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ABSTRACT: Self-assembly (SA) of amphiphilic block copolymers (poly(ethylene oxide)-poly(propylene
oxide)-poly(ethylene oxide)) was investigated in dispersions of multi-walled carbon nanotubes (MWNT) as
a function of temperature using spin probe electron paramagnetic resonance (EPR) spectroscopy. Nitroxide-
labeled Pluronic with a short poly(ethylene oxide) block, L62-NO, and a small molecular probe, 4-hydroxy-
TEMPO-benzoate, 4HTB, were used for probing the local dynamic and polarity of the polymer chains in the
presence of the nanostructures. It was found thatMWNTmodify the temperature, and the dynamic behavior
of polymer SA and comparison between the MWNT and single-walled nanotube (SWNT) showed that the
structure and dynamical behavior of the nanostructure-polymer hybrids formed depend on the size
matching between the diameter of the native micelles and the additives. While SWNT induced the formation
of hybrid polymer-SWNTmicelles,MWNT (with a diameter of 20-40 nm) induced the assembly of polymer
aggregates at the surface of the MWNT.

Introduction

Carbon nanotubes (CNTs) have attracted attention since their
discovery due to their unique properties and potential applica-
tions. The excellent mechanical, electrical, and thermal proper-
ties1,2 of CNT may be utilized for preparation of advanced
nanocomposite materials.2,3 A preferred preparation route for
CNT-based materials relies on sonication-assisted dispersion of
CNTs in a solvent, in the presence of a dispersing agent,4 often, a
block copolymer.5-7 Among the most useful dispersing agents
are the amphiphilic block copolymers poly(ethylene oxide)-
poly(propylene oxide)-poly(ethylene oxide), PEOyPPOxPEOy

(Poloxamers (ICI) or Pluronics (BASF)). Pluronic block copo-
lymers are known9 to self-assemble (SA) in water into micelles
consisting a hydrophobic core of PPO and a corona of the
solvated PEO. Micellization is initiated (at a fixed temperature)
by increasing the concentration to above a critical concentration,
cmc, or by increasing the temperature (at a given concentration)
to above a critical temperature, cmt.8,9

It was shown10,11 that the structure and properties of hybrids
formed in Pluronic-CNT dispersions differ from those of the
native solutions. A thorough understanding of the mutual inter-
actions from the molecular to the macroscopic level in these
systems is an important prerequisite for the design of solvent-
based preparation routes for nanocomposites. On the funda-
mental level, understanding of the mutual interactions among
nanostructures and the block copolymers is of interest, as the
dimensional match or mismatch between the components is exp-
ected to affect the phase behavior of the combined systems.10,11

While observations of SA in this system have been reported,11,12

there are still many unresolved issues that need to be addressed
experimentally before a complete characterization of these sys-
tems is achieved.

Few techniques have been used to provide a quantitative
description of the microstructure of polymer-CNT dispersions.
Transmission electron microscopy imaging, especially at cryo-
genic conditions,13 was found to enable structural characteriza-
tion of the dispersed CNT.14 Yet the technique cannot provide
the fine structure of the polymeric structures (micelles,
aggregates) in cases where the mass contrast between the poly-
mers and the vitrified liquid is not high enough.15 A limited
number of scattering techniques, small-angleX-ray, neutron, and
light scattering with wave vectors in the range 10-3-102 nm-1

(corresponding to length scales 1-1000 nm), were used to
investigate CNT assembly in polymeric (and surfactant) disper-
sions.16,17 These methods rely heavily on the assumed rigid-rod
behavior of single-walled carbon nanotubes (SWNT),16 and the
interpretation of the results is still debated in the literature.
Moreover, these methods do not provide detailed information
about the phase behavior of the dispersing polymer. The inter-
pretation of the results is even more troublesome in the case of
multi-walled carbon nanotubes (MWNT) that are highly flexible
with typical diameters between 10 and 80 nm.18

Aswas shownbefore,11 themicroscopic details of the assembly
of amphiphilic block copolymers in aqueous dispersions of
MWNT and SWNT may be probed by spin-probe electron
paramagnetic resonance (EPR) spectroscopy. Spin-probe EPR
spectroscopy is a well-established method: nitroxide spin-labels
are introduced into systems where no paramagnetic center is
present. The EPR spectrum of the spin-label reflects the proper-
ties of their local environment and provides information on their
motional characteristics in terms of rotational correlation times
and order parameter.19 Moreover, the polarity of a spin-label’s
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microenvironment can be probed by the isotropic 14N hyperfine
coupling, aiso, which decreases when the polarity of the environ-
ment decreases19 and therefore can be used to detect processes
such amicellization20 as long as they are associated with a change
in polarity and mobility.

