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ABSTRACT: The effect of poly(oxyethylene), PEO, on the thermal response rate of aqueous solutions of poly-
(N-isopropylacrylamide), PNIPAM, block and graft copolymers has been discussed. The PNIRE®/water

system reveals thermoresponsive properties similar to the PNIPAM/water system. In PNHPA®/water
solutions, however, PEO provides hydrophilic channels, facilitating the diffusion of water molecules through the
collapsed polymer aggregate at temperatures above the demixing temperature of the aqueous copolymer solution.
As a result, the thermal response of the aqueous PNIRAREO system is significantly faster than in the case

of either pure PNIPAM or PNIPAMs-PEO, indicating the influence of the macromolecular architecture. An
attempt has also been made to correlate the thermal response kinetics of the aqueous solutions of different
copolymers with the miscibility of the polymer constituents, i.e., PEO and the thermoresponsive PNIPAM backbone,
which can vitrify during phase separation.

Introduction be arrested by partial vitrification of the polymer-rich phase
Thermoresponsive agueous polymer systems are known towhen a solution of low PNIPAM _c_oncentratio_n is quickly heated
exhibit large, reversible conformational changes in response toWell 8boveTgemi* However, additional experimental confirma-
small thermal stimult. These aqueous polymer systems are often tion is needed to clarify this issue.
characterized by a lower critical solution temperature (LCST)  The occurring partial vitrification slows down the subsequent
type of miscibility behavior, which implies that the polymer remixing (reswelling) upon coolin$?-3® which is a major
dissolves in water at low temperature and phase separates upoflrawback regarding the potential applicability of this system
heating. Moreover, thermoresponsive homo- and copolymerssince usually a fast change from heterogeneous to homogeneous
are known to collapse when phase separation sets in. As a resultand vice versa is required. Therefore, the improvement of the
at low polymer concentration colloidally stable suspensions can thermal response rate of PNIPAM-based materials has been
be attained,whereas the cross-linked analogues (i.e., hydrogels) extensively investigated during the past couple of yé&@ne
show an order-of-magnitude shrinkifg® Therefore, ther-  possibility to increase the remixing (or reswelling) rate is to
mosensitive polymeric materials, often called intelligent, can introduce hydrophilic poly(oxyethylene) (PEO) grafts, which
be used as actuatot4? artificial musclest! dewatering mem- enhance the diffusion of water molecules inside the collapsed,
branes2 drug delivery system&16 thermoresponsive vitrified polymer-rich phasé?*! These PEO chains seem to
surfaces/~1° light modulation system&:;2! and molecular provide hydrophilic channef$facilitating the diffusion of water
recognition agent&23 molecules throughout the polymer matrix. Additionally, the
Poly(N-isopropylacrylamide) (PNIPAM) is probably the most macromolecular architecture might also influence the thermo-
studied thermosensitive polym&25 especially in dilute responsive behavior, as it affects the dimension, spatial distribu-
solutions?®-2° At low temperatures, intermolecular hydrogen tion, and the number of PEO channels within the PNIPAM-
bonds between water and polar groups of PNIPAM solubilize rich phase. In this report, agueous solutions of PNIPAM-based
the polymer®33 Above the demixing temperaturdyemiy), block and graft copolymers have been compared, and the
hydrogen bonds break and hydrophobic associations betweerthermal response rate of the copolymers is discussed. Moreover,
the collapsed polymer chains take place, which is accompaniedan attempt has been made to correlate the modified kinetics of
by rising opacity and an endothermic heat effe®3437 the aqueous copolymer system with the miscibility of the
Recently, it was demonstrated that the PNIPAM-rich phase, copolymer constituents, i.e., PEO and PNIPAM. The blend
formed aboveTgemiy Vitrifies upon further heating due to the ~ miscibility of PNIPAM and PEO with varying molar mass
interference of the LCST type of demixing curve with the glass 0f PEO has been studied using modulated temperature dif-

transition temperatureTg) vs composition curv&36:37 It has ferential scanning calorimetry (MTDSC), which has already
also been suggested that macroscopic phase separation mighroven to be a powerful tool for characterizing binary polymer
systemg’36:41-43
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Table 1. Molecular Characteristics of the (Co)polymers Studied Standard modulation conditions were an amplitude of 0G@nd
molar mass (g moF) a period of 60 s. Heat capacity calibration was performed under
standard modulation conditions with water using the heat capacity

