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ABSTRACT: We examine the influence of the macromolecule chain length on the cloud point tempéefgjure (

and the temperature of the coil-to-globule transitidg)(in aqueous solutions of hydrophobically modified (HM)
telechelic polyl-isopropylacrylamides) (PNIPAM) ranging in concentration from 0.01 to 35§ (D.1-310

mmol of NIPAM L~1). The telechelic HM-PNIPAM samples wittroctadecyl termini were obtained by RAFT
polymerization of NIPAM in dioxane in the presence®1-n-octadecylS-(a,o’-dimethyl-a’’-N-n-octadecylac-
etamide)trithiocarbonate as a chain transfer agent. Their molar iMassafged from 12 000 to 49 000 g mél

with a polydispersity index lower than 1.20. The cloud point temperatures, measured by monitoring the temperature-
induced changes in scattering intensity, decreased significantly with increasing polymer concentration, this effect
being more pronounced with decreasing polymer molar mass. In contrast, the temperature of the PNIPAM chain
coil-to-globule collapse (3@ 1 °C) was only slightly affected by solution concentration and polymer molecular
weight. These results are interpreted in terms of the coexistence of two phenomena: associatioictatiecy!
terminal groups and hydration of the PNIPAM chains.

Introduction on the level of hydrophobe incorporation and on its chemical
structure but also on its position on the chain. This effect can
be traced to differences in the structure of the micelles formed
by the various HM-PNIPAMs in cold water. Randomly modified

HM-PNIPAMs adopt a loose micellar conformation in which

the hydrophobic groups are partly exposed to water; the cloud
point of their solutions is depressed significantly compared to

Poly(N-isopropylacrylamide) (PNIPAM) in water exhibits a
lower critical solution temperature (LCST), which has been
investigated by a variety of experimental techniques in the dilute
and concentrated regimés? Several models have been de-
scribed to account for the coil-to-globule collapse of PNIPAM

i 0,11 i
in watef®*"and the complex water/PNIPAM phase diagrém. that of PNIPAM solutiong?23 Polymers that carry a hydro-

The temperature-driven change in the conformation of single hobic group at one chain end tend to form core-shell structures
PNIPAM chains and the macroscopic phase separation reflect” group

rather subtle changes in polymer/water interactions, primarily Erxwﬁgethfo?g:;ogromsm 'ir']g?#éitfg f|\r/|??e|t|22 v(\;?tegtby a
the release of water molecules from a polymer hydration layer another tvpe form in solutions. of HM-PNIPAM carr ?;] a
into bulkv_vater. It comes as no sur_p_rise, consequently, thfat S”ghthydropho)l;?c group at each chain end. Like all ass)gcigating
f;ringc?:sgqﬁ]:nizzrglr?%Zovr\?aﬁg?/lg?\lr:Po,il\lleplrlT:s'\g z%i;:]n?or- polymers, such as telechelic alkyl end-capped poly(ethylene
o oxides) or hydrophobically modified ethoxylated urethanes
Taylor and Cerankowski p_omted out 30 years ago that the (HEUR)26-28 telechelic HM-PNIPAMSs form flowerlike associ-
LCST of poly(N-alkylacrylamides), such as PNIPAM, can be - 465 consisting of loops of hydrated polymer chains having both
raised or lowered via mtrodu_cnon of hydrophilic or hydrophobic o4 groups entrapped in the micellar core. In a preliminary light
comonomers, respectlv§1§/5!nce then, there have bsen nymer; scattering study of aqueous dilute solutions of a telechelic HM-
ous attempts to exploit this property to create |nteII|g_e_nt PNIPAM sample ofM, ~ 35 000, we reported that near the
devices and systems ?Sble to respond reliably and repet't've'ytransition temperature individual flower micelles collapse,
to temperature jumps:'> One approach has been to link to a forming globules with an uneven segment density distribuifon.

PNIPAM chain a small number of long alkyl or perfluoroalkyl | alobul te. vieldi lloidallv stabl lo-
chains to generate hydrophobically modified (HM) PNIPA#E! ijl\éig% globules aggregate, yielding colioidally stable mesoglo
The hydrophobic groups drive the self-assembly of the polymers, h B ducti ¢ hvdronhobic end & he oh
leading to the formation of polymeric micelles that exist as | N€ Introduction of hydrophobic end groups affects the phase
isolated entities in dilute cold aqueous solutions. Upon heating, P€havior of PNIPAM solutions in two ways. First, the miscibility

dehydration of the PNIPAM chains triggers changes in the size ©f the polymer in water becomes poorer as a result of direct

and shape of the micelles, often leading to macroscopic Interactions between water and the alkyl chains. Second, the
aggregation. The phase transition temperature depends not onlyiXing entropy of the polymer chains is reduced due to the
increase of their apparent molecular weight via micelle forma-

RN tion. Both factors favor phase separation, so that the lower
. E{/‘é‘{grﬂ%v‘;gi";””ea'- critical solution temperature (LCST) tends to shift downward.