In a previous study11,12 we used two Pluronic-based spin
probes to investigate the temperature-dependent SA in Pluronic
dispersions of SWNT. In these probes a nitroxide label is
covalently linked at each of the two end-groups of the PEO
moieties and thus reports the more hydrophilic PEO-rich regions
of the system.Amajor issue in any probe-based technique22 is the
affinity of the probe to specific moieties comprising the investi-
gated system. If present, it excludes a general overview of the
system. In our system, the nitroxide end-groups covalently linked
to the PEO moieties in the Pluronic-based spin probes affect the
hydrophobic/hydrophilic balance of the probe chains. Thus, one
should examine their effect on the tendency of the labeled
molecules to incorporate into the polymeric micelles and the
possibility of selective interaction of the nitroxide end-groups
with the nanostructures.22 To test these and other specific effects
of the NO end-groups on the SA system, we carried out control
experiments. In these experiments PEO chains end-terminated by
covalently linked nitroxide spin-labels were used as probes. Our
findings indicate that the nitroxide group does not lead to
incorporation of PEO chains into forming micelles, does not
affect the transition to micelles, nor does it interact specifically
with the micelles or the CNT.

To probe the PPO block, which is the one interacting with the
hydrophobic CNT,23 we used a nitroxide-labeled Pluronic (L62)
with a short PEO block, L62-NO, where the label resides close to
the dehydrated PPO core of the Pluronic micelles24,25 and a
small molecular probe, 4-hydroxy-TEMPO-benzoate (4HTB).
The latter is known to reside in the hydrophobic region of the
micelles.24,25 Comparison between the molecular information
provided by the two probes, (Pluronic-based and 4HTB) at
different temperatures, enables us to investigate the detailed
behavior of the polymers at the interface of the two nanostruc-
tures.We find that themicellizationofPluronic block copolymers
is sensitive to the presence of nanostructures anddepends on their
sizes. While a good size-matching between the diameter of the
native micelles (about 8 nm) and the additives (1-2 nm for
SWNT) results in combined SA, size mismatch leads to a distinct
behavior. Indeed, SA at the surface of MWNT (with a diameter
of 20-40 nm) is different from SA of the polymer-SWNT
systems and resembles the behavior observed at the surface of
colloidal particles.21

Experimental Section

Materials. Polymers. P123 Pluronic triblock copolymer
(PEO20-PPO70-PEO20) [Mw = 5750, cat. no. 587440] was
received as a gift fromBASFAGGermany and used as received.

Carbon Nanotubes.Raw SWNT synthesized by arc discharge
were purchased from Carbolex Inc. (http://carbolex.com) and
used as received. According to the specifications by the manu-
facturer, the as-prepared AP grade consists of 50-70 vol %
SWNT as well as graphite and the carbonated catalyst. MWNT
produced by catalytic chemical vapor deposition were pur-
chased from INP, Toulouse, France. The powder contains 95
vol % MWNT, and the tube diameters are above 20 nm with
lengths of micrometers and specific areas of 700-1000 m2/g.

Spin Probes. Spin-labeled Pluronics P123-NO (Supporting
Information) and L62-NO (PEO6-PPO36-PEO6) and two dif-
ferent lengths of PEO-NO (PEO-10K [PEO2OH-10K] andPEO-
0.6K [PEG2OH-0.6K] fromPolymerSource)were synthesized as
described in the literature.22 The spin-label is covalently attached
to the terminal hydroxyl chains. 4HTB (4 hydroxy-TEMPO-
benzoate) was purchased from Aldrich [cat. no. 371343].