(co)polymer PNIPAM PEO difference between two temperatures, one above and one below
PNIPAM 187 000 the melting temperature. This way, the most accurate measurements
PNIPAM-g-PEO 180 000 6000 6 grafts/backbone of the heat capacity changes and “excess” contributiogs:ess

180 000 6000 10 grafts/backbone were obtained. Data were expressed as specific heat capacities (or
PNIPAM-b-PEO 39 000 55C° diblocks changes) in J g K—. Note that when studying phase separation
éié 888 ggg g:g:ggtz and the as_sociated kinetics, the variation pf thg specific heat capacity
as a function of both temperature and time is more relevant than
a Determined using the MarkHouwink equation ] = KM,?, with K its absolute value. Nonisothermal experiments were performed at
= 0.0299 mL g! anda = 0.64 at 25°C. ? Determined for PNIPAMeo- an under|ying heating/coo"ng rate of 0.2 oPC min1.

GMA in THF using static light scattering.Provided by Shearwater
Polymers 9 Determined in CDG using NMR. € Provided by Fluka.

Results and Discussion

sized according a procedure reported eaffié?.In short, graft- A. Aqueous (Co)polymer Solutions. 1. Nonisothermal
copolymers were prepared by postgrafting of a statistical copolymer Demixing/(Re)mixing of Aqueous Polymer Solutions: State

of PNIPAM and glycidyl methacrylate (GMA), whereas the block  Diagram. Before evaluating the effect of the macromolecular
copolymers were synthesized by polymerization of NIPAM mono-  architecture on the phase behavior of thermoresponsive PNIPAM-
mer using preformed PEO macroazoinitiators. Their molecular 554 copolymers containing PEO, the phase behavior of the

characteristics are given in Table 1. In the case of graft-copolymers, binary PNIPAM/water system is described briefly. A more

the weight-average molar mas4,f) of the functionalized PNIPAM- . : . . 27
co-GMA backbone was determined using static light scattering. detailed MTDSC analysis was previously publisfiéti"When

From NMR one gets the ratio of NIPAM and EO units, which N€ating a homogeneous aqueous PNIPAM solution, phase
enables calculating the total molar mass of the copolymers. In the S€paration occurs as a result of changing polymer hydration,
case of block copolymers, the molar masses and NIPAM/EO ratio Which can be observed as an endothermic heat effettBy
were obtained directly from NMR. means of MTDSC, the total demixing enthalpy is separated in
Molar mass distributions were taken from SEC. For PNIPAM- two endothermic contributions; the largest part (usually more
co-GMA (in the case of graft-copolymers) the polydispersity index than 90%) is found in the reversing heat flow signal (which is
equals 3.46 This somewhat high value results from the free radical proportional to the heat capacity signal derived from the
polymerization and from the known difficulties to characterize modulated heat flow), whereas the nonreversing heat flow
PNIPAM by SEC’ For the block copolymers the polydispersity  ¢ontains the remaining fraction. A complete description of the

Wc?ls dI]éSQ_EI:!-Sﬁ ';]f)vl‘;el\lvl(;rjo\,\'ﬂn hf;asm;isng imﬁje‘:]r:;egrt]e?héesﬁgrs%h extraction of the heat capacity and other MTDSC signals can
polydispersity P be found in the literaturé-5° Since part of the heat effect is

separation behavior. . e oo ;
PNIPAM homopolymer (reference material) was obtained from found in the specific heat capacity signal, the latter is termed