* Corresponding author: Ph (514) 340 5179; Fax (514) 340 3245; e-mail HOwever, association of the end chains does not affect the

francoise.winnik@umontreal.ca. hydration of the main chains, except for segments near the
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CHs S-1-n-Octadecyl-S-(o,a’-dimethyl-a’’-N-n-octadecylacetamide)-
R=S.;-S—(CH, —GH)n=C-CONH—R' trithiocarbonate (CTAL). A solution of carbonyldiimidazole (1.79
g C=0 CHs g, 0.011 mol) in dichloromethane (10 mL) was added dropwise to
NH a solution ofS-1-n-octadecylS-(a,a’-dimethyl- o'’-acetic acid)-
CHg™ “CH, trithiocarbonate (5.0 g, 0.011 mol) in dichloromethane (130 mL)

kept under nitrogen. The reaction mixture was stirred at room
temperature overnight until complete conversion of the starting acid,
as judged by analytical thin-layer chromatography on silica gel
plates (eluent: THF/hexane 3/7 viv). A solutionmebctadecylamine

(6.0 g, 0.022 mol) in dichloromethane (25 mL) was added dropwise

i . to the mixture kept at 30C. At the end of the addition the mixture
micellar core, because they remain exposed to water even whenyas kept at room temperature overnight. It was washed successively

association takes place. Therefore, the telechelic PNIPAM/water with aqueous HCI (0.1 M), saturated aqueous sodium carbonate,
system is an interesting example of the coexistence, without and brine. The organic phase was dried oves3@ and filtered,
competition, of two phenomena: end-chain association and and the solvent was evaporated using a rotary evaporator. The
hydration.We have prepared a series of telechelic HM-PNIPAMs residual yellow oil was purified by flash chromatography over via
(C1e-PNIPAM-Cyg, Figure 1) of varying molecular weights and ~ silica (eluent 1:10 THF:hexanes). The solid obtained was recrystal-
examined their miscibility with water as a function of concen- lized from hexanes (threoe times), yielding a yellow crystalline solid
tration. We determined the temperature that triggers the coil- (1:21 9); mp 76.6-76.8°C. HRMS (MH"): found: 700.56m/z,

to-globule collapse of the main chain, together with the calcd for: GaHaNOS; 700.2769m/z *H NMR (CDCl): 0 0.88

. . . . (t, 6 H), 1.25 (br, 56 H), 1.45 (t, 4 H), 1.63 (q, 4 H), 1.69 (s, 6 H),
thermodynamic values assomatgd with the conformation change 5’1 9 (@, 2 H), 3.23 (t, 2 H), 6.49 (t, 1 H) ppm. IR: 3300 (NH str),
The study reveals that, for a given polymer sample, the cloud 5ggg (CH ), 1651 (CO str, amide), 1076 (CS), 720 cth UV
point temperatureTe, detected by light scattering, differs  (CHCl,): Amax = 310 nm,e = 11 400 L mott cm L.
significantly from Ty, the temperature corresponding to the g5 1-|sobutyl-S-(a,a’-dimethyl-o’-acetic acid)trithiocarbon-
maximum of the endotherm measured by microcalorimetry. ate. Aqueous sodium hydroxide (1.3 mL, 50%, 1.645 mmol) was
From the data and theoretical considerations on end-chainadded dropwise over a period of 15 min to a solution of 2-methyl-
association and main-chain hydration, we propose a model of 1-propanethiol (1.2 mL, 11.08 mmol), acetone (6.7 mL, 91.2 mmol),
the temperature-dependent interactions between water ancand tricaprylylmethylammonium chloride (0.2 mL, 0.45 mmol) kept
telechelic HM-PNIPAM flower micelles. at 10°C in an ice/water bath. At the end of the addition, the reaction
mixture was stirred for 20 min. A solution of carbon disulfide (0.7
mL, 11.09 mmol,) in acetone (2 mL) was then added dropwise
over 15 min. The yellow solution obtained was allowed to stir for
10 min. Then, chloroform (1.4 mL, 16.67 mmol) was added in one

C15-PNIPAM-C1g: R = R'=-CygHy7

PNIPAM: R = -CH,CH(CHg),, R' = -CH(CHj),

Figure 1. Structure of the polymers used in this study.

Experimental Section

Materials. All chemicals were purchased from Aldrich Chemi-

cals, unless otherwise stated. Azobis(isobutyronitrile) (AIBN, 98%)
was recrystallized from methanol. 2-Methyl-1-propanethiol (92%),
n-octadecylthiol, isopropylamine (99t86), n-octadecylamine, car-
bonyldiimidazole, carbon disulfide (99.9%), sodium hydroxide, and
tricaprylylmethylammonium chloride were used as received.
Isopropylacrylamide (stabilized, 99%) was obtained from Acros

portion, followed by dropwise addition over 30 min of an aqueous
sodium hydroxide solution (4.5 mL, 50%, 40.3 mmol). The resulting
reaction mixture was stirred overnight. Water (16.35 mL) was
added, followed by concentrated aqueous HCI (8.25 mL) to acidify
the reaction mixture. The remaining acetone was removed by
vigorous purging with nitrogen. The solid was collected with a

