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ABSTRACT: A thermally sensitive ultralong multiblock copolymer, [poly(ethylene oxigBjpoly(N-isopro-
pylacrylamide),q7s0 (My = 1.78 x 107 g/mol andM,/M,, = 1.49), was prepared using the oxidative coupling of
two mercapto groups at the two ends of triblock PNIPAM-PEG:3-b-PNIPAMs, (Mnpeo= 1.0 x 10° g/mol

andM; pnipav = 1.4 x 10¢ g/mol) copolymer chains. The folding of individual multiblock copolymer chains in

an extremely dilute solution (18 g/mL) was studied by laser light scattering (LLS). Moreover, the association
of multiblock and triblock copolymer chains in relatively concentrated aqueous solutionsg/toL) was also
comparatively studied by a combination of LLS, fluorescence spectrometry, and microcalorimetry. We found
that in the single-chain folding process the average radius of gyrdfigi) (emains a constant in one heating-
and-cooling cycle, but the average hydrodynamic radiRgl) decreases as the solution temperature increases.
Our result reveals that the single-chain folding undergoes two stage32aand~40 °C, presumably due to the
successive contraction of thermally sensitive PNIPAM segments in the middle around each hydropt®bic S
coupling point and near the hydrophilic PEO block. Each PNIPAM block collapses into a small globule (bead)
stabilized by the two attached PEO blocks on the chain backbone, a-dbeagl conformation, which makes the
chain thicker and more extended. The association of multiblock chains also undergoes similar two stages to form
stable mesoglobules during the heating. In contrast, the triblock chains associc&@ «€ to form polymeric
micelles.

Introduction protein-like chain can memorize or inherit some special
functional properties of its parent collapsed state. Timoshenko
et al® also showed that for a given degree of amphiphilicity

. . . . . . the folding of AB copolymer chains with a segmented comono-
properties, single-chain folding has been extensively studied. S . .
mer distribution was easier than a random copolymer chain,

Protein chains generally contain hydrophobic and hydrophilic leading to stable mesoglobules in comparison with random

charged or noncharged amino acid residues, regarded as . . o
S . A . copolymer chains under the same conditions. However, it is an
amphiphilic copolymers in a broad definition. The coordinate

and cooperative interactions, such as intra- and interchainexloemm:“maI challenge to prepare a pair of AB copolymers with

hydrogen bonding, hydrophobic attraction, and electrostatic a_similar_composition and chain length, but different comonomer
attraction/repulsion, led to some complicated bioactive struc- distributions on the backbone.
tures® To simplify such a complicated problem, polymer We have been interested in this kind of problems for many
researchers have tried to prepare protein-like amphiphilic years and attempted to synthesize regular ¢ABltiblock
copolymer chains made of hydrophilic and hydrophobic mono- copolymers with a controllable block length and sequence for
mers with different structures to imitate protein chein¥ It the investigation of the chain folding and other related prob-
is anticipated that the folding of these simplified amphiphilic lems? In the preparation of these amphiphilic copolymers, poly-
copolymer chains could shed some light on the complicated (N-isopropylacrylamide) (PNIPAM) with a convenient low
protein folding. critical solution temperature (LCST32 °C) in water is a
Khokholv et al* simulated three types of AB copolymer favorable choice as one componéhtlt is this interesting
chains with an identical composition and length, but different thermal property that has made PNIPAM a model polymer for
comonomer distributions on the chain backbone. Their results the study of protein denaturalization in aqueous solutions even
show that the folding of a copolymer chain with a protein-like t0ugh protein chains are much more complicated/e also
structure, i.e., soluble comonomer A was incorporated on the NOte that water is a good solvent for poly(ethyl oxide) (PEO)

periphery of collapsed B segments, is easier and the resultant’ the temperature range 280 °C. Therefore, a copolymer
globule is more stable and denser than that from a randomMade of PNIPAM and PEO is soluble at lower temperatures

copolymer chain. The simulation results suggest that such a(~32 °C) but becomes amphiphilic at higher temperatures. In
this study, we first synthesized a PNIPAMPEObH-PNIPAM
triblock copolymer with two SH ends via reversible addition
* The Hong Kong address should be used for all correspondence. fragmentation chain transfer (RAFT) polymerizati’éﬁﬁ The
T The Chinese Academy of Sciences. . B .
The Chinese University of Hong Kong. multiblock (PEOb-PNIPAM), copolymer was then obtained via