Polymer Source (viscosity average molar mads,= 187 000 g apparent ") to distinguish it from the baseline specific heat
mol-1, polydispersity index 2.6) and dried under vacuum for at capacity ¢"*9. It is worth noting that the endothermicity found

least 48 h at 150C prior to use. Thel, of dried PNIPAM is ca. in the excess heat capacity signah®(c®ss— ¢, — "9

140 °C, as measured by MTDSC. PEO homopolymers were originates from demixing/remixing processes at the polymer/
purchased from VWR internationaM(, = 300 g mot?, Ty = water interphase of the coexisting phases, which are fast on the
—78°C) and Acros OrganicsMy, = 1000 g mot?, Ty = —67 °C). time scale of the modulation, as has been thoroughly elaborated
Deionized water was used to prepare all aqueous solutions. in previous work343

Sample Preparation.Aqueous polymer solutions with concen- P . .
trations spanning the entire composition range were prepared _':;he upper curvfes in F|g/:;ure laillustrate the ev?lu_nonpéf;:
directly in aluminum DSC crucibles (Mettler) that can be sealed With témperature for a 20/80 PNIPAMoodwater solution. The
hermetically. All samples were made starting from a 10/90 (w/w) Initial deviation of ¢, (thick line) from the extrapolated
polymer/water stock solution that was prepared by adding water experimental baseline heat capacify?s*(dashed line), defines
to the dried polymer. DSC pans with solutions containing more the start of phase separation. Hence, by using a threshold value
than 10 wt % of polymer were obtained by evaporation of water againstcy”2¢ the demixing temperaturél{emix, indicated by
(at room temperature), while those containing less than 10 wt % the dashed arrow in Figure 1a) was obtaifet.the demixed
of polymer were obtained by dilution of the Original 10/90 solution. aqueous p0|ymer solution is heated beyond the intersection of
Once the desired composition was attained, the crucibles wereiha | cST type of demixing curve with th&—composition
hermetically sealed and stored at'@ (for at least a month) to curve (indicated by the oval in Figure 1b), the PNIPAM-rich

obtain a homogeneous soI:ution. phase formed will (partially) vitrify, as ity is close to the
' . , g
Polymer blends of PNIPAM and PEO were prepared by solution experimental temperatufe837 A partially vitrified PNIPAM-

casting. Different blend compositions were obtained by mixing the = h oh - h f hich th is Within |
appropriate amounts (w/w) of the dried polymers with a common 'I€h phase Is a phase for which the temperature is within its

solvent (chloroform). These ternary mixtures were continuously (gradually increasing) glass transition interval, leading to a
stirred for at least 1 week in order to ensure homogeneity. After behavior that is between liquid and glassy. Since (partial)
that they were put in a vacuum oven at 45 to evaporate the  Vitrification generates diffusion restrictions, the phase separation
solvent. Thermogravimetric analysis (TGA) was used to check the process slows down and a smallg®*essis observed. In

preparation procedure, showing that each polymer blend containedaddition, it results in a heat capacity decrease for the PNIPAM-
less than 1 wt % residual solvent. rich phase (smalleg,?3%9.

Experimental Methods. Modulated temperature differential . o "
scanning calorimetry (MTDSC) measurements were performed on The occurrence of (partlal). vitrification of the PNIPAM ”Ch
a TA Instruments Q1000 (T-zero DSC-technology) with either a PN@se during phase separation was demonstrated by heating a

refrigerated (RCS) or liquid nitrogen (LNCS) cooling system. More concentrated (70/30) PNIPABfoodwater solution up to

Helium (for RCS) or nitrogen (for LNCS) was used as a purge gas 60 °C (not shown), followed by a quench-cooling (using liquid
(25 mL mirr2). Indium and cyclohexane were used for temperature hitrogen) to freeze in the formed phases. In the subsequent
calibration. The former was also used for enthalpy calibration. heating a glass transition temperature was seen 4t gnging
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arrow and vertical dashed line) was taken as the characteristic
temperature for the onset of the partial vitrification process.