Organics and was recrystallized from acetone/heptanes (4:6). 1,4-Buchner funnel and washed with water and with ethanol. The
Dioxane and hexanes (ACP, ACS Reagent) were distilled over product was recrystallized five times from hexanes. A bright yellow
sodium under argon. All other solvents were reagent grade and usectrystalline solid was obtained (1.5 g, 62%); mp 1611D2.3°C.

as received. Water was deionized with a Millipore Milli-Q system.
S-1-n-Octadecyl-S-(a,a’-dimethyl-o'’-acetic acid)trithiocar-
bonate. Aqueous sodium hydroxide (6.17 mL, 50%, 1.26 mmol)
was added dropwise over a period of 20 min to a solution of
n-octadecylthiol (34.30 g, 0.12 mol), acetone (147 mL, 1.99 mol),
and tricaprylylmethylammonium chloride (2.30 mL, 0.005 mol) kept
at 10°C under nitrogen. At the end of the addition, the reaction
mixture was stirred for 20 min. A solution of carbon disulfide (7.2
mL, 0.12 mol) in acetone (63 mL, 0.42 mol) was then added
dropwise over 20 min. The yellow solution obtained was allowed
to stir for 10 min. Then, chloroform (14.4 mL, 0.18 mol) was added
in one portion, followed by dropwise addition over 30 min of an

HRMS (MH™) found: 252.0312n/z, calcd for: GH1¢0,S3 252.405
m/z. *H NMR (CDCl): ¢ 1.02 (d, 6 H), 1.73 (s, 6 H), 1.98 (septet,
1H),3.2(d, 2H) ppm. IR: 2961(Cktr), 1691 (CO str, carboxylic
acid), 1056 (CS), 806 cn (C(CHg)z). UV (CHCIg): Amax = 310
nm,e = 11700 L mof! cm™.
S-1-Isobutyl-S'-(a,a'-dimethyl-a''-N-isopropylacetamide)-
trithiocarbonate (CTA2). A solution of carbonyldiimidazole (0.64
g, 3.96 mmol) in dichloromethane (5 mL) was added dropwise to
a solution ofS-1-isobutylS-(a,a’-dimethyl-a''-acetic acid)trithio-
carbonate (0.80 g, 3.96 mmol) in dichloromethane (25 mL) kept
under nitrogen. The reaction mixture was stirred at room temper-
ature for 7 h, until complete conversion of the starting acid, as

aqueous sodium hydroxide solution (31.5 mL, 50%, 0.60 mol). The judged by analytical thin-layer chromatography on silica gel plates
resulting reaction mixture was stirred overnight at room temperature. (eluent: hexanes/THF, 10/1 v/v). A solution of isopropylamine

It was cooled to 10C, water (180 mL) was added, and the pH of (0.674 mL, 7.92 mmol) in dichloromethane (5 mL) was added
the resulting solution was adjusted to 1.0 by addition of concentrated dropwise to the mixture. At the end of the addition the mixture
aqueous HCIA80 mL). The unreacted acetone was removed by was kept at room temperature overnight. It was washed successively
vigorous purging with nitrogen. The solid was collected with a with aqueous HCI (0.1 M), saturated aqueous sodium carbonate,
Buchner funnel and washed with water to eliminate the excess of and brine. The organic phase was dried oves3@ and filtered,

salt and with ethanol to eliminate residual water-insoluble side and the solvent was evaporated using a rotary evaporator. The
products. The product was recrystallized five times from hexanes. residual yellow oil was purified by flash chromatography over silica
A bright yellow crystalline solid was obtained (44.74 g, 83 %); (eluent 1:10 THF:hexanes). The solid obtained was recrystallized
mp 79.9-81.5°C. HRMS (MH") found: 448.23m/z; calcd for: from hexanes (three times), yielding a yellow crystalline solid (0.65
Ca3H470,S; 448.778m/z. *H NMR (CDClg): 6 0.88 (t,J = 6.5 g, 70%); mp 55.+55.8°C. HRMS (MH"): found: 293.0941n/z

Hz, 3 H), 1.25 (br, 28 H), 1.39 (m, 2 H), 1.68 @= 7.5 Hz, 2 H), calcd for GoHz3NOSs: 293.502m/z. *H NMR (CDCly): 6 1.02 (d,

1.73 (s, 6H), 3.29 (t, 2 H), 5.31 ppm (s, 1 H). IR: 2914, 2848 6 H), 1.1 (d, 6 H), 1.73 (s, 6 H), 1.97 (septet, 1 H), 3.2 (d, 2 H),
(CHy), 1715 (G=0), 1458 (CH), 1280 (C-0), 1076 cm! (C= 4.01 (s,1 H), 6.27 (septet, 1 H) ppm. IR: 3317 (NH, amide), 2969
S). UV (CHCE): Amax = 310 nm,e = 13100 L mot* cm™. (CH; ), 1646 (CO str, amide), 1536 (NH) 1086 (CS), 809*én(1:DV
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Table 1. Polymerization Conditions and Properties of the Polymers Investigated\{,, My, = Number- and Weight-Average Molecular Weight of
Polymers; n = Number of NIPAM Units per Chain)

M

M Mn Mw/Mn

n n
polymer [CTA]  [NIPAMJ/[CTA]  [CTAJAIBN] time (h) (UV) (HNMR)  (GPC)  (GPC) n
PNIPAM -10K CcTAZ 100 5 1 10300  —°¢ 10 400 1.04 90
CisPNIPAM-C;g49K  CTALP 540 10 6 —d —c 49000 1.20 428
CisPNIPAM-C;35K  CTALP 540 10 2 —d —c 34600 1.07 300
CisPNIPAM-C;g22K  CTALP 436 10 8 26 600 22 200 22 200 1.16 191
CisPNIPAM-Cig12K  CTAI 436 10 6 15 600 14 300 12 400 1.11 104

aSolvent: dioxane? Solvent: dioxane/hexanes 5/1 viCannot be determined BiA NMR specrometry? Cannot be determined by Uwis spectroscopy.