8 University of Science and Technology of China. the oxidative coupling of every two SH ends on different triblock

Since LifshitZ stated that the level of biological structural
hierarchy of biopolymers can lead to their related physical

10.1021/ma702139b CCC: $40.75 © 2008 American Chemical Society
Published on Web 02/19/2008



Macromolecules, Vol. 41, No. 6, 2008

copolymer chains. The folding of individual multiblock copoly-
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the mixture was stirred fo3 h atroom temperature before it was

mer chains in an extremely dilute solution and the comparison poured into anhydrous diethyl ether (20 mL) under argon. The

of association of triblock and multiblock copolymer chains in
relatively more concentrated solutions were studied.

Experimental Section

Materials and Sample Preparation. All chemicals, unless
otherwise specified, were purchased from Aldrich Chemical Co.
S-1-DodecylS-(o,0'-dimethylo’-acetic acid) trithiocarbonate was
prepared according to the literature meth6d@HF and toluene
(99%) were refluxed several hours and freshly distilled from sodium
benzophenone ketyl immediately prior to use. Azobis(isobutyroni-
trile) (AIBN, 97%) was recrystallized three times from methanol.
N-Isopropylacrylamide (97%) was recrystallized twice from a
solution of hexane/toluene (1:13 NMR spectra were recorded

on a Bruker AM-300 spectrometer. Chemical shifts were reported

in 0 units with reference to internal or external TMS (0.03% v/v).

From the number-average molar mass of individual PEO blocks,

the number-average molar mass of triblock PNIPANPFEODL-
PNIPAM copolymer was estimated b\H NMR spectra. The
polydispersity index (PDI) of triblock copolymer chains was

precipitate (HS-PNIPAMgz-b-PEG3-b-PNIPAMg,—SH) was col-
lected and dissolved in distilled water, to which oxygen was bubbled
for 48 h at room temperature. The polymer solution was purified
by dialysis (with cutoff 16 000) using a large amount of water.
The final product was dried under vacuum at°4 Yield: 0.20

g (40%).'H NMR (CDCls, ppm): 6 1.17 (s,—CHjg), 1.20-2.50

(m, —CH,—CH), 3.65 (s,—CH;0), 4.00 (s,—CH(CHg),). M, =
1.78 x 10" g/mol and PDI= 1.49 from LLS.

It should be noted that there are only two reactive end groups
on each initial triblock chain so that no gel can be formed in such
a coupling reaction. On the other hand, it is well-known that the
formation of cyclic chains is rather difficult in such a relatively
concentrated solution. The probability of cyclic reaction (self-
coupling) should be very low, if any.

Laser Light Scattering. A commercial LLS spectrometer (ALV/
DLS/SLS-5022F) equipped with a multi-tau digital time correlation
(ALV5000) and a cylindrical 22 mW HeNe laser {o = 632 nm,
UNIPHASE) as the light source was used. In static lE&e can
obtain the weight-average molar madd,J, the second virial
coefficient @), and thezaverage root-mean-square radius of

measured by a Waters 515 gel permeation chromatograph (GPC)gyration (R,?[¥2 or written asiRy[} of scattering objects in a dilute
equipped with microstyragel columns. THF was used as eluent at solution or dispersion from the angular dependence of the excess

a flow rate of 1.0 mL/min.