Hence, three temperature regions can be introduced, as
illustrated in Figure 1. a homogeneous region (zone A), a
heterogeneous region without interference of vitrification (zone
B), and a heterogeneous region with partial vitrification of a
polymer-rich phase (zone C).

The remixing behavior upon cooling is significantly influ-
enced by the preceding phase separation history: the temperature
of demixing (zone B or C) and the annealing of the polymer/
water sample abov&emix Will determine the degree of partial
vitrification, which inevitably slows down the remixing pro-
cess*® Hence, the balance between reversing and nonreversing
heat flow contributions differs upon cooling: the nonreversing
heat flow is no longer negligible and amounts up to 60% of the
total heat flow, depending on the sample composition. However,
the sum of both heat flow contributions upon cooling, i.e., the
total remixing enthalpy, is in general twice as small as the total
demixing enthalpy (in absolute value), which illustrates that the
remixing process is not completed upon cooling. In order to
obtain complete homogeneity in zone A, water has to diffuse

160 © into the dense, vitrified PNIPAM-rich phase. The slower and
] incomplete remixing of the PNIPAM7oodwater system is seen
110 F in the upper curves of Figure 1a&;,2°Pupon cooling (thin line)
—~ is smaller than upon heating (thick line). Moreover, the specific
g e & I heat capacity value after cooling is about 0.3 li§~* smaller
ge6o0r e than the initial value of the homogeneous solution in zone A,
% o R again indicating that the sample did not completely remix during
g 10 b b i cooling. After a heating/cooling cycle at°C min~! to 60°C,
3 e A the typical time needed to homogenize the sample at for example
2 { 20°C (zone A) is 30 min. Such isothermal remixing, needed to
-40 i obtain the equilibrium state at low temperature (zone A), is seen
as an increase o, toward c,”2%¢%6 as was also noticed for
90 ) ) ) ) partially miscible polymer blends with interference of vitrifica-

tion during demixing? and for the polyi{-vinylcaprolactam)
(PVCL)/water system! The longer the solution is kept at a
temperature above the onset of partial vitrification (zone C) and
the higher this temperature, the higher the degree of partial
vitrification of the polymer-rich phase (due to the ongoing
Vertical (dashed) lines indicafemy (zone A— zone B) and drop of  '€lease of water molecules, governed by the state diagram, until
.2 below c,P2s¢ (considered as onset of partial vitrification, zone B all mobility becomes restricted), consequently slowing down
— zone C). Curves are shifted vertically for clarity. (b) State diagram the remixing process in the homogeneous regfon.

for PNIPAM;gzoodwater with LCST type of demixing curve®), T,— . .
composition curve of homogeneous solutiol (ith vertical bars Note that in aqueous homopolymer systems it was found that

indicating the width of the glass transition, and (dashed) line indicating '€mMixing upon cooling is always slower than demixing upon
the onset of partial vitrification. A homogeneous region (zone A), a heating, independent of the LCST (I, Il, or 1lI) type of demixing

heterogeneous region without interference of vitrification (zone B), and pehavior84143This originates from the necessary diffusion of
a heterogeneous region with partial vitrification of a polymer-rich phase both components through the interfacial area, which is addition-
(zone C) are indicated. . ] .
ally slowed down when partial vitrification interferes during

the preceding demixing step. Therefore, the difference in
demixing—remixing kinetics considerably enlarges in the case
of PNIPAM/water.
; ° Similar observations hold when examining the block copoly-
homogeneous 70/30 solutpn equals ca €0 mer PNIPAMb-PEO/water system (Figure 1a, middle curves),