(C(CHg)z). UV (CHClg): Amax = 310 nm,e = 10500 L mof? 5
cm L,

Polymerizations.All RAFT polymerizations were performed in
septa-capped 25 mm 150 mm glass tubes using a FirstMate
system from Argonaut Technologies, Inc. The tubes were loaded
with N-isopropylacrylamide, the desired chain transfer agent (CTA1
or CTA2), and the solvent (1,4-dioxane or 1,4-dioxane/hexanes 5/1
v/v). The polymerization solutions were thoroughly degassed with
nitrogen for 15 min at room temperature. They were then heated
to 65 °C. The degassing was continued for another 15 min. The
required amount of a degassed solution of AIBN in dioxane was
added to each reaction mixture. The system was kept under nitrogen,
and the polymerizations were allowed to proceed for the desired
duration. At the end of the polymerization, the solutions were cooled
to room temperature. The polymers were isolated by precipitation 14
into diethyl ether. They were purified further by two consecutive
precipitations from THF into diethyl ether. They were dialyzed
extensively against water, using a membrane of suitable MW cutoff.
End-group analysis of each polymer sample was performed by UV
vis spectroscopy, using the absorbance at 310 nm of the CTA

T

'0"'{)-—-—--9-——3..

d

Bap jowpmy/ o

light scattering intensity / a.u.

temperature / °C

employed and, in the case of thgs®NIPAM-C;5 samples, byH Figure 2. Microcalorimetric endotherm (heating rate: °C min™?1)
NMR spectroscopy, using the signal @i0.88 ppm attributed to and changes with temperature of the scattered light intensity recorded
the resonance of the protons of the terminal methyl group of the for an aqueous solution ofPNIPAM-Cis-35K (polymer concentra-

n-octadecy! chains and the signal &#4.01 ppm ascribed to the ~ ton: 5.0 g L.

isopropyl methine proton. Specific conditions employed in each ) )

polymerization are given in Table 1, together with the molecular Was recorded. The cloud point temperatufg)(was determined

characteristics of the Corresponding p0|ymersl fI’O_m plots Of the LS IntenSIty VS_temperature, tak|ngT§§ the )
Instrumentation. Proton NMR spectra were recorded on a point corresponding to the abrupt increase of the scattering intensity

Bruker AMX-400 (400 MHz) spectrometer. The chemical shifts Sﬁieglﬂlg?&gé-[ge estimated error Tg, determined by this
are referenced to trimethylsilane (TMS). UV/vis spectra were Hi h-Sensiti\}it biﬁerential Scanning Calorimetry (HS-
measured with a Hewlett-Packard 8452A photodiode array spec- DSC? HS-DSC )r/neasurements were pgerformed onya VP-DSC
trometer. Infrared spectra were recorded on a Bruker Vector 22 - = : :

spectrometer equipp%d with a Harrick MVP ATR cell. Mass spectra rkmcrOCﬁIorlrr}leterl (MicroCal In(;) atan e;:te;]nal pressure of ca. 180
were recorded on a Micromass Autospec TOF instrument equipped Pa. The cell volume was 0.520 mL. The heating rate wasd.0

) ; Lo min~1. Data were corrected for instrument response time, a
W't.h a L.S,IM source’(Centre @onal de Spectrofitge d? Mas?‘?' correction that takes into account the effect of scan rate on the
Universitede Montral, Montraal, QC, Canada). Melting points

were measured with a Bbi 535 melting point apparatus. Gel data collected. Data were analyzed using the software supplied by

- h hv (GPC : d with a GPC the manufacturer. The polymer concentration of the solutions
permeation chromatography ( ) was performed with a analyzed ranged from 0.1 to 11 gL The temperature of the phase
system consisting of an Agilent 1100 isocratic pump, a set of TSK- transition ) was taken at the maximum of DSC peak. The
gel a-M and TSK-gela-3000 (Tosoh Biosep) columns, a Dawn  gniainy of the transitionAH) was determined from the area of
EOS multiangle laser light scattering detector (Wyatt Technology

) ) . the endotherm, and the difference in heat capacity after and before
Corp.), and an Optilab DSP interferometric refractometer (Wyatt yansition (Ac,) was calculated from the position of the baseline
Technology Corp.); injection volume: 1Q0.; flow rate: 0.5 mL

. before and after the phase transition (see Figure 2). At least three
min~1; eluent: DMF; temperature: 40C. The dvVdc value of P ( ¢ )