PEO Macromolecular RAFT Reagent. A CH,CI; (20 mL)
solution containing PEQOM,, = 1000) (0.50 g, 1.0 mmol OH) and
dicyclohexylcarbodiimide (DCC) (0.27 g, 1.3 mmol) was added
dropwise to a solution d&-1-dodecylS-(a,0'-dimethyl-o''-acetic
acid) trithiocarbonate (0.47 g, 1.3 mmol) and 4-(dimethylamino)-
pyridine (DMAP) (0.03 g, 0.25 mmol) in C}l, (20 mL) at room
temperature. After the mixture was stirred for 10 h at room
temperature, the precipitate of 1,3-dicyclohexylurea (DCU) was

scattering intensity, known as Rayleigh raRq/(q), as

KC (), Lo .
W MW(1+ SR, m)+2Azc for q/R,I< 1 (Zimm plot) (1)

KC/R,(0) = M,, exp[q’R,#3] for qIR,(> 1 (Guinier plot) (2)
whereK = 47n%(dn/dC)%(Nale?) andq = (4zn/d) sin(@/2) with

filtered off, and the filtrate was evaporated to dryness. The residue Na, dn/dC, n, and 4o being the Avogadro number, the specific

was extracted with acetone (10 mt 3). Removal of the solvent
gave a crude product which was purified by fast column chroma-
tography on silica (Sig) using methanol as eluent. Yield: 0.72 g
(85%). 'H NMR (CDCl;, ppm): 6 0.90-2.00 (m, —CyiHas,
O=C(CH),), 3.27 (t,—CH;,S), 3.65 (s;—CH;0), 4.26 (t,—CH,—
O—C=0).

Cle 255C(=S)S—PN|PAM ez-b-PE023-b-PN|PAM GZ_SC(=S)-
SCi2H2s. A Schlenk tube was charged with PEO macromolecular
initiator (0.60 g, 0.35 mmol), NIPAM (2.00 g, 17.7 mmol), and
AIBN (0.06 g, 0.35 mmol) in a mixture of toluene and 1,4-dioxane
(40 mL, viv = 1:1). It was then degassed by three freeze
evacuate-thaw cycles, and the polymerization was carried out at
70 °C for 6 h. The tube was immediately immersed into liquid
nitrogen for 0.5 h. @HxsSCES)S-PNIPAMs-b-PEO:3-b-
PNIPAMs,—SCES)S-CyHys triblock copolymer was collected
after addition of absolute diethyl ether (500 mL). Yield: 2.00 g
(85%).M,: 15 000 (from'H NMR) and PDI: 1.13 (by GPC}H
NMR (CDCls, ppm): 6 1.17 (s,—CHjs), 1.20-2.50 (m,—CH,—
CH), 3.65 (s,—CH;0), 4.00 (s,—CH(CH)2). UV (THF): Amax=
310 nm.

NC(Me2)C—PNIPAM gb-PEO,5-b-PNIPAM g;—C(Mez)CN. A
Schlenk tube was charged with;,:SCES)S-PNIPAMg-b-
PEGy3-b-PNIPAMs,— SCES)SGHys triblock copolymer (0.32 g,
0.02 mmol) and AIBN (0.24 g, 1.4 mmol) in a mixture of toluene
and 1,4-dioxane (20 mL, v/e= 1:1). It was then degassed by
freeze-evacuate-thaw cycles, and reaction was carried out at
70 °C for 3 h. NC(Me)C—PNIPAMg-b-PEQy3-b-PNIPAMg—
C(Mey)CN triblock copolymer was collected after addition of
absolute diethyl ether (250 mL). Yield: 0.15 g (47%H NMR
(CDCl, ppm): 6 1.17 (s,—CHj), 1.20-2.80 (m,—CH,—CH), 3.65
(s, —CH,0), 4.00 (s,—CH(CHy),). PDI: 1.19. UV: the peak of
trithiocarbonate at 310 nm was disappeared.

Multiblock Copolymer (PEO 23-b-PNIPAM 124)750. A Schlenk
tube was charged with triblock copolymer,;,H,:SCES)S-
PNIPAMs2-b-PEGys-b-PNIPAMg,—SCES)SG2H2s (0.50 g), in
THF (2 mL). The solution was then degassed by three freeze
evacuate-thaw cycles. After addition of ethylenediamine (1.5 mL),

