP of~100 in water is about 2.5 nm, i.e., the dimensions Temperature / °’C
of free PNIPAM chains are-5 nm. So the dimension of  Figyre 5. Temperature dependencesBIIR.for aqueous solution
PNIPAM chains in the brush is much larger than that of the of H40-PNIPAM during the heating process.
free PNIPAM chains with the same DP in solutiory nm).
This indicates that the surface-attached PNIPAM chains are The two-stage collapse behavior hints at the double phase
highly extended due to steric exclusions imposed by neighboring transition behavior of a PNIPAM brush; this observation is
chains in the brush. The dynamic LLS results agree favorably qualitatively in agreement with results obtained by Tenhu et
with those obtained from PNIPAM- and PS-stabilized gold or al*2and Napper et &f*4>for a PNIPAM brush tethered to gold
latex nanoparticles, where chain stretching was obse®#d.  nanoparticles or latex particles. The inner and outer part of a
It should be noted that, in the above calculation, the molecular PNIPAM brush has different extent of chain crowding due to
size of the H40 core is fixed at 3 nm. Theoretically, the decreasing chain density from being close to the core to the
dimension of the H40 core is expected to expand to some extentouter part of the corona. The inner part of the PNIPAM brush
due to the dense grafting of PNIPAM chains. Tsukruk étal® are more densely packed and crowded. Although we observed
recently studied the interfacial behavior of hyperbranched two phase transitions by LLS, currently we cannot ascribe the
polyesters with different generations. They found that H40 first transition at lower temperatures to the inner part of brush.
possesses dense, compact, and globular molecular structureThis question will be solved through excimer fluorescence
which is usually observed only for high-molecular-weight studies of pyrene-labeled samples, which are described later.
dendrimers. In combination with their observations and the fact It is well-known that the ratio offRy[R.[Ireflects the
that PNIPAM brush was tethered to the hydrophobic H40 core, conformation of a polymer chain or the density distribution of
the size change of the hyperbranched core after PNIPAM chain segments in coreshell nanoparticles. A smalldRy]
grafting was neglected for simplicity. [(R.Ovalue typically hints at a higher chain segment density.
The issue most interesting to us is the collapsing process of For example, for linear and flexible polymer chaifRy IR,
the PNIPAM brush with increasing temperatures. Figure 4 shows is around 1.5, but for a uniform nondraining sphe,J[R.0
typical temperature dependences of average radius of gyrationdrops to 0.774. A ratio of 0:81.5 is found for hyperbranched
(RyD and average hydrodynamic radiu8R{Q) of H40— or dendritic macromoleculé$. Figure 5 shows the typical
PNIPAM in water upon increasing temperatures. Each data pointtemperature dependencesBf/[R,Cof H40—PNIPAM in water
was obtained after the measured values were stable. during the heating process. It again clearly exhibits a two-stage
Upon heating/R,Odecreased monotonically from 26 to 14 collapse of the PNIPAM brusiRyl[R,Ogradually decreases
nm in the temperature range 180 °C. This corresponds to  from 1.38 to 1.20 when the temperature increases from 15 to
ca. 85% shrinkage of the hydrodynamic volume of the PNIPAM 29 °C; [RylZ[R,then exhibits further decrease from 1.20 to 0.82
brush at elevated temperatures. The transition is relatively broad,in the range 2936 °C. At temperatures higher than 36, [RyJ
spanning about 18C. It is well-known that, for PNIPAM [(R.Ois nearly independent of temperature, indicating that the
homopolymer chaingR,(0drops abruptly in the narrow tem-  PNIPAM brush reaches the finally collapsed state.
perature range 3633 °C.2° The more fascinating thing is the We have also studied the variation @y0) (Ri[) and [Ry[2
temperature dependences®BfJ(Figure 4). It clearly reveals  [R,Owith temperatures during the cooling process. The collaps-
that the PNIPAM brush undergoes a two-stage collapse. Theing and reswelling of a PNIPAM brush of H4&®PNIPAM upon
[Ryllis about 36 nm at 18C, and it gradually decreases to 19 heating and cooling are generally reversible, with more gradual
nm at 29°C. Above 29°C, [RyUfurther decreases from 19 to  changes occurring in the cooling cycle. We can also observe
12 nm in the temperature range-2%6 °C. the two-stage re-swelling of PNIPAM brush during the cooling

>
=

1.0

<R >/<R




Micelles with Poly(N-isopropylacrylamide) Coronas

J. Phys. Chem. B, Vol. 110, No. 18, 2008137

" —— H40-PNIPAM 1.0} HA40-PNIPAM(Py)

0.9} I == FH0-PNIPAM(PY) 2 —1s5'C

o Ja 'z 038 -mm3s'C
i i ]

w0/ E 06
~
= 2 04
é 0.3} g

o - 0.2
O &

0.0} 0.0

10 20 30 40 50 60 70 80 350 400 450 500 550

Wavelength / nm

Figure 7. Normalized fluorescence emission spectra at different
temperatures for aqueous solution of HRNIPAM(Py). The polymer
concentration is 1.0« 103 g/mL.