. . measurements were performed for each solution of a given
PNIPAM was determined to be 0.088 #mat 690 nm in DMF at concentration.
40 °C using an Optilab DSP interferometric refractometer (Wyatt

X DA Pressure Perturbation Calorimetry (PPC).PPC measurements
Technology Corp). It was assumeql that hydrophobic modification were performed on a VP-DSC microcalorimeter equipped with a
of the PNIPAM polymer does not influence the/dc value.

pressure perturbation accessory (MicroCal Inc.). The pressure
Cloud Point Measurements by Light Scattering (LS).LS applied during the compression cycle was 500 kPa. The reference
experiments were performed on a CGS-3 goniometer (ALV GmbH) cell and sample cell volumes were identical (0.517 mL). The
equipped with a HeNe laser { = 632 nm) and a C25P circulating  concentration of the solutions analyzed ranged from 1.0 to 11.0 g
water bath (Thermo Haake). The polymer concentration was varied L.
from 0.025 to 35 g L. Prior to the measurements, the solutions A detailed description of the method has been reported else-
were filtered directly into the light scattering cell through 048 where??31.32|n a differential calorimetric experiment, the sample
Millex Millipore PVDF filters. The intensity of scattered light was  and reference cells are filled respectively with a solute (polymer
measured after equilibrating the sample at a given temperature forin our measurements) solution and with solvent. When both cells
at least 20 min. The average of three consecutive runs (1 min each)are subjected to the same pressure chaAge the thermaICDV
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slope = (da/dT),  slope = (do/dT),
20 25 30 35 40 45

1000 x coefficient of thermal expansion / t::leg'1

temperature / °C

Figure 3. PPC scan recorded for an aqueous solution;egfFOIIPAM-
C1g-35K in water (polymer concentration: 5.0 gi).

expansion coefficienty, of the solute can be calculated from the
equation

AQ

a=04— —
TAPMY,

@)

whereas is the thermal expansion coefficient of the solvehts

the temperaturem, andV, are the polymer mass and partial molar
volume in the solution, respectively, ard) is the net heat (i.e.,

Macromolecules, Vol. 39, No. 1, 2006

(CTA) prepared in two steps (Figure 2):(1) a modified
ketoform reactior§; involving the reaction, in the presence of
sodium hydroxide, of carbon disulfide and eitheoctade-
canethiol (CTAL) or methyl-1-propanethiol (CTA2), alkylation
with chloroform and acetone in the presence of a phase transfer
catalyst, and acidification yielding a carboxyl-terminated trithio-
carbonaté® (2) a carbonyldiimidazole-mediated amidation of
the terminal carboxyl group with eithem-octadecylamine
(CTAL) or isopropylamine (CTA2). Both CTAs are crystalline
solids. Their structure was confirmed by high-resolution mass
analysis,'H NMR, UV —vis, and FTIR spectroscopy.

Polymerizations of NIPAM were conducted at 86 for
different reaction times and with different molar ratios of
NIPAM/CTA using AIBN as an initiator in the presence of
either CTAL, to prepare ¢PNIPAM-C;g, or CTA2, to obtain
PNIPAM samples devoid of hydrophobic termini (Table 1). The
molecular weights of the polymers were measured by size
exclusion chromatography using dimethylformamide as eluent,
with combined refractometry and multiangle laser light scat-
tering detection. In all instances the polydispersity index (PDI)
was <1.20. In the case of polymers of sufficiently low molar
mass M, < 35 000 g mot?), molar mass data were confirmed
by end-group analysis using the UVis absorbance at 310 nm
of the trithiocarbonate chromophore and/or tH¢ NMR
spectrum of the polymers dissolved in chlorofodriFhe areas
of the characteristic triplet at 0.88 ppm § = 7.5 Hz), due to
the resonance of the terminal methyl protons of the octadecyl
chains, and of the broad singlet@#.01 ppm, corresponding

the difference between sample cell and the reference cell, thatig the isopropyl methine proton resonance (Figure 5), were used

contains solvent only). The volume chang¥, which accompanies

a transition in the system, is obtained by integration of the curve
of the changes in the coefficient of thermal expansion with

temperature, as indicated in eq 2, where we assumata small
compared tdv. The valueAV is expressed as a percent\af

&F = fadr= [{q)ar @

A typical PPC trace is shown in Figure 3, together with the
graphical determination of the various parameters derived from

the data: the transition temperatiigppc the area\V/V, the value
of the thermal expansion coefficient at 26 (ozs), and the slope

to confirm the molecular weight of the telechelic PNIPAMs.
The values oM, determined by GPC, U¥vis spectroscopy,
andH NMR spectroscopy are in good agreement, given the
expected precision of the measurements (Table 1).

Cloud Point Measurements.All telechelic PNIPAMs were
soluble in cold water, forming fluid solutions as long as the
polymer concentration was kept below35 g L™1, except in
the case of aqueous;£PNIPAM-C;g-35K, which underwent
gelation above a polymer concentration of 20 g'LThe
solutions became turbid in response to an increase in temper-
ature. The cloud point temperatuiigy, taken as the temperature

of the temperature dependence of the thermal expansion coefficientcorresponding to the sharp increase in the intensity of the light

before and after the transitiondiT), and (dv/dT)y,, respectively.