The drop of c;? below its extrapolatedt,”*¢ due to @ independent of the polymer concentration. This suggests that
decreased contribution of mixing, can occur in the absence of the kinetic properties are hardly influenced by the incorporated
(partial) vitrification as well, as is recognized for aqueous hydrophilic PEO block. Particularly, the remixing upon cooling
polymer systems and observed for polymers such as poly(vinyl (thin line) is again slower than the demixing upon heating (thick
methyl ether) (PVME}*3 or poly(oxypropylene) (PP®) that line). Moreover, in the homogeneous region (zone A) the value
phase separate well above thd&y. However, when partial of c,2PP after a heat/cool cycle is lower than the initial value,
vitrification of the PNIPAM-rich phase occurs, the dropcifPP indicating that the sample has not completely remixed upon
is accentuated by an additional decrease in bg?andc,®cess cooling.
For these reasons, and supported by the quench-cooling results Conversely, when studying the graft-copolymers of PNIPAM
and the state diagram (Figure 1b), the temperature at the dropand PEO (Figure 1a, lower curves), the demixing (thick line)
of ¢,2°P below the extrapolated experimentaPase (Figure 1, and remixing curve (thin line) coincide for each composition,

0 20 40 60 80 100
wt% PNIPAM

Figure 1. (a) ¢,*"Pduring nonisothermal demixing (heating: thick lines)
and remixing (cooling: thin lines) of a 20/80 polymer/water solution.
Dashed line (extrapolated experimentg®9 is a guide to the eye.

from 15 to 48°C), which nearly equals the temperature of
35°C at whichc,Pdrops belowc,”2%¢(Figure 1a, indicated by
the arrow and the vertical dashed line). Note thatThef the
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Figure 2. LCST type of demixing curves of (a) PNIPAModwater
(.), PN|PAM18000069-PEQ00dWater 0), and PNlPAMngoglog-
PEQuodwater @); dashed lines are a guide to the eye. (b) PNIR&MS
water ,), PNIPAMazgoogb-PEGssd/water @), PNIPAM;510000-PEGsd
water (), and PNIPAMsoocb-PEQssowater ©).

indicating that the rate of remixing is no longer markedly slower
than that of demixing, not even after partial vitrification of the
polymer-rich phase (demixing in zone C). As a result, no
additional time in zone A is required to completely remix the
sample in contrast with aqueous solutions of either PNIPAM
or PNIPAM-b-PEO. This implies that the introduction of
hydrophilic PEO grafts is very effective for enhancing the rate
of demixing and remixing, in accordance with previous observa-
tions for aqueous PVCIG-PEO solutiong!

The introduction of a limited number {6L0) hydrophilic PEO
grafts does not merely influence the kinetic properties of
PNIPAM: at polymer concentrations above 50 wt % it clearly
lowers the demixing temperature (Figure 2a), resulting in
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Figure 3. Overlay of the evolution irg,2°P for 50/50 PNIPAMs1000
b-PEQsdwater (top) and 50/50 PNIPAMroodwater (bottom): noniso-
thermal demixing (continuous line); partial quasi-isothermal demixing
at 32.50°C (see inset), starting from a homogeneous solution at
10.00°C heated at 0.2C min™* to the respective temperature: time
evolution (vertical lines, start®, end: —). Dashed line (extrapolated
experimentakt,”®9 is a guide to the eye. Curves are shifted vertically
for clarity.
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Incorporating a short hydrophilic PEO block (instead of a
graft) hardly affects the demixing temperature, independent of
the PNIPAM chain length, as illustrated in Figure 2b.
However, since the incorporation of longer PEO blocks was
not investigated in this work, one must be cautious in general-
izing previous observations.