Sample Preparation. Aqueous solutions of the block copoly-
mers were prepared by dissolving a block copolymer in water at
room temperature (22-24 �C) to form solutions of desired
wt %. The solutions were mixed for about 2 days using a
magnetic stirrer. An appropriate volume of a 5-10 mM stock
solution of the spin probe in ethanol was added to a vial, and the
solvent was evaporated. Then, an appropriate volume of an
aqueous Pluronic solution was added, and the sample was
stirred overnight to ensure complete dissolution of the spin
probe to a final concentration of 0.1-0.5 mM (equivalent to 1
spin probe molecule per 7-15 polymer molecules). Liquid disper-
sions of CNT were prepared following the previously published
procedure:14,26 1 wt% of the rawmaterial was sonicated at mild
conditions (50W, 43 kHz) for 30-40min in a polymeric solution
(containing the spin probe). The dispersionswere centrifuged (at
4500 rpm for 30 min), and the supernatant was decanted from
above the precipitate. As was shown before,26 the dispersion
process is selective toward CNT, and the precipitate mainly
contains colloidal moieties; thus, the actual concentration of
dispersed CNT is somewhat lower than the initial concentration
of CNT powder. The relative concentrations of dispersed CNT
and dissolved polymeric molecules were modified by two differ-
ent procedures: (1) Stock dispersions of CNT in 1 wt% of P123
containing 0.1-0.5 mM spin probe were prepared. A known
volume of 1 wt % polymer solution (containing spin probes at
the required ratio)was added to the stock dispersion, resulting in
a dispersion of a lower CNT concentration at a fixed polymer
concentration. (2) In a different set of experiments the poly-
mer-CNT ratio wasmodified by increasing the overall polymer
concentration, while keeping the concentration of the CNT
constant. In this route a polymer powder was dissolved in the
stock dispersion up to the final polymer concentration.

Techniques and Methods. Spin Probe EPR. EPR spectra
were recordedusing amodifiedVarianB-12X-band spectrometer
or a Bruker Elexsys 500 spectrometer. Modulation amplitude of
0.03 mT was used. The samples were placed in a glass capillary,
and the temperature was controlled using the spectrometer
temperature controller. For temperatures lower than room temp-
erature the sample was cooled by N2 gas passing through an
acetone/dry ice bath. The actual temperature was determined
independently by a thermocouple located at the center of the
cavity. Spectra were recorded while increasing and decreasing the
temperature, with equilibration periods of 15 min between each
step. Comparison of the heating and cooling sequences showed
that themeasurements are reversible anddonot exhibit hysteresis.

The measured EPR spectra were all in the fast limit region.
When only one species is present in solution, the correlation
time, τc (in s), is derived from the relative intensities andwidth of
the individual hyperfine components according to the relation27

τc ¼ ð6:51�10-10ÞΔHð0Þf½hð0Þ=hð-1Þ�1=2 þ ½hð0Þ=hð1Þ�1=2 -2g
ð1Þ

where ΔH(0) is the peak-to-peak line width (in mT) of the
central line of the nitroxide spectrum and h(-1), h(0), and h(1)
are the peak-to-peak heights of the MI = -1, 0, and þ1 lines,
respectively. An experimental error of 0.02mTwas derived from
the linewidth of the peaks at three different locations.When two
species contribute to the EPR spectrum, their relative contribu-
tions, aiso and τc values, were determined from simulations using
least-squares fitting of the spectra. The program used was
“garlic” of the Easyspin software package.28 We simulated each
component Si and Sm individually and added them using a ratio
factor. The line shape used was Lorentzian. The program
“garlic” is applicable for fast motion and assumes an isotropic
tumbling that is governed by a Brownian movement. The speed
of tumbling is determined by the rotational correlation time.
The errorwas determined from the range of the parameters (aiso,
τc) that produced similar qualities of fits.
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Cryo-TEM. Solutions of Pluronic block copolymers that
contain dispersed MWNT and SWNT were characterized via
direct imaging of the dispersions using cryo-transmission elec-
tronmicroscopy.13 Sample preparation for cryo-TEMmeasure-
ments was carried out as follows: a drop of the solution was
deposited on aTEMgrid (300meshCu grid) coatedwith a holey
carbon film (Lacey substrate-Ted Pella Ltd.). The excess liquid
was blotted, and the specimen was vitrified, by a rapid plunging
into liquid ethane precooled with liquid nitrogen, in a controlled
environment vitrification system. The samples were examined at
-178 �C using a FEI Tecnai 12G2 TWINTEMequipped with a

Gatan 626 cold stage, and the images were recorded (Gatan
model 794 CCD camera) at 120 kV in low-dose mode.