Results and Discussion
Preparation and Characterization of the C;g-PNIPAM-

scattered by the sample, was determined as a function of solution
concentration for the four telechelic HM-PNIPAM samples. In

a typical experimental procedure, it toels h to heat a sample
from 20 to 40°C, as the temperature was increased stepwise,

Cis Samples. The polymers were prepared by reversible and for each temperature setting, the sample was equilibrated

addition—fragmentation chain transfer (RAFT) polymeriza-

for 20 min prior to carrying out light scattering experimefits.

tion,33-35 using a dialky! trithiocarbonate chain transfer agent We confirmed that the cloud point values recorded by scattering

1) NaOH, (CgH47)aCHaN*CI

R-SH + CHaCOCH3 + CSp+ CHCl3

CH,

2) HCl

R = -C4gHa7, -CHyCH(CHg),

R'= CygHa7, -CH(CH3),

Figure 4. Synthetic route to the chain transfer agents.

R-S.
C

S

~$-C-COOH
CH,

1N¢\__/§N
)&NgN\;/

2) R-NH,
CHg

R—S\C,S—C:)—CONH—R'
CHsy

S

CTA;: R=R'=-CygHy

CTAy: R = -CHoCH(CHa)p, R’ = -CH(CHg),

Ccbv



Macromolecules, Vol. 39, No. 1, 2006 Telechelic Poly{l-isopropylacrylamides) 345

CH, - 3.0
HiCCH7—S. _S—(CH, —CHIN=C~CONH—(CHy)11CHy ‘D 55 ] C,-PNIPAM-C, 49K
g ¢=0 Chy 3 47 ——CPNIPAM-C 35K
)N\H T 20 ——CgPNIPAM-C 22K A\
o 1 =——C,-PNIPAM-C_-12K
CHg™ "CHs -(CH,), -CH, £ 15 18 18 \
L 2 10/
4 ~ ]
o 05 -
-CH-(CH,) 0- —iR
T
51 _— — | .
E’ 3 4 : ;
" ] : »
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£ >3- f
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Figure 5. 'H NMR spectrum of Ge-PNIPAM-Cyg-22K in CDCk. -1 -tl-‘!-l" =
I T I T 1 T I T
32 20 25 30 35 40
” 'wm. . temperature / °C
i e . Figure 7. (top) Microcalorimetric endotherms recorded for aqueous
ﬂn o C_-PNIPAM-C. 49K solutions of telechelic HM-PNIPAM and (bottom) changes with
28 | Ay . cw-PmPAM-cw-asx temperature of the light scattering intensity recorded for aqueous
. c‘a PNIPAM cwm solutions of telechelic HM-PNIPAMSs (polymer concentration: 5¢)L
1R A - w e The arrows indicate the cloud point values.
O 26 A v C,-PNIPAM-C -12K
9 |
= {v
'_% 2 v A A N (top). Four parameters can be extracted from the thermograms
T A (see Experimental Section)u, the temperature corresponding
to the transition maximumAH, the enthalpy of the transition;
22 | v v y ATy, the width of the endotherm at half-height; and,, the
] v v difference in partial heat capacity after and before the transition
20 (Table 2).
T . ; . T - ; ) -
0 0.1 0.2 0.3 Visual comparison of the thermograms and the turbidity plots

of agueous telechelic HM-PNIPAMs (Figure 7, top and bottom,

) ) respectively) reveals that for each solutidg is significantly
Figure 6. Plot of the changes of the cloud poifit, of aqueous lower thanTy. Also, while theTg, values decrease markedly
solutions of various telechelic HM-PNIPAM samples as a function of P, . P . ;
polymer concentration. as a function of increasing solution concentration (Figure 6),

the Ty values vary to a much lesser extent. For all polymer
intensity were not affected by more thai0.2 °C for solutions solutions, they are independent of concentration, except for
heated at a faster rate. concentrations less than0.6 g L™ or ~5 mM NIPAM L1
Several trends emerge. Tfig, values recorded for telechelic ~ (Figure 8). This is in strong contrast with the behavior of
HM-PNIPAM solutions of identical concentration (Figure 6 and PNIPAM solutions, for which it is usually observed that the
Figure 7, bottom) decrease with decreasing polymer molar massmaximum of the endothernT(;) corresponds well to the onset
from a value of 30.7C (C1g-PNIPAM-C15-49K, 1.0 g 1) to of turbidity increase*

concentration / (mol of NIPAM) L™

25.1°C (CigPNIPAM-Cig-12K, 1.0 g LY). In the case of the A systematic upward shift of the LCST with molecular weight
polymer of lowest molar mas$,, drops by nearly 5.8C over was reported several years ago by Alami et al. in a study of the
a concentration range of0.1 (mol of NIPAM) L1 (or 11 g cloud points of aqueous telechelic poly(ethylene oxidé)s.a