2. Quasi-Isothermal Demixing of Aqueous Polymer Solu-
tions: Phase Separation Kinetics.The kinetic properties of
an aqueous polymer solution can be evaluated in more detall
via quasi-isothermal MTDSC experiment¥;374143 which
means that the underlying temperature is kept constant while
the temperature modulation is maintained. After heating a
PNIPAM;g700dwater solution to any temperature in zone B or
C (demixing), a gradual, isothermal evolutiong#*Ptoward a
final excess contribution is observed, as illustrated in Figure 3

insolubility at room temperature. Increasing the number of PEO for zone B (lower curves: inset and vertical line). This slow

grafts per PNIPAM chain from 6 (Figure ) to 10 (Figure 2,
W) additionally decreases the solubility of the graft-copolymers

evolution takes up to several days and is related to a variation
of the polymer/water interphase within the sample (i.e., mor-

at these high polymer concentrations. This effect is attributed Phology development). Note that the time needed to reach the

to the competition between PNIPAM and PEO to interact with
water, resulting in a weakening of the PNIPAMater interac-
tions in the vicinity of PEG253Hence, the hydration structure
surrounding the PNIPAM chains is of inferior quality, resulting
in a lower demixing temperature, which becomes more impor-

final excess value depends on the demixing temperature; i.e.,
the evolution ofc,?PPin zone C is in general even significantly
slower than in zone B.In some cases, however, no time
dependency was noticed in zone C, indicating that the attained
morphology was fixed because of the partial vitrification

tant when less water molecules are available. At polymer phenomenon. Similar quasi-isothermal demixing experiments
concentrations of 30 wt % and below, thus at higher concentra- on PNIPAM-b-PEO/water display an analogous behavior (Fig-
tions of water, this competition for water is less important, as ure 3, upper curves). This suggests that the ongoing morpho-
the observed effect of the introduction of &0 grafts is much logical changes within the phase separating sample are hardly
smaller, in fair agreement with earlier wotkNote that, at a  altered by the PEO blocks. Conversely, for PEO-grafted
concentration of about 30 wt %, increasing the number of PEO PNIPAM, c,2P is time-independent at whatever temperature
grafts to 43 and more leads to a strong increase of the solubility, within the phase separation region (zones B and C). This implies
indicating that with an increasing number of the PEO chains that the equilibrium excess contributiondg?*?is immediately
the collapse of PNIPAM is almost completely preventéd. attained at each temperature (Figure>},and thus coincides
One must keep in mind that the graft-copolymers were with the nonisothermal demixing curve (Figure 4, continuous
synthesized starting from a statistical copolymer of PNIPAM line), irrespective of the polymer weight fraction or the amount
and glycidyl methacrylate (GMA). The grafted and ungrafted of PEO grafts. This again signifies that the PEO grafts promote
GMA units are inherently present in the PNIPAGPEO system the exchange of water at the polymer/water interphase and
and may influence the phase separation temperature as well, aaccelerate the diffusion of water molecules within the collapsed
has been observed for PVYME-based graft-copolyrefers. polymer aggregates.
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likely is a core-shell structure (Figure 6, on the right). In this
case, even for the graft copolymer, the PEO chains experience
few restrictions to rearrange at the surface of the aggregates.
Accordingly, the suggested morphologies from Figure 5 are only
valid at polymer concentrations well above the critical overlap
concentration with restrictions of entangled polymer coils.

z0ne B Finally, the better the distribution of the PEO chains trapped
z0ne A zone C inside the copolymer aggregate, the more easily they can
enhance the transport of water molecules to obtain an optimum
; response behavior. Therefore, the miscibility of the thermore-
" PNIPAM 10000-100-PEOgaee. sponsive PNIPAM backbone and the hydrophilic PEO chains
seems essential too, since it will alter the attained morphology
in the PNIPAM aggregate. In the case of miscibility, the
entrapped PEO chains will be homogeneously distributed

PNIPAM 440000-69-PEOg000|

Apparent specific heat capacity (J g* K")

0 10 20 30 40 50 60 (Figure 5), whereas immiscibility will result in domain formation
Temperature (°C) (i.e., polymer-polymer phase separation) inside the vitrified
Figure 4. Overlay of the evolution irc2*P for 50/50 PNIPAMgooos polymer aggregate (Figure 5).