Results

Dispersions of MWNT and SWNT in aqueous solutions of
1 wt % P123 were prepared following a previously published
procedure.26,14,5 In Figure 1, we present a cryo-TEM image of
MWNTandSWNT in P123 dispersions.Aswas previously repo-
rted by us, the formed dispersions are stable and long-lived.26,5

Cryo-TEM suggests that the most abundant species in similar
dispersions are individual tubes (and small bundles of SWNT).

Control Experiments: PEO-NO. PEO-NOof two different
molecular weights, PEO-10K (∼200 monomers) and PEO-
0.6K (∼12 monomers), were used to test the effect of the
nitroxide end-groups on the system and exclude the presence
of specific interactions between the spin-label and CNT. The
spin probes were mixed with P123 (PPO = 70, PEO = 40
monomers) solutions of 1 and 4 wt %, at concentrations of
0.3-0.5 mM. In Figure 2 we present the temperature depen-
dence of the EPR spectra of the PEO-NO (0.5mM) probes in
an aqueous solution of P123 (1 wt%). From the EPR results
it is evident that PEO-NO does not detect a micellization
process and that the rotational correlation time of bothPEO-
NOprobes is reducedwith the temperature, as expected for a
dissolved polymer, while aiso remains fairly constant. We
note that at this temperature regime water is a moderately

Figure 1. Typical cryo-TEMimagesofCNTdispersions inP123 (1wt%)
with 0.5mML62-NO: (a) SWNT (0.5wt%) and (b)MWNT (0.5wt%).

Figure 2. Temperature dependence of the EPR spectra of two PEO-NO spin probes in aqueous solutions of P123 (1 wt%). PEO-10K-NO (0.5 mM):
(a) EPR spectra as a functionof temperature (b) τc and (c) aiso; PEO-0.6K-NO(0.5mM): (d) τc and (e) aiso. The lines are guides to the eye.Anerror bar is
displayed for one representative point.
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good solvent for the PEO.29A similar result was observed for
a higher concentration (4 wt %) of P123. Thus, while the
nitroxide labeled Pluronic, P123-NO, clearly detect the
micellization process, with an abrupt change in the values
of aiso and τc during the transition,

12 the PEO-NO does not.
The fact that the spin probe is not involved in the

micellization process and remains solvated in water suggests
that the nitroxide does not interact specifically with the
micelles and thus does not affect the transition.

An additional set of measurements was carried out using
these PEO-NO spin probes in dispersions of SWNT and
MWNT to examine the possible interactions of the nitroxide
group with the CNT. These measurements, shown in the
Supporting Information, clearly indicate that the PEO-NO
probe does not adsorb onto CNT.

SA in Native Solutions of P123 and CNT Dispersions As
Reported by 4HTB. 4HTB is a hydrophobicmolecule which is
soluble inwater inminute concentrations and readily dissolves
in aqueous solutions of an amphiphilic block copolymer such
as Pluronic. EPR spectra of 4HTB inwater and in solutions of
P123 (below cmt) are very similar (see Figure 3), except for the
increase in signal-to-noise that indicates that 4HTB adsorbs
onto the polymer chain and the amphiphilic polymer acts as a
solubilizing agent for the hydrophobic 4HTB.

As shown by Ruthstein et al.20 and schematically pre-
sented in Figure 4b,c above cmt 4HTB probes the PPO-rich
core of the Pluronic micelles.

This observation suggests that 4HTB may be used to
probe the local environment of the PPO region and therefore
provides complementary information to that provided by the
Pluronic-based spin probes that mainly probe the PEO
region of Pluronic micelles.11,12,20

In Figure 5 we present the temperature dependence of the
EPR spectra of 4HTB (0.5 mM) in aqueous solution of P123
(1 wt%).Micellization is identified by a reduction in aiso and
a broadening of the line width. At the onset of the transition
(and at temperatures above) two species are observed,
differing in their aiso and τc values, referred to as Sm and Si.
The temperature dependence of the relative concentrations
of the two species and that of τc and aiso are shown in parts b,
c, and d of Figure 5, respectively. Sm and Si are distinguish-
able on the EPR time scale up to 355 K, with a ratio of 80%
Sm to 20% Si at the highest measured temperature of 355 K.
There is a clear difference between τc and aiso values of the
two species, with lower aiso values and higher τc for the Sm
species. This observation is consistent with the decreased
rotational correlation mobility and lower polarity within the
micelles.20 Accordingly, Sm is assigned to 4HTB in micelles
and Si to 4HTB dissolved by individual polymers chains. We

observe that 4HTB reports a negligible change in τc and aiso
for Si as a consequence of micelles formation.