L™1), before leveling toward a constant value. In contrast, the recent study on the solution properties of thermosensitive
Tep value of solutions of the polymer of highest molar mass is telechelic poly(ethylene oxides-poly(propylene oxide)) bearing
independent of concentration, except for very dilute solutions dodecyl end groups, Mori et al. also noted that the solution cloud
(c < 0.6 g L), which exhibit a slightly higheT,. The behavior point increases with the length of the polymer ch&iguch a
of solutions of Ge-PNIPAM-C;5-49K is nearly the same as that miscibility improvement or shrinkage of the phase-separated
of the PNIPAM/water system for which horizontal cloud point region is a natural tendency, since for a fixed polymer
lines have been report&@40 concentration, the concentration of hydrophobic groups becomes
High-Sensitivity Differential Scanning Calorimetry. Next, smaller with increasing molecular weight. We observe a similar
we monitored the heat-induced phase transition of aqueoustendency for telechelic HM-PNIPAM solutions. End-chain
telechelic HM-PNIPAM solutions by microcalorimetry, a association does not affect the coil-to-globule transition to the
technique that yields the changes of the partial heat capacity,same extent as the cloud point because release of the bound
Cp, Of a solution as a function of temperature. In all measure- water molecules upon heating takes place independently of
ments, the heating rate was’@ min~! and the solutions were  association, in the ideal limit. Therefor&y, is expected to
heated from 10 to 70C. Thermograms recorded for aqueous remain independent of polymer molecular weight. Since the
solutions of four telechelic HM-PNIPAMs of fixed concentration  sharp chain collapse seen in dilute agueous PNIPAM solutions
(5.0 g L't or ~44 mM NIPAM L™1) are presented in Figure 7  is mainly due to a cooperative dehydrati&n,e., bound Water%DV
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Table 2. Thermal Properties of Aqueous Telechelic HM-PNIPAM Solutions (Polymer Concentration 1.0 g %)

polymer Te/°C Tm/°C ATy2/°C AH/kJ/mol Acpdi(mol deg)  AVIVI% 100Qx,5/deg?t do/dT?/deg 2
PNIPAM-10K 31.8 32.8 3.5 6.93 —107 1.50 0.99 51077
Ci1g-PNIPAM-Cy5-49K 30.7 31.9 1.1 5.91 —117 1.24 1.00 & 1076
Ci1g-PNIPAM-Cy5-35K 28.8 31.6 1.2 5.19 —123 1.17 0.95 6¢ 1076
Ci1g-PNIPAM-Cy5-22K 27.0 30.9 1.1 4.13 —135 1.05 0.96 4¢ 106
Ci1g-PNIPAM-Cy5-12K 25.1 29.4 1.4 3.55 —150 0.98 1.12 2 1076

aValue calculated in the temperature range from 10 t6@Qthus forT < Ty (see text).
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Figure 8. Plot of the changes of the temperatiigeof maximum heat Figure 9. Temperature dependence of the coefficient of thermal
capacity of aqueous solutions of various telechelic HM-PNIPAM expansiond) of aqueous solutl_ons of various telechelic HM-PNIPAM
samples as a function of polymer concentration. samples; (polymer concentratios g L™2).

are dissociated into the bulk not independently but in groups, been observed by #sand others in thermograms of aqueous
the molecular-weight dependenceTaf is also expected to be ~ PNIPAM>4%%0|t is usually taken as evidence of a decrease in
weak. the number of polymer/water contacts as a result of the phase
The enthalpy of the transition increases with increasing molar transition, in analogy with the heat-induced refolding of proteins
mass of telechelic HM-PNIPAM and, for a given sample, is after cold denaturation. Interestingly, the, values increase
independent of solution concentration (Table 2). It is lower than with decreasing telechelic polymer molecular weight. This is
the value registered for the phase separation of PNIPAM not the case for PNIPAM itself: th&c, values are essentially
solutions measured by us under the same condffoasd independent of molecular mas$he tendency oAc, to become
reported earlier by various group$*45The heat evolved upon  increasingly more negative upon decreasing polymer molecular
phase separation is attributed to the release of water moleculegveight suggests that there are differences in the hydration of
bound to the polymer chain into bulk water. As the heat evolved the flower micelles depending on the length of the corona-
during the phase transition of telechelic HM-PNIPAMs is forming chains and that there are more wat@ttadecyl chains
smaller compared to PNIPAM, one has to conclude that fewer contacts in the flower micelles with shorter PNIPAM loops,
water/polymer H-bonds are broken, per NIPAM unit, during leading to higher values a, below Ty.
their heat-induced phase transition. This tendency may be taken Pressure Perturbation Calorimetry. PPC scans yield the
as an indication that near the core of the micelles the PNIPAM changes with temperature of the thermal expansion coefficient
chains are crowded to such an extent that the monomer density(a) of a polymer in solution. Plots recorded for solutions of
is sufficiently high to prevent formation of water/polymer telechelic HM-PNIPAM (Figure 9) can be divided in four
hydrogen bonds. The temperature of the transition is not temperature ranges. Below the onset of the transitioemains
expected to change much as a result of the presence of sucltonstant. It undergoes a sharp increase for a temperature nearing
regions inaccessible to water molecules, given Thatlepends the Ty value of each polymer, reaches a maximum valueTfor
only weakly upon the polymer molecular weight. ~ Ty, and decreases as the temperature further increases. The
Further insight into the mechanism of the phase transition of fact that the temperature corresponding to the maximum of the
telechelic HM-PNIPAMs can be gained by comparing the heat PPC trace nearly coincides withy but not Ty is further
capacity,c,, of solutions below and abovly, as it is known evidence that the transition detected by calorimetry reflects the
that the transfer of nonpolar solutes into aqueous media isrelease of polymer-bound water molecules into bulk water. The
associated with a significant increase of the heat capékity. phase separation observedTgs, which is induced by interac-
Thus, the heat capacity of a native protein is lower than that of tions of the hydrophobic termini, is not detectable by PPC.
the denatured protein. Conversely, renaturation of a protein The change in the volume of the hydration layer of the
results in a decrease of its heat capatit§f Referring to the polymer during the phase transition, expressedA&$V in
top section of Figure 7, we note that the partial heat capacity percent of the partial volume of the polymer (eq 2, Experimental
of solutions after the transition is smaller than that of the solution Section), can be extracted from PPC scans by integration of
before the transition,Xc, < 0, Table 2). The same trend has the changes i as a function of temperature. It is the sumé)lsv
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1.6 the two polymers. Note that the slopeo(dT), in the low-
"o 1.4]a) DSC —e— PNIPAM-10K temperature region is steeper in the PPC trace recorded for the
S 1.2 —o—C -PNIPAM-C 12K solution of telechelic HM-PNIPAM, compared to the solution
- 1.0 of PNIPAM. This difference disappears in the high-temperature
S 08 domain, where the slope ¢ddT), is negative and in the range
0.6 (2—7) x 10°% deg? for both samples. Hepler pointed out
2 04 several years ago that solutes that decrease the structure of water
~_0.2] have a large positivet value at low temperature anchutiT
0 < 0, whereas solutes acting as structure makers in water are
] characterized by a small positive or even negativealue and
4.5 . do/dT > 05! The a value of the monomer, NIPAM, in water
4.0 Z becomes progressively more positive as temperature increases,
- 3.5 j indicating that NIPAM is a structure maker in watérThe
930_ : difference in d@/dT values observed in cold solutions of
© 2'5_ j PNIPAM and its telechelic counterpart suggests that the