6g-PEQyodwater (top) and 50/50 PNIPAMooos10gPEQed/Water

(bottom): nonisothermal demixing (continuous line) and stepwise quasi- B. Miscibility of the Copolymer Constituents: PNIPAM/

isothermal measurements with a step 6iCG3(equilibrium value:O). PEO Blends. Examining the potential miscibility of the
Dashed line (extrapolated experimentg®*y is a guide to the eye. ~ copolymer constituents (i.e., the binary PNIPAM/PEO blend)
Curves are shifted vertically for clarity. might provide more insight into the thermoresponsive properties

Despite the similar chemical composition of the PNIPAM of the corresponding copolymers in water (see previous section).

PEO block and graft copolymers studied, their aqueous solutions, Evaluation of Tq for Monitoring Liquid —Liquid Demixing
display a totally different thermoresponsive behavior. The N PNIPAM/PEO Blends. All PNIPAM 15700dPEG00 blends

nonisothermal and quasi-isothermal results strongly suggest thaf"® transparent at room temperature, and they remain transparent
upon heating up to 158C as observed by optical microscopy,

the enhanced demixing and remixing kinetics are not necessarily . S o 4 -
caused by the introduction of a hydrophilic component as such thus sugg%stmg miscibility within the entire composition range
(i.e., PEO) but that the molecular architecture is also important UP. 10 150°C. If so, one would expect each (homogeneous)
(graft vs block). Therefore, the attained morphology after phase POlymer blend to have a single glass transition temperétife.
separation must be dissimilar for the block and graft copolymers Figure 7 shows an overlay @, upon cooling for blends of
studied. In the case of PNIPARMPEO, it is thought that the different composition. Those blends containing less than
hydrophilic PEO chains become trapped inside the vitrified 40 Wt % or more than 87 wt % of PNIPAM can indeed be
PNIPAM aggregate (Figure 5), by which they are able to descrl.bed by a smgle, composltlon-dependﬁgtseen as a
improve the diffusion rate of water molecules and as such the StePWise decrease @ upon cooling. However, for blends with
demixing and remixing kinetics. For the block copolymers, the &n amount of PNIPAM between 40 and 87 wt %, a sectnd
PEO chains are thought to be situated mainly at the polymer S noticeable. Therefore, one can conclude that the PNIBAM
water interface of the vitrified PNIPAM aggregates (Figure 5). PEQyoo blend system displays a miscibility gap at intermediate
In this position, the PEO blocks do not enhance the transport Plénd compositions, represented by two glass transitions. These
of water molecules inside the vitrified PNIPAM aggregate. This MTDSC results illustrate that optical microscopy is insufficient
seems plausible, since in the case of block copolymers, theto unamblguqusly analyzg the miscibility behavior of this type
(short) PEO chains can rearrange more easily at the aggregat@f Plend. Similar observations were made for pby(inylpyr-
surface. The formation of such a cerghell structure will of  rolidone) (PVP)/PEO blends, for which the multiplgs were
course become more difficult as the length of the PEO blocks 2Scribed to the existence of an intermolecular physical network
increases (not investigated in this work). The longer the PEQ I €quilibrium with a homogeneous binary polymer phesé?
chain length, the higher the probability that it becomes trapped In order to exclude any possible influence of the blend
inside the vitrified PNIPAM aggregate. In that case, the Preparation procedure, a blend that exhibits Wys (i.e., 60/
morphology after phase separation from the aqueous solution40 PNIPAMig700dPEQs00) was prepared using five different
will be close to the one suggested for the graft-copolymers. solvents: chloroform, dichloromethanl,N-dimethylforma-