The temperature dependence of aiso and τc of 4HTB in P123
dispersions of MWNT is presented in Figure 6. As in the
native solution, we observe the onset of micellization and the
appearance of two distinguishable populations, Si and Sm.
Micelles are first detected at 305 K, and a broad micellization
transition of about 20 K is observed. Note that the tempera-
ture range over which the relative concentration of micelles
grows is much wider than in the native solutions. Further, in
the presence of MWNT 35% of the spin probe molecules
reside in the aggregates (Sm), a significantly lower fraction
compared to the native solution.The temperature dependence
of aiso is similar to that observed in the native solutions, and
higher τc values for MWNT dispersions indicate lower rota-
tional mobility of the spin probes.

In Figure 7 we present the temperature dependence of aiso
and τc of 4HTB (0.5 mM) in aqueous dispersions of SWNT
(1 wt%) in P123 (1 wt%) as a function of temperature. Here
again a broadmicellization transition is detected over∼20K
(onset at 295 K). After the transition the majority of the
4HTB molecules are located in the micellar aggregates with
Sm:Si = 63%:37%. The significant temperature dependence
of τc within the Sm environment at the temperature range of
305-345 K follows the Arrhenius law yielding an activation
energy of ∼8.5 kJ/mol (see Figure S2 in Supporting In-
formation).

SA in Native Solutions of P123 and CNT Dispersions As
Reported by L62-NO. EPR spectra of L62-NO (0.1 mM) in
P123 (1 wt%) dispersions ofMWNTas a function of tempera-
ture are presented in Figure 8. We observe that the onset of the
micellization is slightly shifted as compared to the native solu-
tion11 (Figure 8a: 310 K instead of 300 K). Again, two species
are present above cmtwith Sm:Si∼ 82%:18%.The temperature
dependence of τc is similar to that observed for 4HTB.

The temperature dependence of τc is similar to that
reported previously11,12 for SWNT dispersions in P123
(1 wt %): τc does not change much with temperature, while
the absolute values are slightly higher for MWNT (∼6.5 �
10-10 s at 345 K) as compared to SWNT (∼4.5 � 10-10 s at
345 K12). The ratio of Sm and Si is however different for

Figure 3. EPR spectra of 4HTB in (a) water and (b) a 1 wt% solution
of P123 in water (T = 290 K).

Figure 4. Molecular structures of the spin probes used: (a) PEO-NO,
(b) 4HTB, and (c) a schematic representation locating the 4HTB
molecule within the hydrophobic core of Pluronic micelle, following
refs 20 and 21.
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dispersed MWNT. This change, however, can be due to
different actual concentration of the dispersed CNTs and
not their character. This issue is addressed later.

Toobtain complementary information,we also used a spin
probe of a longer PEO chain, P123-NO. Unlike the 4HTB
and the L62-NO probes, the P123-NO resides in the PEO-
rich region of the micelle. We found that this probe reports a
complete transition from individual chains (Si) to aggregated
chains (Sm), both in the native solutions and in the presence
of the dispersed MWNT (while two species were detected in
SWNT dispersion11,12) (see Supporting Information).

Quantitative comparison of the Sm:Si ratio in different
samples relies on the ability to control the absolute con-
centration of dispersed CNT. Yet, the absolute concentra-
tion may vary between different samples, while a reliable
quantitative measure of the absolute concentration of dis-
persed CNT is not yet available.30 To overcome this issue
and obtain further information regarding trends of
the partitioning of two spin probes, L62-NO and 4HTB,
between the two environments, we modified the CNT-
polymer ratio in two distinct ways. In the first set of exp-
eriments the concentration of P123 in the aqueous solution

Figure 5. EPR spectra of 4HTB (0.5 mM) as a function of temperature in aqueous solution of P123 (1 wt %). (a) Sample EPR spectra at different
temperatures with their simulations (dotted lines) obtained with parameters shown in (b), (c), and (d) at the relevant temperatures. (b) Temperature
dependence of the relative concentrations of Si and Sm, (c) τc, and (d) aiso. The lines are guides to the eye.An error bar is displayed for one representative
point.