Temperature / °C

Figure 6. Temperature dependence of partial heat capaCity,of
aqueous solutions of H4PNIPAM and H4G-PNIPAM(Py) at a
concentration of 1.0< 1072 g/mL, the heating rate is 1.08C/min.

cycle. The plot of Ryl[R,[vs temperature in the cooling process 0.12f
exhibits a small dip at-32 °C, the minimum value offRy /R,
is ~0.74. At~15 °C, water behaves as a good solvent for the
PNIPAM brush, andRy[] [R.[] and [RyI[R,Call converge to
similar values for both the heating and cooling cycles. :m
From Figure 4, we also know thaRy[ldecreases-3 times

upon heating. We have previously reported that a decrease of
RyOwith a factor of 7 can be observed for free PNIPAM 0.06F
hompolymer chains in aqueous soluti®nit is possible that 15 20 25 30 35 40 45
densely grafted PNIPAM brush resists fully collapsing, PNIPAM Temperature / °C
chains are prevented to reach the fully collapsed globule state o ] ] ] ]

Figure 8. Variation of excimer-to-monomer intensity ratig/ly, as

due to chain crowding and steric repulsion of neighboring : . ;
. L . ..~ a function of temperature for H4PNIPAM(Py) in agueous solution
PNIPAM chains in the brush. This is also in agreement with at a concentration of 1.8 103 g/mL.

theoretical predication®.

Microdifferential Scanning Calorimetry (Micro-DSC). To coming together, which is influenced by the chain mobility and
further support and justify our discussion about the double phasethe |ocal concentration of pyrerié:82
transition behavior of .densely grafted PNIPAM brush. atthe  gycimer fluorescence measured by the excimer-to-monomer
surface of hydrophobic H40, we measured the partial heat 4iio (/1) provides highly localized information because the
capacity Cp) of H40—PNIPAM and H46-PNIPAM(Py) in excimer is only formed when aromatic rings closely approach
aqueous solution using a microcalorimeter. Figure 6 shows the g5ch othef? Here, we first labeled the PNIPAM shell with
temperature dependence of partial heat capaCiydf aqueous  pyrene groups. The fluorescence emission spectra of aqueous
solutions of H46-PNIPAM and H46-PNIPAM(Py) at a  H40-PNIPAM(Py) at different temperatures are shown in
concentration of 1.0< 10°3 g/mL, where the heating rate is  Figyre 7. Besides the monomer bands that are characteristic of
1.0 °C/min. For H4G-PNIPAM, the micro-DSC curve shows  the pyrene vibronic structure, which exhibit three distinct peaks
two endothermic peaks located at26 °C and ~33 °C, at 373, 393, and 415 nm, the excimer emission of pyrene appears
respectively. This is the strongest evidence of the existence of35 4 broad, structureless band around 480 nm. The spectral
double phase transitions for PNIPAM brush at the surface of parameter of interest to us is the excimer (480 nm) to monomer
the dendritic core. The same observation was reported by TenhU(373 nm) intensity ratiol&/Iy).
et al*? for PNIPAM brush-stabilized gold nanoparticles. The Figure 8 depicts the temperature dependencécitf; for
first endothermic peak is relatively broad, while the second peak HA40—PNIPAM(Py) aqueous solutioe/ly decreases continu-
is quite sharp; the peak temperature of the second transition isously with increasing temperature in the range-85 °C and
close to free PNIPAM chains. For H4PNIPAM(Py), there | aens almost constant at temperatures aboveC35he drop
also exists two endothermic peaks, with the first broad one Ie/lv should be ascribed to the collapsing of PNIPAM chains
located at around 26C and the second narrower one located i, the brush. Upon heating, PNIPAM chains in the densely
at around 3FC. The decrease of the second endothermic peakgrafted brush get more hydrophobic, the mobility of chains as
temperature for H40PNIPAM(Py) as compared to that of \ye|| as covalently linked chromophores are increasingly re-
HA40—PNIPAM can be ascribed to the incorporation of hydro-  gricted, and they get fewer chances to come close to each other,
phobic pyrene units into grafted chain. decreasing the excimer fluorescence intensity relative to the