refractive index increment, the solvent refractive index, and the
wavelength of the light in a vacuum, respectively. In the chain-
folding study, the solution was so dilute that the extrapolation of
C — 0 was not necessary; i.e., the second teAg2in eq 1 can
be dropped. In dynamic LLS the Laplace inversion (the CONTIN
method in the correlator) of each measured intensittensity time
correlation functiorG®)(q,1) in the self-beating mode can lead to a
characteristic line-width distributio®(I"). For a diffusive relaxation,
T is related to the translational diffusion coefficiebt by (I'/
9?)c—0q-0— D. Therefore G(I') can be converted to a transitional
diffusion coefficient distributiorG(D) or further to a hydrodynamic
radius distributionf (R,) via the StokesEinstein equationR, =
(ks T/67t77)/D, wherekg, T, and#n are the Boltzmann constant, the
absolute temperature, and the solvent viscosity, respectively. In this
study, we measured the value [@fJat different scattering angles
at each temperature. The extrapolatioriltfto g — O led to[ID[{
and [(R,0J The solutions were clarified with 0.46m Millipore
Millex-LCR filters to remove dust.

Micro-DSC and Fluorescence MeasurementsThe heat flow
of each copolymer solution during the phase transition was
measured using a VP-DSC microcalorimeter (MicroCal Inc.) at an
external pressure of180 kPa. The cell volume was 0.157 mL.
The instrument response time was set at 5.6 s. All the micro-DSC
data were corrected for the instrument response time and analyzed
using the software in the calorimeter. The polymer concentration
used in DSC was kept at 1.0 mg/mL, much higher than those used
in LLS because of the signal-to-noise ratio. Steady-state fluores-
cence spectra were recorded on a Varian Cary Eclipse spectrometer
at different temperatures. The temperature was maintained by using
a water-jacketed cell holder connected to a Cary circulating water
bath. The solution temperature of the sample fluid was measured
with a thermocouple immersed in a water-filled cell placed in one
of the four cell holders in the sample compartment.

Results and Discussion

Synthesis.The RAFT reagent, macromonomer;pj,sSC-
(=S)SC(CH),C(O)O—PEOOC(0O)C(CH3),SC(=S)-
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Figure 1. *H NMR spectrum of PEO macro-RAFT agent in CRCI
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Figure 2. GPC trace (RI detector) of 1eH:5SCES)S-PNIPAMe-
b-PEQys-b-PNIPAMg—SCES)S—CioHos triblock copolymer.
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Figure 3. UV spectra of GHzsSCES)S-PNIPAMe-b-PEQ:s-b-

PNIPAMs;—SCES)S—CyHos (solid line) and NC(MgC—PNIPAMgx
b-PEQys-b-PNIPAMs—C(Me;)CN (broken line) in tetrahydrofuran.

SCoHzg| (1) was synthesized in 85% isolated yield via the
reaction of HO(PEO)OH with 1.3 equiv &1-dodecyIS-(o,0'-
dimethylo''-acetic acid) trithiocarbonate in GBI, in the
presence of DCC and DMAP. It was purified by fast column
chromatography on silica (Sgpusing methanol as an eluent.
The 'H NMR spectrum ofl is shown in Figure 1. The peak
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Scheme 1. Synthesis of Thermally Sensitive Multiblock
Copolymer Chains
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Triblock copolymer GoH25SCES)S-PNIPAMg-b-PEGs-
b-PNIPAMg,—SCES)SGHos was easily converted to HS
PNIPAMs2-b-PEGy3-b-PNIPAMes,—SH by reaction with ethyl-
enediamine in THF at room temperature using the literature
method?! Oxidative coupling of the two SH end groups on
different chains under oxygen gave the target multiblock
copolymer (PE@s-b-PNIPAM;24), (Scheme 1). The polymer
was then purified by dialysis (with cutoff 16 000) using a large
amount of water to remove short multiblock copolymers. The
final product was dried under vacuum at 40. LLS charac-
terization shows thaM,,, Ry) R.[J and M/M,, of such an
obtained multiblock copolymer are 1.2810" g/mol, 103 nm,
100 nm, and 1.49, respectively. It is helpful to note that GPC
is not a proper method to characterize such a multiblock
copolymer because of its high molar mags/M,, was estimated
usingMJ/My, = 1 + (1/)2u /T CF wherev andmy/(T'4 are the
Flory exponent (0.50.6) and the relative width of the line-
width distribution, respectively. On average, each multiblock
chain contains~750 initial triblock copolymer chains. It is
denoted as (PEL-b-PNIPAM;24)750 hereafter.