hydrophobic groups linked to the polymer reinforce the structure-
making character of polymer.

0 12 14 18 18 20 2

tem perature | °C

Conclusions

' ' ' ! ! ' ! ! ' Linking hydrophobic termini to a hydrophilic polymer chain
results in a decrease of the cloud point temperature of this
temperature / °C polymer. The cloud point depression is a direct consequence
of the association of telechelic polymers into micelles and

Fi 10. Mi lorimetri doth t dt t . . ) .
gure icrocalorimetric endotherms (top) and temperature networks, which leads to an effective molecular weight higher

dependence of the coefficient of thermal expansiah (pottom) of

aqueous solutions of PNIPAM-10K and telechelig-@NIPAM-Cyg- than that of the corresponding PNIPAM homopolymer. Thus,
12K; polymer concentration: 5 gfE. Inset: expansion of the low-  the mixing entropy of telechelic polymers is lower than that of
temperature region for the PPC scans. the homopolymer, and they tend to demix. This phenomenon

the changes in the intrinsic volume of the polymer chains, Was reported by Alami et al. in.their study of telechelic PEO
assumed to remain constant during the transition, and the chang&@mples, for which the cloud point can drop by as much as 100
in the volume of the water molecules as they escape from the 'C: depending on the polymer chain lengthwe report here
structured layer of hydration of the polymer. TA®/V values ~ that the same effect takes place in the case of telechelic
decrease with decreasing HM-PNIPAM molar mass (Table 2), PNIPAM,_ gl_be|t to a lesser degree. Calorimetric mea_surements
the trend also exhibited by the\H values (see above), and miscibility studies of HM-PNIPAM agueous solutions have
strengthening our hypothesis that, as the micellar loops shorten @llowed us to detect experimentally the temperatlige of the
polymer-water hydrogen bonds are replaced by polymer/ coil-to-globule collapse of the PNIPAM chain and tfig, of

polymer hydrogen bonds. the solution. Thély value is almost the same for all polymers,
Phase Transitions of Aqueous PNIPAM and Aqueous independently of their molecular weight, and it is always higher
Telechelic HM-PNIPAM Solutions: Similar, Yet Different. than Te,. Other parameters related to the PNIPAM chains

In the course of a study on the effect of molar mass on the dehydration mechanism, such asl and AV/V, indicate that

phase transition of PNIPAM samples of narrow size distribution, fewer water molecules, per NIPAM units, are released from the
we prepared by RAFT polymerization a PNIPAM of molar mass nydrophobically end-modified polymer chains, at fixed polymer
similar to that of the shortest telechelic HM-PNIPAM of the concentration, compared to PNIPAM. Inter- or intrapolymeric
series of this study. This sample, PNIPAM-10K, carries an hydrogen bonds may form at the expense of water/polymer
N-isopropyl group at one end and an isobutyl group at the other. H-Ponds as a consequence of chain crowding in the vicinity of
The two end groups are neutral and mimic the structure of the the hydrophobic core.

polymer repeat units. Relevant molecular data are listed in Table
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