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The self-assembly (SA) of amphiphilic block copolymers (poly(ethylene oxigely(propylene oxide}poly-
(ethylene oxide)) was investigated in dispersions of single-walled and multiwalled carbon nanotubes (SWNT and
MWNT, respectively) as a function of temperature. Differential scanning calorimetry (DSC) was used for characterization
of the thermal behavior of the combined polymemanostructures system, and spin-probe electron paramagnetic
resonance (EPR) was employed for probing the local dynamic and polarity of the polymer chains in the presence of
nanostructures. It was found that SWNT and MWNT modify the temperature, enthalpy, and dynamic behavior of
polymer SA. In particular, SWNT were found to increase the cooperativity of aggregating chains and dominate
aggregate dynamics. MWNT reduced the cooperativity, while colloidal carbon black additives, studied for comparison,
did not show similar effects. The experimental observations are consistent with the suggestion that dimensional
matching between the characteristic radius of the solvated polymer chains and the dimensions of additives dominate

polymer SA in the hybrid system.

Introduction
Over the past few years, block copolymirave been utilized

for modifying the solution behavior of nanostructures including

nanoparticleg,* nanorods, and carbon nanotubes (CN%J.

Block copolymers were shown to disperse nanostructures an

colloidal moietie§® in different media and to induce their
assembly into mesostructurs!? Recently, it was suggested

that block copolymers may be used as a vehicle for directing
functional nanostructures (nanoparticles, nanotubes) onto sur-

faces!® An important prerequisite for utilization of block

copolymers for shaping the assembly of nanostructures is the
development of an understanding of the interactions that dominate
the behavior of the combined systems. Nanostructures may affect®

acterization of those systems, from the molecular to the
macroscopic level, provides a difficult challenge both for
experiment and theory.

Among the most useful block copolymers are the amphiphilic

gPlock copolymers poly(ethylene oxidepoly(propylene oxidey

poly(ethylene oxide), PEPPQPEQG, (Poloxamers (ICl) or
Pluronics (BASF)). Pluronic block copolymers are known to
self-assemble in water into micelles consisting of a hydrophobic
core of PPO and a corona of the solvated PEO. It is accepted
that the driving force for micellization in aqueous solutions is
entropict* Micellization is initiated (at a fixed temperature) by

increasing the concentration to above the critical micellar
oncentration, CMC, or by increasing the temperature (ata given

the phase behavior, dynamics, and mechanisms of self-associatioffoncentration) to above the critical micellization temperature,

in polymers-nanostructuressolvent systems. Detailed char-

CMT.1516 An important observation is that the CMC and CMT
are highly sensitive to the presence of molecular addifives,
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Table 1. Composition of PEG-PPO—-PEO Copolymers

no. of no. of -
polymer MW  EOunits POunits PEOwt% product no. & 10.
P84 4200 34 39 40% 586440 E
F88 11 400 200 40 80% 560840 s
P103 4950 32 56 30% 586460 e;: 5
P104 5900 50 56 40% 589640 O
F108 14 600 260 60 80% 583062
P123 5750 40 70 30% 587440 0 : , ,
F127 12 600 212 70 70% 583106 280 290 mT(K) 310 320
5
CNT are cylindrical structures with a typical diameter of-628 b b
nm for single-walled nanotubes (SWNT) and-340 nm for ~
multiwalled nanotubes (MWNT) and a length of up to millimeters, £ 10]
resulting in a large aspect ratio 8fL000 and a relatively large E
surface are& The graphitic CNT are hydrophobic and char- g 5l
acterized by a large and non-isotropic polarizabdtyJnlike g
classical colloids that are dominated by long-ranged dispersive
forces, nanometric objects such as CNT (and fullerenes) interact 0 . , :
via short-ranged intermolecular poteniaf* 280 20 300 310 320

. . ) . . T(K)
In this study, we investigate temperature induced SA in the Figure 1. Normalized DSC trace (aqueous solution of 10 wt %

combined carbon nanotubeBluronics-water system. Dif-  £157y(ay hefore baseline fitting and (b) after baseline fitting following
ferential scanning calorimetry (DSC) is used to characterize the ref 27 AC,, Ty, and CMT are marked by arrows.

micellization temperature and enthalpy in dispersions of SWNT

and MWNT. The macroscopic characterizationis complemented  Liquid dispersions of CNT or CB were prepared by sonicating
by molecular information obtained via spin-probe electron the powder of the raw material (typical concentration of150 wt
paramagnetic resonance (EPR), reported in detail in ref 25. The%) at very mild conditions (50 W, 43 kHz) for 3840 min in the
latter enables the investigation of the local polarity and motional Polymeric solutior?#2° The dispersions were centrifuged (at 4500
characteristics of the polymers and probes the transition from 'Pm for 30 min), and the supernatant was decanted from above the

individual chains to micelles. Based on the results obtained by Precipitate. As was shown befotthe dispersion processis selective

the two methods, we suggest a mechanism for self-aggregationtoward CNT, and the precipitate mainly contains colloidal moieties.