Single-Chain Folding of (PEQs-b-PNIPAM 124750 in a
Dilute Solution. The copolymer concentration used here was
1.0 x 1076 g/mL. Figure 4 shows that the slope &fCQ/R,,(q)]
vs ¢ is independent of the solution temperature. On the basis
of eq 1 (experimental section), the intercepgat- 0 and the

0,

“a” at 4.25 ppm is assigned to the ester methylene protons slope are related til,, andRyL] respectively. The extrapolation

COOWH,, and the peak “c” at 3.27 ppm is attributed to the
trithiocarbonate methylene protons CS$CThe molar ratio
of the two peaks is 1:1, indicating a quantitative capping
efficiency. The triblock copolymer gH,sSCES)S—PNIPAMg-
b-PEQ3b-PNIPAMg,—SCES)SG Hys was prepared via RAFT
polymerization of NIPAM usingl as a macrotransfer agent.
Its number-average molar masM,j is 16 000 g/mol as
determined by!H NMR using the literature methdd. The
polydispersity index (PDIMy/Mp) is ~1.1 measured by GPC
(Figure 2). On the other hand, NC(ME€—PNIPAMs-b-
PEG3-b-PNIPAMes,—C(Mey)CNtriblock copolymer was ob-
tained by treatment of GH2sSCES)S—PNIPAMg-b-PEGys-
b-PNIPAMs,—SCES)SGoHos with a large excess amount of
AIBN according to the literature meth@& The UV spectrum

of KC/Rw(q) to g — O at three different temperatures leads to
the same intercept, indicating there is no change in the weight-
average molar masd/(y), i.e., no interchain association, during
the heating process. Note that the value fd€ only weakly
depends on the solution temperature. Such a small change
slightly affects the measured weight-average molar mass but
has no effect onRyJ It has been known that PNIPAM is
thermally sensitive in water, and its conformation changes from
a random coil to a collapsed globule when the solution is heated
to a temperature higher than32 °C. Therefore, it is really a
surprise to see thaRy[lof the multiblock copolymer chains is
nearly independent of the solution temperature.

Figure 5 shows the temperature dependence of weight-average
molar mass Mly,) of multiblock copolymer chains during one

(Figure 3) shows that the trithiocarbonate peak at 310 nm heating-and-cooling cycleM,, nearly remains a constant,
disappears after the AIBN treatment, supporting the formation indicating a single-chain process during the heating process.

of target copolymet?

Presumably, each collapsed PNIPAM block (globule) is stabi-
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Figure 4. Scattering vectord) dependence of Raleigh rati,(q) of
multiblock copolymer chains in water, where the multiblock copolymer
concentration was 1.8 1076 g/mL, and the relative error is no more
than 5% for each data point.
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Figure 5. Weight-average molar mass of multiblock copolymer chains
as a function of the temperature at the concentration ofx1.00-¢
g/mL, where the relative error is no more than 5% for each data point.
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Figure 6. Hydrodynamic radius distributiori (R,) of multiblock
copolymer at two different angles and concentration wasx1 106
g/mL. The inset shows? dependence of average line-width of
multiblock copolymer chains at different temperature.

lized by the two attached hydrophilic PEO blocks on the chain
backbone, resulting in a strinrdbead chain conformation. On
the other hand, Figure 6 shows typical hydrodynamic radius
distributionsf (R) of the multiblock copolymer chains at two
different angles at 27C, revealing that the size distribution of
the copolymer chains is not broad af,Uis independent of