Figure 6. The temperature dependence of (a) the fraction of Si and Sm (b), τc and (c) aiso of 4HTB (0.5 mM) in aqueous dispersions of MWNT
(1 wt%) in P123 (1 wt%). The jump in Si in (b) at ∼305 K is an artifact of the simulation. The lines are guides to the eye. An error bar is displayed
for one representative point.
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was kept constant, while the concentration of dispersed
CNT was reduced by increasing the volume of the polymer
solution. In the second set of experiments the concentration
of P123 was increasd by dissolution of additional solid
polymer in the prepreapered dispersion, thus keeping the
concentration of CNT constant. EPR spectra were re-
corded in solutions of P123 above the cmt (at 345 K), using
the two different spin probes. A systematic comparison of
the values of Si in SWNT and MWNT dispersions is
presented in Figure 9. Figures 9a,b present the value of Si
as a function of CNTwt%measured in dispersions of P123
of a fixed P123 concentration (1 wt%). Figures 9c,d present
the values of Si in dispersions comprising of a fixed con-
centration of CNT (1 wt %) as a function of P123 concen-

tration. Note that Figures 9a,c report the observations of
the 4HTB probe while Figures 9b,d report results obtained
from the L62-NO probe.

The spectra clearly show that as the relative concentration
of CNT increases (Figures 9a,b), the fraction of Si increases,
apart from the case of SWNT as reported by 4HTB
(Figure 9a). This result suggests that as more interfaces are
available to the adsorbing molecules, single-molecules ad-
sorption is preferred over aggregation. While the behavior is
general, the absolute values and the slopes of the graphs
depend on the nanoadditive as well as on the reporting
probe. The (almost) constant fraction of Si in the case of
SWNT reported by 4HTB is discussed in detail in the
Discussion section.

Figure 7. The temperature dependence of (a) the fractions of Si and Sm (b) τc and (c) aiso of 4HTB (0.5 mM) in aqueous dispersions of SWNT
(1 wt%) in P123 (1 wt%). The lines are guides to the eye. An error bar is displayed for one representative point.

Figure 8. The temperature dependence of (a) the fraction of Si and Sm (b) τc and (c) aiso of L62-NO (0.1 mM) in aqueous dispersions of MWNT
(1 wt%) in P123 (1 wt%). The lines are guides to the eye. An error bar is displayed for one representative point.
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Figures 9c,d report that as the concentration of the
dispersing polymer is increased (while the CNT concentra-
tion is preserved), aggregation (or micellization) takes place
and thus the overall fraction of the indivuduale molecules
(Si) is reduced; while the tendency is similar for both SWNT
and MWNT and the two spin probes, the detailed depen-
dence on the concentration of the polymer depends on the
details of the system.

Discussion

In this study we utilized two spin probes for molecular level
characterization of the temperature-induced SA of Pluronic
block copolymers at the interface between hydrophobic CNT
and an aqueous solution. We used 4HTB, a small hydrophobic
molecule, and a nitroxide-labeled Pluronic triblock copolymer
L62-NO. These spin probes differ in their hydrophobicities and
dimensions and are thus expected to provide complementary
information with respect to the behavior of the hydrophilic and
hydrophobic regions of the self-assembled structures. Using a set
of control experiments, we established the absence of specific
interactions between the nitroxide spin-label and the different
components of the polymer-CNT dispersions.

We find that the presence of CNT modifies the aggrega-
tion and SA of Pluronics in aqueous dispersions, affecting
the dynamics and the partitioning of the probes between aggre-
gates (Sm) and free chains (Si). In Table 1 we summarize the

information reported by the two different spin probes on the
Pluronic SA in the presence of dispersed MWNT and SWNT.
L62-NO reports that the aggregates formed in CNT dispersions
are characterized by higher τc values as compared to those of the
(native) micellar solutions, with those on the MWNT being the
slowest, indicating that the aggregates formed at the surface
of the CNT. This observation suggests that chains adsorbed
onto the MWNT surface suffer from steric hindrance. The
observation of a single micellar species (within our experimental
resolution) indicates that only one type ofmicelles is present. This
suggests that free polymer micelles are not present and aggrega-
tion only takes place on the surface of the dispersed CNT.
However, we cannot exclude the possibility that they cannot be
resolved with our method. The 4HTB probe reports a behavior
that is similar in micelles formed in the native solutions and the
SWNT dispersion, whereas a significant motional slowdown is
observed for aggregates formed on the MWNT.