f Pluronics in the presence of nanostructures As some of the CNT precipitate, the effective CNT concentration
of Fluronics ep : in the resulting supernatant is somewhat lower than the initial

. . concentration. Throughout the text, we designate initial concentra-
Experimental Section

tions.
Materials. Polymers Different water soluble Pluronics triblock Techniques and MethodsHigh Sensitiity Differential Scanning
copolymers were received as a gift from BASF AG Germany and Calorimetriy (HSDSC)Microcal VP-DSC for HSDSC at a cell
used as received (Table 1). volume of 0.5 mL was used. The reported measurements were carried

Carbonaceous MaterialsRaw SWNT synthesized by arc  outata scan ratefd K min—?, by heating from 280 to 360 K. The
discharge were purchased from two different sources and used afHSDSC instrument measures the power required to keep the
received: (1) NanoCarbLab (NCL) Russia (www.nanocarblab.com); temperature of the sample and reference cell equal while raising the
according to the specifications by the manufacturer, the as-preparedemperature of the system at a constant rate. The output of the
grade consists of 80 vol % SWNT and impurities of graphite and instrument is (d/dt), vst, whereq is the heat andis the time. The
the metal catalyst. (2) Carbolex Inc. (SWNT (AP) http://carbolex- output is converted to the excess heat capa€lty (s temperature
.com); according to the specifications by the manufacturer, the as- by multiplying thex-axis by the scan rat€.The baseline was fitted
prepared AP grade consists of-500 vol % SWNT and impurities to the data using the Microcal software (Microcal Software Inc.,
include approximately 35 wt % graphite cobalt and nickel. Northampton, MA): This consisted of using the pre- and post-

MWNT produced by catalytic chemical vapor deposition were transitional data points to fit a spline curve. The calculated baseline
purchased from INP, Toulouse, France. The powder contains 95 vol data were subsequently subtracted from the HSDSC data. Exploratory
% MWNT, and the tube diameters are above 20 nm with lengths measurements carried at different scan rates suggested that the
of micrometers and specific areas of 70000 n¥/g. calorimetric data was not affected by the scan rate. Heating and

Adry powder of carbon black (CB), Vulcan P grade, was purchased cooling sequences did not show hysteresis. To estimate the
from Cabot Corp. and used as received. Typical values of specific uncertainties in the measurement, multiple heating and cooling scans
areaare 7001000 n#/g, and typical diameters of the primary particles  were carried out, suggesting an uncertainty#6% in the calorimetric
are 30-50 nm. enthalpy andt1° in the measured values of CMT afighax

Sample Preparation.Aqueous solutions of the block copolymers Figure 1 presents typical DSC thermograms of aqueous solutions
were prepared by dissolving a block copolymer in water at room of F127. The thermograms exhibit a broad and asymmetric
temperature to form solutions of desired concentrations. The solutionsendothermic peak. Four features may be used to characterize the
were mixed for about23 days using a magnetic stirrer or a roller.  transition (see Figure 1): (BC,, the negative change inthe apparent
Required spin probes were then added to the final concentration (inheat capacity is associated with aggregation; ()., the

the range of 0.£0.5 mM). calorimetric enthalpy calculated from integration of the calorimetric
trace ofAC, measured vs temperature; (Bjaxthe temperature at
(22) Dresselhaus, M. S., Dresselhaus, G., Avouris, Ph. Edbon Nanotubes which C, reaches a maximum, marking the maximal aggregation

Topics in Applied Physics Series 80; Springer-Verlag: Berlin, Heidelberg, 2001. (ate: and (4) the CMT is determined from the tangentgte=
(23) Girifalco, L. A.; Hodak, M.; Lee, R. SPhys. Re. B 200Q 62, 13104~ .

13110 CMT as indicated in Figure 1b, after baseline fitting. In addition,
(24) Shvartzman-Cohen, R.; Nativ-Roth, E.; Baskaran, E.; Levi-Kalisman,

Y.; Szleifer, 1.; Yerushalmi-Rozen, R.. Am. Chem. SoQ004 126, 148506~ (26) Nativ-Roth, E.; Shvartzman-Cohen, R.; Bounioux, C.; Florent, M.; Zhang,

14857. D.; Szleifer, 1.; Yerushalmi-Rozen, Rdacromolecule007, 40, 3676-3685.

(25) Florent, M.; Shvartzman-Cohen, R.; Goldfarb, D.; Yerushalmi-Rozen, R. (27) Armstrong, J.; Chowdhry, B.; O'Brien, R.; Beezer, A.; Mitchell, J.; Leharne,
Langmuir, 2008 24, 3773-3779. S.J. Phys. Cheml1995 99, 4590-4598.
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the steepness of the initial slope and the half-width of the peak of the PEOQ tails. The structure of L62-NO is schematically presented

provide qualitative measures of the aggregate %ize.
Following Paterson et a8 we note that the asymmetric

in Scheme 1. The spin probes were synthesized according to
procedures described in the literatéfe.