Multiblock (PEQ3—b-PN|PAM124)750 Chains 2231

105

100 heating  cooling
g heating —0— <R> —e— <R >
= 95k —0— <R > —8— <R >
A
& 9}

cooling

35
T/°C
Figure 7. Temperature dependencezéverage of root-mean-square
radius of gyration R0} and hydrodynamic radiugi.0) of multiblock
copolymer chains in water during heating and cooling, where all the
symbols and labels have the same meanings as in Figure 5. The
concentration was 1.8 106 g/mL, and the relative error is no more
than 2% for each data point.
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Figure 8. Temperature dependence of ratio of average radius of
gyration (Ry[) to average hydrodynamic radiugR¢J of multiblock
copolymer chains in water during heating and cooling, where all the
symbols and labels have the same meanings as in Figure 5. The
concentration was 1.8 106 g/mL, and the relative error is no more
than 5% for each data point.
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8 can be divided into three temperature regions. In the range
25—-32°C, [RylIIR:increases from 1.0 to 1.14. Note that for a
random coil chainR,[I[R,[0~ 1.5. The lower value ofRy]
[(R.Omight be attributed to the existence of many hydrophobic
S—S linkages on the chain backbone. They act as hydrophobic
“stickers” and make each multiblock chain more compact, like
an “ordered coil?® On the other hand, for multiblock copolymer
chains in a solvent, the swelling degrees or the excluded volumes
of different blocks are different even in a good common solvent.
One might have to consider ternary interactions. To our
knowledge, there has been no existing theory to account for
the conformation of a long multiblock copolymer in solution.
In the range 3235 °C, both [RyUand [R,Cremain constant,
apparently indicating that the chain contraction stops. In the
range 35-42°C, the multiblock copolymer chains start to shrink
again before they approach their plateaus, indicating that the

the scattering angle. For such a copolymer, the cumulant analysis®NIPAM blocks in a multiblock copolymer chains are fully

of each measured intensityntensity time correlation function
is sufficient for an accurate determination of the average line-
width (T The inset of Figure 6 shows thdtCvs g2 is a straight

collapsed afl > ~42 °C. Figures 7 and 8 show a hysteresis
during the cooling process; namelyR,is slightly smaller,
especially in the temperature range-3 °C, consisting with

line passing through the origin at different temperatures. Each the hysteresis observed in the coil-to-globule transition of

slope leads to on&DI[g or further toR,[J The increase of the
slope with the solution temperature reflects the increasP @f
i.e., the decrease diR,[J] indicating the contraction of the
PNIPAM blocks on each multiblock chain.

individual PNIPAM homopolymer chain'$.It has been shown
that [Ry[R,Csignificantly decreases during the coil-to-globule
transition of a PNIPAM homopolymer chalhHowever, Figure
8 reveals thaflRy[/[R,[increases with the solution temperature.

Figures 7 and 8 summarize the temperature dependence ofobviously, the increase dlRgl/[R:[lis due to the decrease of

[RyLJ] Ry and Ry IR, of multiblock copolymer chains in water

[Ri[becauséR [ Temains a constant during one heatitgoling

during one heating-and-cooling cycle. Each data point was cycle. Recently, similar results have also been observed on

obtained after the solution reached its temperature equilibrium.

It is interesting to find thatRyOremains a constant, bR,

another multiblock copolymer/solvent system [(PRS), in
cyclohexane], in whicliR,Cremains a constant ahi,slightly

decreases, as the solution temperature increases. Figures 7 argecreases as the solvent quality becomes poorer.
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Figure 10. Temperature dependence of partial heat capaCity ¢f
multiblock copolymer chains in water where the heating rate was
c 1.0°C/min and the concentration was 10102 g/mL.

Figure 9. Schematic of the two transition stages of the multiblock
copolymer chain in water during heating. The solid lines represent
PNIPAM blocks, the broken lines represent PEO blocks, and the black
dots represent-SS bonds.

2.0

How does one explain such an increaséRf/R,Jand the
constantRy0 as individual PNIPAM blocks on the chain
backbone shrink? Note that for a given system fRg/[R,
increases as the chain becomes more exteffdétiA rational 0.0
and simple hand-wave explanation is as follows. As the solution . ,
temperature increases, the collapse of each PNIPAM block into 10 20 30 40
a globule (pearl) makes the chain shorter, but at the same time, T/°C
its two neighboring PEO blocks become less flexible. This leads F!g:”ekll- TeTperaturehdﬁpe”dﬁfge of pg’t\iﬁéxﬂm %aggﬂﬁy gf
to a decrease in the number of the Kuhn segments, but a,thEIl\llg:AMszio(‘:)(oMyeSgN irﬁ v%g}ér Wher(eM%ﬁ:e heating fz;e-wa(s%l:a:;’
increase in the length of each Kuhn segment. These two 0ppositénin and the concentration was 1:010°2 g/mL.
effects somehow cancel each other so tlRjfIremains a
constant. [R,(in the collapse of PNIPAM homopolymer chains in wéler.