The temperature variation of the EPR spectra of the two
probes enables us to characterize the dynamic behavior of the
CNT-Pluronic systems. Following the formation of micelles,
we observe that in the presence of SWNT and MWNT the
aggregates do not show the typical increase in mobility as a
function of temperature (Figures 6 and 8) observed in the post-
cmt regime of the native Pluronicmicelles.11,12A unique behavior
is reported by 4HTB in SWNT dispersions, where the rotational
mobility of the aggregates in the dispersion and the native

Figure 9. Fraction of Si as a function of CNT concentration at P123 (1 wt %) for (a) 4HTB and (b) L62-NO spin probes and as a function of P123
concentration at CNT (1 wt %) using (c) 4HTB and (d) L62-NO spin probe. An error bar is displayed for one representative point.

Table 1. Values of aiso and τc in Dispersions of CNT (1 wt %) in P123 Solutions (1 wt %) Using Different Spin Probes, Compared to the Native
Solutions (T = 345 K)

Si Sm

sample aiso (mT) τc (�10-10 s) aiso (mT) τc (�10-10 s)

4HTB (0.5 mM) in P123 (1 wt %) 0% CNT 1.67( 0.02 0.8( 0.4 1.51( 0.02 2.8( 0.4
SWNT 1 wt % 1.65( 0.02 0.8( 0.4 1.54( 0.02 2.6( 0.4
MWNT 1 wt % 1.67( 0.02 1.3( 0.4 1.51( 0.02 6.2( 0.4

L62-NO (0.1 mM) in P123 (1 wt %) 0% CNT12 1.48( 0.02 2.3( 0.4
SWNT 1 wt %12 1.62( 0.02 1.4( 0.4 1.38 ( 0.02 4.5( 0.4
MWNT 1 wt % 1.57( 0.02 1.8( 0.4 1.47( 0.02 6.5( 0.4
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micelles are more similar than with MWNT, indicating that the
presence of the SWNT does not affect the behavior of the
dissolved 4HTB. Here activation energy of ∼8.5 kJ/mol was
obtained for themotion of 4HTBwithin themicelles; this value is
in the range reported for CTAB micelles.32

4HTB reports a broad aggregation transition (Figures 6 and 7)
in the presence of CNT, while the nitroxide-labeled Pluronic spin
probes11,12 do not experience similar broadening in CNT disper-
sions.We suggest that the broadening of the transition in the case
of 4HTB is related to its ability to probe the appearance of
intermediate species (with different affinities) both adsorbed on
the CNT and in solution. Its high mobility enables the 4HTB
molecule to sample different environments, each characterized by
a different correlation time, that form during the transition. The
polymeric spin probes, on the other hand, are irreversibly (on the
EPR time scale) adsorbed onto the CNT as was shown before12

and are thus insensitive to transient assemblies in the solution.
Above the transition, the system equilibrates into two distin-

guishable species Sm andSi. Aswe have shownbefore11,12 inCNT
dispersions Sm represents aggregates that are formed on the
dispersed moieties. Comparison between the τc values of the Sm
species in SWNT dispersions and τc values of aggregates formed
in MWNT dispersions suggests that while SWNT have a minor
effect on the dynamics of the aggregated polymers, MWNT
have a significant effect. Indeed, as presented schematically in
Figure 10, and was suggested by us before,11,12 the significant
dimensional mismatch between the MWNT (where d > 20 nm)
and the polymeric micelles (d∼ 8 nm9) results in a significant
geometrical perturbation to the hydrophobic core of the polymer
micelles. Thus, while polymeric aggregates may adsorb on the
MWNT, they do not incorporate the tube into the core and do

not form an elongated-micelle-like structure, as suggested in the
case of SWNT (Figure 10). An additional insight is provided by
the rationalization of the ratios of the two populations and their
dependence on the CNT/P123 ratio (see Figure 9). In the case of
L62-NO,which is a block copolymer, the presence ofCNT results
in an increase in the relative amount of Si for both SWNT or
MWNT, showing that the partitioning equilibrium constant,
KP123, of the polymer molecule between aggregates and single
chains is affected by the CNT surface area, namely KP123

decreases (see Figure 10). The increase of Si is steeper forMWNT
because of its larger surface area. Increasing the relative concen-
tration of P123 reduces Si, as expected; again, the slope is milder
for MWNT (Figure 9d).