calorimetric trace and the negative heat capacity change at the Electron Microscopy (EM)Solutions of Pluronic block copoly-

transition AC, < 0) are indicative of an aggregation process, such
as micellization AH of the transition, as calculated from the peak
area, is positive and results from the dehydration of PPO gr8ups.
Spin-Probe EPREPR spectra were recorded using an X-band
Bruker Elexsys 500 spectrometer with a modulation amplitude of

mers that contain dispersed SWNT and MWNT were characterized
via directimaging of the dispersions using cryo-transmission electron
microscopy (cryo-TEM). Dried samples were imaged using high-

resolution transmission electron microscopy (HRTEM).

Sample preparation for cryo-TEM measurements was carried out

0.3 G. The samples were placed in a flat quartz cell, and the 55 follows: a drop of the solution was deposited on a TEM grid (300

temperature was controlled using the spectrometer temperatur:
controller. For temperatures lower than room temperature, the sampl
was cooled by Mgas passing through an acetone/dry ice bath. The
actual temperature was determined independently by a thermocoup

€mesh Cu grid) coated with a holey carbon film (lacey substrate, Ted

€pPella Ltd). The excess liquid was blotted, and the specimen was
vitrified by rapid plunging into liquid ethane precooled with liquid

IEhitrogen in a controlled environment vitrification system. The samples

located at the center of the cavity. Spectra were recorded while \yere examined at-178 °C using a FEI Tecnai 12 GTWIN

increasing and decreasing the temperature, with equilibration period

Stransmission electron microscope equipped with a Gatan 626 cold

of 30 min between each step. Comparison of the heating and coolingstage, and the images were recorded (Gatan model 794 CCD camera)
sequences showed that the measurements are reversible and do ngt 120k V in low-dose mode. Samples for HRTEM imaging were

exhibit hysteresis.
Spin LabelingNitroxide spin labels are routinely used to obtain

prepared by placing a droplet of the dispersion on a TEM grid (300
mesh Cu, Ted Pella Ltd.) and allowing the solvent to evaporate.

information by means of EPR in systems where no paramagnetic

center is present. The EPR spectrum provides information on thei
motional characteristics in terms of rotational correlation times, their
anisotropy, and order parameters, which reflect the properties o
their environmen® Moreover, the polarity of a spin label's
microenvironment can be probed by the isotropfid hyperfine
coupling, aiso, Which increases with increasing solvent polafity,
and therefore can be used to detect processes such as micelfizétion.

The nitroxide radicals are stable and only minute amounts are

' Results

f DSC was used to characterize the thermal aggregation of

Pluronic block copolymers in dispersions of carbon nanotubes.
DSC allows the evaluation of thermodynamic properties (heat
capacity, enthalpy, and transition temperatures) over the scanned
temperature range, thus providing information about the mac-

required such that their presence does not perturb the system. Thd0scopic phase behavior of the systé&lolecular characteristics

properties of the nitroxide spin probe may be modified so as to targe
the label to different locations of the system under study. Due to
these unique properties, nitroxide spin probes have been extensive
used to probe structural and dynamic properties of micelles, liquid
crystals, membranes, and protethg\s micellization of Pluronics

is associated with a change in polarity and mobility, a careful choice

of spin probes can provide a reliable indication on different stages

of the proces¥35

t of the SWNT-Pluronic system were obtained using spin-probe
EPR. EPR maps the microenvironment of the spin probe,
Iyproviding information about the dynamics (viscosity) and polarity
of its environment.
DSC of CNT-Pluronic Dispersions.Dispersions of MWNT
and individual SWNT were prepared following the previously
published procedur#.25:38n Figure 2, we present macroscopic

Here, we employed three nitroxide labeled Pluronics based on (Figure 2b) and microscopic (Figure 2c,d) images of SWNT
L62, P123, and F127, where a nitroxide spin label was placed at thedispersions and MWNT (Figure 2e) using different Pluronic block
end of each PEO chain. As the spin labels are attached to the terminaFOpolymers as dispersing agents.

hydroxyl of the PEO chain, the EPR spectrum monitors the motion

(28) Paterson, I.; Armstrong, J.; Chowdhry, B.; Leharnd,&hgmuir1997,
13, 2219-2226.

(29) Supporting evidence for this view is found in DSC studies of PPO
aggregation where a similar peak is observed. Chowdhry, B. Z.; Snowden, M.
J.; Leharne, S. AEur. Polym. J.1999 35, 273-278.

(30) Schneider, D. J.; Freed, J. H. Biological Magnetic Resonance. Spin
Labeling Berliner, L. J., Reuben, J., Eds.; Plenum: New York, 1989; Vol. 8,
Chapter 1.