A more qualitative estimation is as follows: for each Since each hydrophobic-S5 linkage in the middle connects
PNIPAM block (124 monomer units) in a solvent, the average two PNIPAM blocks, it is expected that the PNIPAM segments
end-to-end distancéR() is about 5 nm, corresponding to a radius around the SS linkage collapse at a lower temperature than
of gyration of~2 nm. On the other hand, the average diameter that near the hydrophilic PEO blocks. This can explain the two
of each fully collapsed PNIPAM block, estimated on the basis stages in one heating-and-cooling cycle.
of its molar mass and chain density in the collapsed state, is Tenhu et aP! found similar two stages in the collapse of linear
about 5-6 nm, corresponding to a radius of gyration-ed—5 PNIPAM homopolymer chains grafted on gold nanoparticles.
nm13 The collapse of each PNIPAM block leads to microphase The two stages were attributed to the sequential collapse of inner
separation between PEO and PNIPAM blocks so that the two and outer PNIPAM segments; i.e., the PNIPAM segments near
ends of each PNIPAM block should be pulled out by the two the gold particle are more hydrophobic so that they collapse at
soluble neighboring PEO blocks and stay near the periphery of a lower temperature. Tenhu et®8lalso studied the association
the PNIPAM globule. It is expected that the contraction of each of diblock PEOb-PNIPAM chains in an aqueous solution at
PNIPAM block would lead to a slight decrease of its end-to- higher temperatures and found that increasing the PEO length
end distance (1620%). Also note that each initial PEO block can critically affect the size of resultant aggregates because a
(23 monomer units) in the multiblock chain has an average end-long PEO block can stabilize more collapsed PNIPAM seg-
to-end distance of2 nm. The formation of individual PNIPAM ments. In addition, the hydrophilic PEO block shifts the LCST
globules on the copolymer chain at higher temperatures shouldof PNIPAM segments from-32 to ~36 °C.
increase the end-to-end distance of each PEO block because Association of Multiblock and Triblock Copolymer Chains.
each end is now attached with &6 nm collapsed PNIPAM The concentrations used in the association study were relatively
globule. Our proposed mechanism is indirectly supported by concentrated (1.& 1072 g/mL). First, the partial heat capacities
the fact that for the same low copolymer concentration $10  (C,) respectively involved in the association of multiblock and
g/mL) initial triblock copolymer in its solution at higher triblock copolymer chains without trithiocarbonate ends in
temperatures start to undergo interchain association to formaqueous solutions was measured using the Micro-DSC. Figure
micelle-like aggregates, but for the multiblock copolymer in 10 shows that in the heating process there are two peaks located
its solution, no intrachain and interchain PS association was at~33 and~41 °C for multiblock copolymer chains. In contrast,
observed even thought triblock and multiblock copolymer Figure 11 shows that for triblock copolymer chains only one
solutions contain the same numbers of Pl and PS blocks, i.e.,broad peak enters at41 °C, resembling the higher temperature
identical chemical composition. peak in Figure 10.

The chain becomes shorter and thicker with a more extended Figure 12 shows the temperature dependence of the average
conformation, as schematically shown in Figure 9. The contrac- aggregation numbemgyg for both triblock and multiblock
tion of individual PNIPAM blocks and the overall chain copolymer chains in aqueous solutions. The multiblock copoly-
extension have opposite effects on baRyUand RyL (RyLlis mer chains start to associate-a83 °C, corresponding to the
more sensitive to the mass distribution in space. This might first peak in Figure 10. After the solution temperature reaches
explain why [Ryremains a constant an@®,Conly decrease ~36 °C, the interchain association stops and onty65chains
~5%, much less than the dramatic decrease of EBghland aggregate together. Further increase of b@filand Ry{at
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Figure 12. Aggregation number of multiblock copolymer and triblock
copolymer chains as a function of the temperature at the concentration
of 1.0 x 1073 g/mL, where the relative error is no more than 8% for
each data point.