One must note that in dilute aqueous solutions amphiphilic Mide, methanol, and tetrahydrofuran. This, however, had no
copolymers of PEO and PNIPAM have been reported to form effect on the observed glass transitions and thus on the
a core-shell structure above the phase separation temperaturemiscibility. As some of the heterogeneous samples are partially
of PNIPAM, irrespective of the molecular architectdfé5:5563 vitrified at room temperature, which might kinetically hinder
These observations suggest the thermoresponsive behavior oft€ mixing process during storage, they were annealed at
block and graft copolymers to be quite similar, which is in different temperatures. Again, no difference could be noticed,
contrast to the reasoning described above and illustrated inmeaning that no additional mixing took place at more elevated
Figure 5. For that reason the phase separation behavior of diluteannealing temperatures. Finally, in stepwise quasi-isothermal
1/99 polymer/water solutions of PNIPAoodwater, cooling experiments in the heterogeneous glass transition region,
PNIPAM;51000b-PEQssdwater, and PNIPANkooos6¢-PEQsood no time dependence was noticed, and the quasi-isothermally
water, respectively, was investigated. Figure 6 (on the left) m.easurecrl:p values coincide with the normal cooling curves of
illustrates that when performing a partial quasi-isothermal Figure 7.
demixing experiment in zone B?"Pis time-dependent, even This study of the PNIPANk700dPEQs00 blend indicates that
for the grafted PNIPAM system. It indeed confirms the the appearance and the positioning of the observed glass
assumption that in dilute conditions graft or block copolymers transition(s) are inherent to the blend composition and inde-
attain a comparable phase-separated morphology, which mospendent of the annealing temperature and/or time. As no
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Figure 8. State diagram of PNIPAM7edPEGis Tg—composition

: * data (see Figure 7). Dashed lines indicagewithin the two-phase
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Time (min) of Ty for the homogeneous blends.

Figure 6. Left: c,°°P during partial quasi-isothermal demixing at
32.01°C of 1/99 PNIPAMgzoodwater, PNIPAMsi000b-PEQss/water,
and PNIPAMsgoo0oe6gd-PEQeodwater, starting from a homogeneous
solution at 10.00°C heated at 0.22C min! to the respective
temperature. Right: schematic representation of the attained morphology
in water abovélgemix. Dashed lines/shaded area: PNIPAM; black lines/
area: PEO.
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Figure 9. c,2Pduring nonisothermal heating of different PNIPAdvbod

PEQi000 compositions: M, Ty PNIPAM-rich phase. Curves are shifted
vertically for clarity.

Apparent specific heat capacity (J g‘1 K")

Specific heat capacity (J g" K)

03Jg'K'
I PEOi 000 System approaches the configuration of the graft
. . M M copolymers of interest. In this case, the melting of PEO is always

120 90 60 30 0O 30 60 90 observed (near 45C), followed by devitrification of a
Temperature (°C) PNIPAM-rich phase. The ability of PEO to crystallize at any
Figure 7. ¢, during nonisothermal cooling of different PNIPAMood PNIPAM concentration again indicates _thel_r limited miscibility.
PEQuo compositions:d, Ty PEO-rich phasel, T PNIPAM-rich phase. However, the observeg, (at ca. 110°C) is still lower than the
Curves are shifted vertically for clarity. glass transition temperature of pure PNIPAM (i.e., P40,

suggesting a certain degree of mixing. The miscibility gap at

demixing or remixing transformations are observed, nothing can intermediate blend composition is substantially enlarged in
be concluded regarding the LCST or UCST type of demixing comparison with the PNIPAM700dPEQi00 System, as can be
behavior. Nevertheless, the change Bf with the blend seen in Figure 10.
composition allows locating the miscibility gap of this system, For blends with PE@qo(not shown), thd of pure PNIPAM
as summarized in Figure 8. is always observed, independently of the thermal history. The

Figure 9 illustrates the evolution @?PP upon heating for reduced miscibility for higher molar masses of PEO could be
several PNIPAMs700dPEQ 000 compositions. The PNIPAM7ood due to the lower concentration of PEO terminal groups that
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150 ! containing PNIPAM and PEO. This concept is applicable to
.- LR B other analogues amphiphilic copolymer systems.
100 [
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