(31) Morriset, J. DSpin Labeling, Theory and ApplicatigrBerliner, L. J.,
Ed.; AP: New York, 1976; Chapter 8.

(32) Caldararu, HSpectrochim. Acta A998 54, 2309-2336.

(33) Caragheorgheopol, A.; Caldararu Biectron Paramagnetic Resonance
The Royal Society of Chemistry: Letchworth, U.K., 2000; Vol. 17, p 205.

(34) Ruthstein, S.; Frydman, V.; Kababya, S.; Landau, M.; Goldfarh].D.
Phys. Chem. R003 107, 1739-1748.

(35) Ruthstein, S.; Frydman, V.; Goldfarb, D. Phys. Chem. B004 108,
9016-9022.

As was previously reported by us, the formed dispersions are
stable and long-liveé® Cryo-TEM suggest-38 that the most
abundant species in similar dispersions are individual tubes and
small bundles, in agreement with neutron scattering results of
similar systems?

DSC measurements of aqueous solutions of different Pluronics
at a few concentrations were carried out. The main observation

(36) Caragheorgheopol, A.; Caldararu, H.; Dragutan, I.; Joela, H.; Brown, W.
Langmuir1997, 13, 6912-6921.

(37) Garti, N., EdThermal Behaior of Dispersed SystemSurfactant Science
Series 93; Marcel Dekker, Inc.: New York, Basel, 2001.

(38) Shvartzman-Cohen, R.; Levi-Kalisman, Y.; Nativ-Roth, E.; Yerushalmi-
Rozen, RLangmuir2004 20, 6085.

(39) Dror, Y.; Pyckhout-Hintzen, W.; Cohen, ¥lacromolecule005 38,
7828-7836.
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: : Figure 3. Baseline subtracted DSC thermograms of Plurenic

. ) o e CNT dispersions (solid line) compared to the corresponding native
Figure 2. Vials containing (a) agueous solution of F127 (4 wt %)  pjyronic solutions (dashed line). The concentration of the relevant
and (b) aqueous dispersion of 0.5 wt % SWNT(AP) in 1 wt % P123. pjyronics is 1 wt %, and the dispersions contain 0.5 wt % CNT:
TEM images of aqueous dispersions of CNT: cryo-TEM image of (a) F127 1 wt % and (b) P123 1 wt %.

(c) an aqueous dispersion of 0.5% SWNT in F108 1 wt % (scale

bar= 500 nm) and HRTEM images of (d) 1 wt % SWNT(AP) in Table 2. Summary of the CMT and AH Obtained via DSC
PE10500 (scale bar 10 nm) and (e) 0.1 wt % MWNT in 1 wt % Experiments

P84 (scale bar= 200 nm).

polymer concn  additive CMT AH
. . . . . . polymer (wt %) (0.5 wt %) (K) (kcal/mol)
in DSC studies of Pluronic solutions is a large endothermic peak F107 Ty 2993 0.7
(Figure 1), commonly assumed to mark the SA of Pluronics into 0 rone ; ;

. - MWNT 301.8 39.7
micelles. The peak results from the dehydration of the PPO SWNT 302.3 38.4
groups?®4%The peak shape is asymmetric due to a negative heat 4% none 296.1 83.8
capacity change at the transitioh@, < 0) which is indicative MWNT 297.0 62.4
of an aggregation process, and the normalized enthalpy per PPO SWNT 296.8 67.0

; 10% none 292.4 83.4
group is of the order of 20 cal/g of PPO. MWNT 2937 587

In Figure 3, we present DSC thermograms of carbon nanotube SWNT 292..7 78..0
dispersions of two different Pluronic block copolymers. Ascan  pjo3 1% none 292.1 104.1
be seen, the presence of SWNT and MWNT significantly affects MWNT 2055 31.6
the thermal transition. In particular, while the traces of the native SWNT 295.4 40.4
Pluronig solutions (dashed lines) show the typi_cal brpad peal_<s P103 1% none 204.6 83.5
(extending over more than 10 K), those of the dispersions (solid MWNT 297.6 385
lines) are significantly modified. F108 05 none 3075 47.8

Two classes of modifications are observed: In the class MWNT 314.7 13.9
represented by Figure 3a, the presence of SWNT or MWNT SWNT 317.1 9.7
shifts the thermal transition to a higher temperature as compared 1 I'\‘A?,r\‘/f\” ;fisig 2528i8
to the native solution, the transition enthalpy is reduced, and the SWNT 3091 33.7
peak haIf-yvld'gh is narrowed._ A seppnd type of behawqr is Fes 4 none 309.5 415
presented in Figure 3b where, in addition to the above-mentioned MWNT 311.4 324
modifications, a new feature appears in the thermogram, a SWNT 311.2 36.8
p.remlcelllzatlon. step (s_olld line). A systematic DSC st_udy of P84 5 none 298.6 52.0
different Pluronics at different concentrations was carried out, MWNT 299 .4 46.1
and the data are presented in Table 2. We found that in all the SWNT 299.5 452

measured dispersions the presence of the nanotubes resulted in

a reduction of the transition enthalpy and an upshift of the MWNT showed a similar trend. Interestingly, the tailing part of

transition temperature, as compared to the native solutions. Thethe peak remained unaffected.