Figure 15. Fluorescence spectra of multiblock copolymer at different
temperatures and the concentration was>.00~2 g/mL.
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T/°C Figure 16. Fluorescence spectra of triblock copolymer NC{Mg=-
Figure 13. Temperature dependencezedverage of root-mean-square  PNIPAMs-b-PEGzb-PNIPAMs;—C(Mey)CN at different temperatures,
radius of gyration [Ry() and hydrodynamic radiusi,[) of multi- and and the concentration was 1:01073 g/mL.
triblock copolymer chains in water during heating, where all the symbols

and labels have the same meanings as in Figure 12. The concentration -
was 1.0x 1073 g/mL, where the relative errors @R;CandRiCare no sook o ok copponet
more than 5% and 2% for each data point, respectively. .
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Figure 17. Fluorescence wavelength of multi- and triblock copolymer
as a function of temperature, and the concentration was<11@-3
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Figure 14. Temperature dependence of ratio of average radius of {hat our multiblock and triblock copolymer chains have an

gyration (Ry[) to average hydrodynamic radiugR{) of multi- and . . . o . -
triblock copolymer chains in water during heating process, where all Identical chemical composition. The existence of hydrophilic

the symbols and labels have the same meanings as in Figure 12. Thénd soluble PEO segments prevents the collapse of each
concentration was 1.& 1072 g/mL, where the relative errors @Ry multiblock copolymer chain into a single-chain globule. The
and[R.[are no more than 5% and 2% for each data point, respectively. collapse of the PNIPAM blocks leads to the formation of
individual small globules (beads) on the chain backbone so that

higher temperatures, as shown in Figure 13, is due to the Chamthe multiblock chain becomes thicker and more extended.

extension as we observed in the single-chain folding. On the .
other hand, Figure 12 shows that for the triblock copolymer Figures 15 and 16 show the temperature dependence of
chainsNaggcontinuously increases with the temperature, starting No'malized fluorescence spectraléphenyla-naphthylamine
at~30°C. This explains why we observed only one broad peak (PNA, gfluorescenge probe), respectively, in aqueous solutions
in Figure 11. of multiblock and triblock copolymers, Wh_e(é:NA is 10uM. _
Figure 14 shows an expected decreasiRgIIR,Tor triblock It has been known that PNA strongly emits fluorescence in a

chains because the interchain association of the PNIPAM blocksonpolar solvent or within a hydrophobic microenvironment,
leads to the formation of spherical polymeric micelles. It has Put fluorescence is quenched in a polar média.comparison

been known that for a uniform and hard spheRgZIR,O~ of Figures 13-17 shows that the multiblock c_opolymer chains
0.77413 Lower value of [RyIR.Oreflects that the polymeric ~ Start to contract at-32 °C, but they associate at36 °C,
micelles have a less-dense periph#ni? For multiblock chains, ~ 'eflecting in the decrease @tmission In contrast, the triblock
the increase ofRyI[R,Lis due to the chain extension in the copolymer chains start to associate at a lower temperature.
range 33-36 °C. It should be stated that interchain association
of PNIPAM homopolymer and copolymer chains in solutions
has been extensively studied. Previous results reveal that it is Thermally sensitive long multiblock copolymer (PE®-
rather difficult to cleanly separate interchain association and PNIPAM;24), with n = 750 can be synthesized via the coupling
intrachain contraction as the solution temperature increases. Noteeaction between two SH end groups of triblock copolymer

Conclusion
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chains HS-PNIPAMs-b-PEQy3-b-PNIPAMg,—SH. The study

of the single-chain folding in an extremely dilute solution shows
that the PNIPAM segments near the PEO blocks and in the
middle near the SS linkages collapse at two different tem-
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Consequently, the association of multiblock chains in a relative
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more concentrated solution also has two stages. Our resultsi5) Chiefari, J.; Chong, Y. K.; Ercole, F.; Kristina, J.; Jeffery, J.; Le, T.

reveal that in the heating process the contraction of individual
PNIPAM blocks leads no interblock aggregation. Instead, each
multiblock copolymer chain becomes shorter and thicker with

P. T.; Mayadunne, R. T. A.; Meijs, G. F.; Moad, C. L.; Moad, G.;
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