The behavior of 4HTB in the presence ofMWNT is in general
similar to that of L62-NO; as the relative concentration of CNT
increases, the fraction of Si increases. The increase is linear and
milder than for L62-NO. Assuming that the behavior of L62-NO
represents that of the native P123, this suggests that the addition
of MWNT affects K4HTB (see Figure 10) differently than KP123

such that KP123/K4HTB (MWNT) is slightly smaller than KP123/
K4HTB (free). Namely, the addition of MWNT leads to a small
preference of 4HTB to the aggregates (Figure 10). In the case of
SWNT, the Sm:Si ratio is constant while the equilibrium parti-
tioning of Pluronic spin probe (and Pluronic native molecules)
shifts toward Si (Figure 10) as CNT are added. This indicates that
for SWNT the affinity of 4HTB to the aggregates increases
significantly more than for MWNT, namely KP123/K4HTB

(SWNT)<KP123/K4HTB (MWNT) (see the equilibrium equation
in Figure 10).

A question that arises is what is the origin of the larger affinity
of 4HTB to the aggregates in SWNT as compared to MWNT?

Figure 10. A schematic summarizing the findings: (a) partitioning of the spin probe molecules, (b) 4HTB (yellow stars), and (c) L62-NO (green stars)
between aggregates (Sm) and single chains (Si) is affected by the dimensions of the nanostructure and the nature of the spin probe: The match or
mismatch between the dimensions of the CNT and the native polymer micelles plays a crucial rule in the interaction: While (d), (e), and (f) SWNT
present a minor disturbance to the micellization of the polymers (g), (h), and (i) MWNT present a significant disturbance to the adsorbed chains and
affect their dynamics. The formation of a new type of micrometer-long cylindrical aggregates where a SWNT is located at the core of the aggregate is
suggested by the spectra of the two spin probes ((e), (f)), and aggregation of “surface micelles” like structures at the surface of MWNT ((h), (i)).
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Here again the key feature is the combination of the hydro-
phobicity of the surfaces and their dimensions: while SWNT-
Pluronic micelles present a core which is similar though some-
what more hydrophobic than the native Pluronic core, the
Pluronic-MWNT interface is bothmore hydrophobic and more
dense. As was shown before,31 4HTB is expelled from such an
environment, and thus its affinity to the core is reduced.

The distinguished natures of 4HTB and the Pluronic spin-
labels expose different properties of the investigated system.
While L62-NO emphasizes the effects of the CNT dimensionality
on the SA, namely the ratio between single adsorbed chain and
adsorbed aggregates, 4HTB could probe differences in the
properties of the core of the adsorbed aggregates.

Conclusions

The utilization of EPR for the investigation of the molecular
details of self-assembling systems and in particular complex
systems such as amphiphilic block copolymers in dispersions of
nanostructures is very promising.Utilization of probes that differ
in their hydrophobicity and size (small molecules vs polymers)
enables one to detect different properties of the system. Systema-
tic characterization of the self-assembly of Pluronic block copo-
lymers in dispersions of CNT reveals that CNT affect the
temperature induced self-assembly of Pluronic block copolymers
in aqueous solutions and result in the formation of two distinct
types of hybrids;SWNT: polymer elongated-micelle-like struc-
tures; MWNT: decorated by “surface micelles”. We find that
dimensional mismatch between MWNT and the native polymer
micelles MWNT results in a significant disturbance to the
adsorbed chains and affects their dynamics. The suggestedmodel
is consistentwith our previous study of SWNT11,12 andhighlights
the effects of dimensionality on SA in hybrid systems of nano-
structures and polymers, where unique features emerge from the
nanometric dimensions of the investigated structures.
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