observed reduction of peak enthalpy was found to scale with the ~ We observed that all the experiments reported in Table 2 belong

relative nanotube concentration, with up to a 50% reduction of to one of the two classes of thermograms reported in Figure 3.

the molar enthalpy in a dispersion of 0.5 wt % SWNT in 1 wt Analysis of the results suggests that the type of the observed

% F127. As to the effect of SWNT on the CMT, an upshift of thermogram is correlated with the PEO content of the Pluronics:

10 K was measured in a SWNT dispersion of 0.5 wt % F108. a premicellization transition (as presented in Figure 3b) appears
only for a relatively short PEO moiety. P123 (with two PEO

(40) ZanaR., Edsurfactant Solutions, New Methods oféstigation Marcel blocks each of _20 EO 'jm'ts)' P103 *216 EO units), aqd P194
Dekker, Inc.: New York, Basel, 1987. (2 x 25 EO units) exhibit a pretransition. For Pluronics with a
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Figure 6. Normalized DSC thermogram of F127 0.5 wt % containing
0.5 wt % CB (solid line) compared to a native solution of F127 0.5
wt % (dashed line).
Scheme 2
corona
(PEO)
200 300 310 320
T(K) core
Figure 4. Aqueous solution of 4 wt % F127 (dashed line) and a (PPO)
dispersion containing 1 wt % SWNT (solid line) in 4 wt % F127.
(a) Normalized DSC output and (inset) a higher magnification of
the trace at the peak onset and (b) the derivative of (a).
20 L62-NO
1.5
P123-NO
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A different behavior was observed in dispersions of P123,
P104, and P103 (Figure 3b and the Supporting Information).
‘:‘%of F12§ The thermograms of these dispersions are characterized by the
Figure 5. Calculated values of the maximal slope of the DSC trace. appearance of a pretransition feature (a “step”) of a moderate
Different concentrations of F127 containing 0.5 wt % SWNT and Sl0Pe, and a small enthalpy change. The very small enthalpy
MWNT were measured. The values were normalized to native change may indicate thatthe process does notinvolve desolvation
solutions at the same concentrations (dashed line). of PPO moieties and may suggest some type of surface
aggregation among the adsorbed, desolvated moieties preceding
long PEO block as in F108 (2 130 EO units), F88 (% 100 the CMT.
EO units), and F127 (% 106 EO units), the thermograms An additional experiment was carried out using dispersions
measured in the dispersions resemble that presented in Figuref carbon black (CB). CB is composed of carbonaceous particles
3a. of similar composition and surface area as CNT. Yet, while CB
Below, we analyze separately the two types of behaviors, is a typical colloidal particle of mesoscopic dimensions and
using F127 for the investigation of systems that do not show a spherical geometry, both SWNT and MWNT are cylindrical
pretransition step and P103 for the second class. In Figure 4, westructures of nanometric tube diameter. DSC data of Pluronic
present an analysis of the initial slope of the endothermic peak dispersions of CB are presented in Figure 6.
marking the CMT in thermograms of a solution of F127 (dashed = The DSC thermograms reveal that, in CB dispersions of low
line) as compared to a dispersion of SWNT (solid line). polymer concentration where most of the chains are adsorbed,
Analysis of the slope of the DSC peak indicates that in the thermaltransition is not detected, suggesting that chains adsorbed
presence of SWNT the peak slope is steeper at the onset of theonto CB do not exhibit a CMT.
transition, as compared to the trace measured for the native EPR of Pluronic F127 Dispersions of SWNT.EPR was
solution. We find that this phenomenon is generic, and dispersionsused to probe the effect of SWNT on the aggregation of Pluronic
of SWNT in different Pluronics and at a variety of concentrations F127 in SWNT dispersions as a function of temperature, as
systematically exhibit steeper initial slopes as compared to the described in detail in ref 25. Here, we concentrate mainly on the
native Pluronic solutions of similar concentration. The effect of effect of the SWNT on the CMT as detected by EPR. EPR
MWNT is different, and the initial slope is more moderate than measurements of solutions of F127 (containing minute amounts
that of the native solution, as indicated in Figure 5. It is well of P123-NO and L62-NO) were carried out as a function of
acceptedl “°that an increase in the slope of the peak is indicative temperature for several concentrations of F127. The two spin
of the formation of larger aggregates, sometimes referred to aslabeled Pluronics differ in the lengths of the PEO and PPO blocks.
a “higher cooperativity”, where an initial slope that is perpen- Consequently, their nitroxide groups are located within the F127
dicular to the baseline would indicate a first-order phase transition Pluronic micelles at different locations as presented schematically
(as the aggregation number tend to infinity).We relate to this in Scheme 22 Following ref 33, L62-NO is located close the
point in the Discussion section. core/corona interface, whereas P123-NO reports on the central

maximal slope ratio (AU)

e
=)
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Table 3. Transition Temperatures Measured in Aqueous
Solutions of F127 via EPR Using Two Different Spin Probes and