Fluorescence Measurementdt has been known that pyrene  monomer emission. The decreaselgty for pyrene-labeled
form a cofacial excimer when two pyrene molecules are close PNIPAM chains upon heating was also observed by Winnik
(<4 A) and excited by a light 0~330 nm?? The pyrene and co-workerg? Martinho et a8 have used equilibrium
excimer shows characteristic fluorescence distinct from an excimer fluorescence to characterize the coil-to-globule transi-
isolated pyrene molecule. The excimer is only stable in its tion, and they always observed a decreade/tfi accompanying
excited state and affected by the collision of its adjacent pyrene the transition. From excimer fluorescence results, we can tell
molecules. Therefore, the pyrene excimer band at 480 nm isthat PNIPAM chains indeed start to collapse from°0{ and
usually accompanied by monomer fluorescence at 380 and 400the transition is rather broad, spanning from 15 t0°@5 The
nm. Pyrene excimer fluorescence has been successfully useabtained fluorescence results do not support the conclusion that
as a probe of helixhelix proximity and protein conformational  the collapsing of the PNIPAM brush is a two-stage process.
changes, depending on the ability of two pyrene molecules This should be due to the fact that pyrene groups are randomly

H40-PNIPAM(Py)
0.10}
NE

0.08
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0.18 H40—-PNIPAM-b-PNIPAM(Py) are generally in agreement with
FHH40-PNIPAM(Py)-b-PNIPAM LLS and micro-DSC results, all supporting the double phase
0.15} transition behavior for the PNIPAM brush at the surface of the
s H40 core. The collapse of the outer part of PNIPAM above 30
T 02 °C is quite understandable; this phase transition can be attributed
~ .00l to the binary segmental interactions changing from repulsive
' to attractive, just as in the case of free PNIPAM chains in
0.06| solution above its LCS¥’ The phase transition of the inner
, , ) ) : ° part of the PNIPAM brush below 3T can be explained using
15 20 25 30 35 40 n-clusters concepts of de Genré8? The inner part of
Temperature / °C thePNIPAM brush is densely packed, and the collapsing of it

Figure 9. Variation of excimer-to-monomer intensity ratiig/ly, as at te_mperatures below 3T may_ also be r_elated to the fact

a function of temperature for H4PNIPAM(Py)-b-PNIPAM in that it is attached to a hydrophobic core. It is well-known when

aqueous solution at a concentration of Q.02 g/mL. NIPAM monomer are block or randomly copolymerized with
a hydrophilic or hydrophobic monomer, its LCST will increase

020k or decrease to some extéftSurely more work is needed to
FA0-PNIPAM--PNIPAMIEY) differentiate these two possible explanations. We are currently

0.16} grafting PNIPAM from a hyperbranched polyglycerol to un-
= derstand the effect of hydrophilicity of the core on the double
~ 0 phase transition behavior.
™ oos} .

Conclusion
0.04F Reversible addition-fragmentation transfer (RAFT) poly-

15 20 25 30 35 40 merization ofN-isopropylacrylamide (NIPAM) was conducted
using a hyperbranched polyester (Boltorn H40) based mac-
roRAFT agent. In aqueous solution, dendritic HENIPAM
Figure 10. Variation of excimer-to-monomer intensity ratie/lv, as exists as unimolecular micelles with hydrophobic H40 as the
a function of temperature for H4PNIPAM-D-PNIPAM(PY) in core and grafted PNIPAM chains as the shell. The average
aqueous solution at a concentration of Q0™ g/mL. grafting density of PNIPAM chains at the H40 core surface is

distributed on PNIPAM chains; it cannot differentiate collapsing estimated to be 0.46 rimper chain. Experimental results

processes taking place in the inner and outer part of the PNIPAM obtained from LLS, micro-DSC, and excimer fluorescence
brush measurements are self-complementary; all of these three tech-

: . i biguously support the conclusion that PNIPAM

We then selectively labeled the inner and outer part of niques unam . .
PNIPAM brush with pyrene derivatives, and the prepared brush densely grafted at the surface of hydrophobic dendritic
samples were denoted IHG’NIPAM(Py)’Jo-PNIPAM and core exhibits double thermal phase transition behavior. The inner

H40—PNIPAM-b-PNIPAM(PY), respectively. Excimer fluores- part of the PNIPAM brush collapses at lower temperature3(

cence results are shown in Figures 9 and 10, respectively. When ) aPove 30°C, the outer part of PNIPAM brush starts to

the inner layer of PNIPAM brush was selectively labeled collaps_e. This report provides the first direct evidence of the
Im of H40—PNIPAM(Py)b-PNIPAM shows gradual decrea{se collapsing sequence of a PNIPAM brush tethered to a spherical
in the range 1532°C; this is similar to that of H49PNIPAM-  ydrophobic core.

(Py) except thatlg/ly of HA0—PNIPAM(Py) continuously
decrease in the range 182 °C. This indicates that the
collapsing of the inner layer of the PNIPAM brush collapses in
a broad temperature range starting fronf €5 Figure 10 shows
the temperature dependences lgiy of H40—PNIPAM-b-
PNIPAM(Py), where the outer part of the PNIPAM brush is
selectively labeled with pyrene. It is clearly observed that the
excimer fluorescence results of H4BNIPAM-b-PNIPAM(Py)

Temperature / °C
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