(b)

DSC (Onset Temperature) No ONT
P123-NO L62-NO DSC SWNT
Tsois6 Tsoi50 Tonset
F127 Wt % (1K)  (£1K) (+1K) 3 i -
1 300.2 302.4 299 >\
2.5 300.4 302.4 297 R S S s S
4 297.9 303.3 296 328 329 330 331 332 333 334 335 329 330 331 332 333 334 335 336
1wt% F1274+ 1 wt % SWNT 305.7 307.1 302 Magnetic Field [mT] Magnetic Field [mT]
4wt % F127+ 1 wt % SWNT 303.2 304.6 297
a Temperature at whichi&, = 1 (©) ;2:()
region of the corona. In each of the cases, the average location |
of the probe is inferred from thas, values (14.9 and 15.2 (at 310K
340K)) of L62-NO and P123-NO, respectively. In native Pluronic
solutions, the EPR spectrum below the CMT corresponds to 350K

single species, attributed to individual chains and referred to as
S. Above the CMT, the spectrum changag, decreases, and
the correlation timer. increases, as expected for a Pluronic Magnetic Field [mT]

molecule within a micelle. We refer to this species gs®uring . . 0 .
the transition from individual chains to micelles, both species (';')%J\;\?JT' ,\EA'\D/\?NST'O%CrIEaBOLé%x%ﬁS -CNI\/IOTI?Zg(\)Nlt()/O(tl):)lEZIZF\QNng]ét\I,’Vat
coexistand the spectrum is a superposition of the two. The relative of | 2-NO in 1 wt % F127 with 1 wt % SWNT and CB, below the

contribution of each species to the spectrum was determined byCMT (290 K). Arrows point to the contribution of the broad
reconstructing the spectrum as a superposition of the spectra oicomponent. (c) Temperature dependence of the spectra of L62-NO
S just below the CMT and Sabove the CMT. The CMT was  in a dispersion of 1 wt % CB in 1 wt % F127.

taken as the temperature where the relative contributions of the

two are equal, and the results are summarized in Table 3.mobility of the polymer chains becomes evident only above the
Interestingly, L62-NO, which is situated closer to the core/corona CMT.2*> The difference in the polymerparticle interactions
interface, reports consistently a higher CMT than the P123-NO observed in dispersions of CB and CNT is attributed to their
situated in the corona. The presence of the SWNT has two different spatial dimensions as compared to the typical dimensions
significant effects: (i) While aggregation of the Pluronics (which of the polymer chains as discussed below.

leads to the reduction of polarity and a lower rotational mobility)

still takes place in the presence of SWNT, the transition is Discussion

significantly shifted to higher temperatures. P123-NO reports a
transition at abo5 K higher than in the native solutions, and
for L62-NO an upshift of 25 K was observed. (ii) While in the
native solution Sis not present above the CMT, in the SWNT
dispersion a significant fraction of; £.0—20%) remains also
above the CMT (see ref 25).

Another interesting observation is related to the effect of the
different additives on the line shape of adsorbed chains, below
the CMT, as probed by the two spin probes. EPR spectra of
solutions below the CMT reveal that the spectrum depends on
the type of the carbonaceous additive present in the dispersion

A 8 experimental methods used to investigate the micellization
as shown in Figure 7. We find that the presence of SWNT does e aqyre different observables. Thus, different techniques often
not alter the line shape of the P123-NO spectrum as compared

) ’ , report different values of the CM¥:4%In this study, we relate
to that of the native solution. Very differently, the spectrum of 4 irformation obtained from DSC and spin-probe EPR mea-

the CB samples indicates the presence of two components: 0ng,rements of the very same system on temperature induced SA
similar to that found in native F127 solutions (below the CMT), ¢ pluronic block copolymers in aqueous solutions. The spin

resulting from populations_that exhibit corr_e!ation tir_nes_ _similar probes used by us report mainly the modification of the dynamics
to that of the native solution, and, in addition, a significantly 514 the local polarity of the PEO regime while the DSC

broader line (indicated by an arrow in Figure 7a), characteristic neasyrements are sensitive to the dehydration of the PPO
of restricted mobility. The broad line is assigned to chains . jieties. Thus, the two techniques provide complementary

adsorbed onto CB. The spectra of L62-NO, presented in Figure jnomation revealing the overall behavior of the block copoly-
7b, show a similar behavior with the exception that the relative ars—nanostructures system.

intensity of the broad component is higher and the width of the In the main part of the study, we focused on the effect of
spectrum is wider, indicating a slower motion for the adsorbed SWNT on the aggregation of PIL’Jronics as probed by DSC. As
chains. This is not surprising because of the higher proximity of was shown befor&343Pluronic block copolymers are able to

the n|trOX|_de spin Iab_el to the hydropho_b|c block, which is the disperse individual nanotubes in aqueous solutions well below
part that interacts with the hydrophobic surface of CB. The
§pectrum of the _adsorbed Cham,s narrows as the temperature (41) To test a possible effect of the EPR spin probes on the thermal behavior
increases due to increased mobility on the surface (Figure 7¢).of the solutions and dispersions, we carried out a series of DSC experiments
The observation of two distinct signals for the absorbed and free WQ;VZ fplt'; Prot?e? (LGZ#O ngé P123-NO) at ?Oncsptraﬂonz efDrt?]M were o
chains indicates that they do not exchange on the EPR time SCal6 tapie 1 showing that the abeanod thernl bahavior o nor affosten by the

Table 1, showing that the observed thermal behavior is not affected by the
(~107%-10"" s). We recall that the effect of SWNT on the presence of the spin probes.

326 328 330 332 334 336 338

In this study, we characterized the temperature induced SA
of nonionic block copolymers in the presence of SWNT and
MWNT using DSC complemented by spin-probe EPR. The
thermal aggregation process of Pluronic block copolymers,
marked by the CMT, is complex, and itinvolves water loss from
the PPO moieties (an endothermic transition), a gradual loss of
water from the PEO regime, modification of the local composition
and decrease of the local polarity, and modification of chain
conformations and reduced segmental mobftity:8:3%-33 The
actual sequence of events is not well resolved, and different
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the CMC and CMT. The stable dispersions are formed via the a
adsorption of polymer molecules onto CNT and the formation
of a steric barrier that prevents aggregation of the nanostrucétures.
In this study, we found that the presence of carbon nanotubes
actually modifies the aggregation and SA of the polymers
themselves. Both DSC and EPR data (ref 25) suggest that the
nanostructures have a profound effect on the temperature and
nature of the transition. DSC results (see Table 2) indicate that
SWNT and MWNT have three effects on the thermograms: (1)
they shift the onset of the transition to higher temperatures; (2)
they reduce the overall enthalpy of the transition; and (3) they
modify the line shape. The changes in the line shape were found
to depend on the type of the tubes and on the Pluronic molecular
weight and composition.

We first discuss the effect of SWNT as compared to MWNT.
Models that analyze DSC traces of micellization suggest that the
reduced peak half-width indicates an increased cooperativity,
and a steeper slope is indicative of a large aggregation number
where a vertical line characterizes a phase separ&idim all
cases reported here, the DSC peaks in the presence of nanotubes
are narrower as compared to those measured in the native
solutions. In the case of SWNT, the leading edge is steeper as
compared to the peak that characterizes the native solution, while
for MWNT the slope showed the opposite behavior. Thus, we
may conclude that while both SWNT and MWNT promote
cooperativity, SWNT resultin the formation of larger aggregates
than those formed in native solutions of Pluronics.

Comparison of the transition temperature as measured by the
EPR parameters (Table 3) with the CMT measured by DSC
indicates that aggregation and the reduced rotational mobility
occur in the vicinity of the CMT as measured by DSC.

Below the CMT, there are two populations of polymers:
adsorbed molecules and those free in solution. The adsorbed
chains are attached via their PPO moieties, while their PEO
segments dangle into the soluti$?SEPR measurements (Figure
7) suggest that in this regime EPR does not distinguish between
chains adsorbed on SWNT and free chains. Practically, the EPR
parameters of the spin probes exhiif, values typical of a
polar environment and a rotational correlation timef a free
chain in solution, suggesting that polymer adsorption onto the
SWNT has a minor effect on the microenvironment of the spin
label located at the end of the PEO chains (see our ref 25). This
isin line with the theoretical argumérit'suggesting that polymer
adsorption onto a cylinder with nanometer diameter should not
perturb the conformations of the PEO moieties. Following
previous calculation&}25the PPG-CNT attraction in water is

estlmatetd .It_?] be _oftLhelord(tar of thet the:.mgtl ener?y fptir PPPOO Figure 8. Schematics presenting (a) SWNT dispersed by adsorption
segment. Thus, in the low-temperature fimit, most of the of Pluronics below the CMT and self-assembly of Pluronics at

segments of the adsorbed chains are in contact with the tubessjevated temperatures for (b) SWNT and (c) MWNT.
and are partially dehydrated already below the CMT. This is the
origin of the observed reduction in the transition enthalpy in

dispersions of Pluronics. The adsorbed PPO moieties do not

contribute to the dehydration enthalpy measured by DSC during ::hetﬁMT and its depen?g}ncﬁhon the P|Utl’0anC/SWN:[|;] @t'oic
the thermal transition as much as do the nonadsorbed PEOQ’_Urhermore, we suggest that the aggregaltes form on the surtace
moieties. of the tubes, whereas the already adsorbed polymers serve as

. . . templ for self- mbly, hown in Figur .
Upon temperature increase, endothermal aggregation |ste plates for self-assembly, as sho gure 8b

R The situation is different for MWNT: here, the tube diameter
obs_,erved. Here, the length o_fthe SWNT becomes relgvant. .W'th is of the order of 20 nm, much bigger than the natural dimension
typical lengths of some micrometers, very long micelle-like

of the micellar core. Indeed, DSC slopes suggest the formation
Bf smaller aggregates as compared to SWNT and the native
'solution (see Figure 8).
One should notice that, while of similar length and aspect
(42) Alexandridis, P.; Hatton, T. AColloids Surf, A 1995 96, 1-46 ra-'tlc-)s o-f about 1000 an-d 10000, MWNT- and SWNT are
(43) Moore, V. C.. Strano, M. S. Haroz, E. H.. Hauge, R. H.; Smalley, R. £.; distinguished by a large difference of tube diameter. The value
Schmidt, J.; Talmon, YNano Lett.2003 3, 1379. of the tube diameter is significant, as the typical micellar core

chains, and the dependence of the relative amount ab&ve

features of the DSC thermograms to those of the native solutions
theincrease inthe EPR rotational correlation tigef the packed
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(PEO)n-(PPO)m-(PEO)n barrier, and small clusters may form by the adsorption of additional
U EREER B Pluronics on the tube$When the PEO chains are longer (Figure
9), steric repulsion between adjacent PEO tails prevents small
cluster formation. Itis only when the temperature is high enough
F108 to reduce the solvent quality for the long PEO moieties that a
. 4 cooperative transition takes place, with the formation of long
micelles.

The scenario suggested above is consistent with the experi-
mental observations obtained from DSC and spin-probe EPR.
Yet, while the two techniques provide useful data on their local

* dynamic and thermal behavior, they do not provide structural
35 | information, such as the size of the hybrid micelle. Thus, a direct

i L‘B‘i measure of structural features is sill requiféd.

25 Conclusions
20 | We found that SWNT affect the temperature induced self-
0 25 50 e MO A assembly of Pluronic block copolymers in agueous solutions,
PEO (n) suggesting the formation of a new type of hybrid SWi\olymer
Figure 9. Schematic mapping the composition of block copolymers n@nostructures. In SWNT and MWNT dispersions, the dimensions
that show a pre-CMT transition in the presence of SWNT (above ofthetube_s were observedto play a crucial role in the interaction.
the line) and block copolymers that do not (below the line). Nanometric 1-D SWNT do not alter the local dynamics of
. ) o o adsorbed chains, and they exhibit high cooperativity at the
diameter of native Pluronic micelles is in the range of few aggregation stage. MWNT have a minor effect on the local
nanometers. Thus, while SWNT provide an optimal template for dynamics of adsorbed chains, and they induce the formation of
aggregation, MWNT present a huge perturbation to the hydro- smaller aggregates, as compared to SWNT. Colloidal (mesos-
phobic core of the micelles, suggesting that the smaller aggregategopic, 3-D) particles of similar surface area and chemical
are probably adsorbed on the tubes instead of being an integrakomposition but of a larger effective radius show a qualitatively
part of the core (see Figure 8c). _ different behavior, as adsorbed polymers do not seem to participate
The size effect is more pronounced in carbon black*G8 in the micellization process.
a spherical carbonaceous species of similar surface specific area Thys, the geometry of the nanostructures sets the SA of the
and chemical composition as that of CNT. The typical diameter polymers and determines the structure of the aggregates. The
of individual CB particles is in the range of 30 nm, and that  small diameter of the SWNT~1 nm) enables the formation of
of CB aggregatesis in the range of some hundreds of nanometersan aggregate that is similar to the native micelle, though much
DSC results indicate that Pluronic chains that adsorb onto CB e|ongated, with the SWNT located at the core of the micelle. For
do not exhibit a thermal transition as the temperature is raised. MwNT, the diameter of the tubes is much larger than the native
EPR results further show a significantly different mode of micellar core, and thus, the adsorbed micelles must have a structure
adsorption, where the adsorption restricts considerably the motiongifferent from that of the native aggregates. The size of the CB
of the PEO block, as compared to SWNT, where no restriction particles is too large to enable the aggregation process of adsorbed
was detected. Thus, we observe that adsorption on a colloidalchains.
particle is qualitatively different from adsorption onto nanometric  ynderstanding of the SA of polymers in the presence of
particles at all temperatures. . . ~ nanostructures is expected to improve our ability to design routes
We now relate to the other set of parameters investigated in jeading to the SA of desired structures.
this study: the composition and chain length of the Pluronic
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