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’ INTRODUCTION

The intersection of polymer science and supramolecular
chemistry has led to the development of smart polymeric
materials.1�9 In particular, the rapidly developing field of supra-
molecular polymers has led to the development of sophisticated
materials with interesting structures and functions.10�17 The lock
and key specificity of host�guest interactions offers the unique
opportunity to control polymer structure (e.g., topology and
morphology)18�20 and properties (e.g., viscosity21�23 and
LCST24,25). Furthermore, the inherent reversibility of supramo-
lecular architectures allows the modular and tunable modification
of structure and properties of appropriately functionalized
macromolecules.26�30

In the last decade, the development of polymericmicelles31�35

has attracted considerable attention due to their unique proper-
ties such as the following: remarkably low critical aggregation

concentration, unusual aggregation morphologies and their
potential applications in nanoscience (e.g., nanocarriers,36�40

nanoreactors41). Most of these micelle systems are fabricated from
amphiphilic block copolymers upon contact with aqueous environ-
ments. Recent studies have highlighted the potential of using
noncovalent interactions for modifying supramolecular polymer
micelles (SMPMs),42,43 with cyclodextrin (CD) being one of the
most widely used hosts.44,45 In particular, CDs have been exploited
to trigger the amphiphilicity of block copolymers allowing the
self-assembly of double hydrophobic46 or hydrophilic block47

polymers, or the disruption48 or formation49,50 of micelles.
Host�guest interactions have also been exploited to construct
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ABSTRACT: The aqueous solution properties of amphiphilic tetra-
thiafulvalene (TTF) end-functionalized poly(N-isopropylacrylamide)
(PNIPAM) derivative 1 have been studied. Fluorescence spectroscopy,
dynamic light scattering (DLS) and differential scanning calorimetry
(Nano-DSC) were used to monitor the temperature-induced micelliza-
tion and showed that 1 underwent two successive phase transitions
corresponding to unimer-to-micelle and lower critical solution tem-
perature (LCST) transitions, respectively. We have investigated the
complexation properties of the TTF unit toward cyclobis(paraquat-p-
phenylene) (CBPQT4+) or the randomly methylated β-cyclodextrin
(RAMEB) to manipulate the amphiphilicity of 1 and to control the
unimer-to-micelle phase transition by forming pseudorotaxane-like
architectures. For the RAMEB complex with 1, the addition of a
competitive guest such as 1-adamantanol resulted in the restoration of amphiphilicity of polymer 1 and consequently the
reformation of micelles.
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supramolecular amphiphilic polymers from telechelic functional-
ized β-CD hydrophilic homopolymers and a short hydrophobic
linker51 or from two end decorated complementary hydrophobic
and hydrophilic end functionalized homopolymers that can ortho-
gonally self-assemble.52,53

It is clear that the application of host�guest complexation
processes has provided a new impetus in micelle research, by
allowing specific noncovalent interactions to modulate micelle
self-assembly using convenient and tunable methodology. Un-
derstanding the role played by host�guest interactions in
micellar self-assembly pathways may provide guidelines for the
further development of micelles with applications including
advanced materials and drug delivery systems. In a recent study,
we have reported the synthesis of a new amphiphilic TTF end-
functionalized PNIPAM homopolymer.54 We have shown that
amphiphilic homopolymers of this type can self-assemble in
water affording a multistimuli responsive polymeric micelle. It is
well-known that hydrophobic TTF unit is able of forming
tunable pseudorotaxane assemblies with host molecules such
as the electron-deficient tetracationic cyclophane 255�57 or
cyclodextrin58 derivatives. In this work, we have exploited this
virtue as a means to control and manipulate micelle formation. In
particular, we have shown by fluorescence spectroscopy, dynamic
light scattering (DLS) and differential scanning calorimetry
(DSC) that the micellization process of 1 could be manipulated
by forming pseudorotaxane assemblies with 2 and 3 (Figure 1).
Furthermore, complexes formed between 1 and 3 can be then
disrupted upon the addition of a competitive guest such as
1-adamantanol, thus allowing the reformation of micelles.

’EXPERIMENTAL SECTION

Materials. Synthesis: 1,57 2,59 and 460 were prepared as previously
described. Compound 3 and all reagents were purchased from Aldrich
and were used as received.
Analytical Techniques. UV/vis turbidity measurements were

carried out for lower critical solution temperature (LCST) determination
using a Varian Cary 50 Scan equipped with a single cell Peltier
temperature controller. Fluorescence spectra were recorded on a
Perkin�Elmer LS 50B fluorescence spectrophotometer equipped with a
single cell Peltier temperature controller. All electrochemical experiments

were performed using an Autolab PGSTAT 30 workstation. A three
electrode configurationwas usedwith a platinumdisk (2mmdiameter) as
working electrode, an Ag/AgCl reference electrode, and a platinum wire
as the counter electrode. The solution was purged with nitrogen prior to
recording the electrochemical data, and all measurements were recorded
at 15 �C under a nitrogen atmosphere. Dynamic light scattering experi-
ments (DLS) were undertaken using a Malvern Zetasizer Nano ZS
instrument using a light scattering apparatus equipped with a He�Ne
(633 nm) laser and a thermoelectric Peltier temperature controller. The
measurements were made at a scattering angle of 173� (“back scattering
detection”). Dynamic light scattering (DLS) at 90�was undertakenwith a
Zetasizer Nano S90 fromMalvern using a 5 mWHe�Ne laser at 633 nm.
The autocorrelation functions were analyzed with the CONTINmethod.
Thermogramsweremeasured using aN-DSC III instrument fromCSC at
a scan rate of 0.5 �C/min. The reference cell was filled with degassed
water and the sample cell (0.3 mL) with a degassed PNIPAM solution.
The capillary cells were not capped, and a constant pressure of 6� 105 Pa
was applied. A baseline scan (water in both reference and sample cells)
was performed in identical conditions and subtracted from the sample
scan. Isothermal titration calorimetry (ITC) experiments were performed
at 15 �C using a nano-ITC titration calorimeter from TA Instruments
with a standard sample cell volume of 1 mL, following standard
procedures. A 250 μL injection syringe was used with stirring at
400 rpm. Compound 1 was dissolved in deionized water and the
solutions were degassed gently under vacuum before use. Each titration
comprised an initial 1 μL preinjection followed by 25� 10 μL injections
of 3 (3 mM) into guest solution (0.2 mM). Control experiments with
identical injections of3 intowater alonewere used to correct titration data.

’RESULTS AND DISCUSSION

TheTTF-functionalized polymer 1 (Mn = 9730 gmol
�1, PDI =

1.14) was synthesized following previously reported procedures
by reversible addition�fragmentation chain transfer (RAFT)
polymerization.54 The critical micelle concentration (CMC) of 1
in water was observed around 0.46 mg mL�1 at 24 �C by
employing fluorescent dye solubilization methodology using
Nile Red (NR) as fluorescence probe. As temperature is known
to strongly affect the micellization process in aqueous phase, in
this article, we have first investigated the influence of temperature
on the micellization process of 1 by undertaking variable-
temperature fluorescence experiments (Figure 2).

Figure 1. Schematic representation of the self-assembly of 1 and the structures of guests 2 and 3 used in this study.
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Figure 2 shows the dependence of the relative fluorescence
intensity of NR as a function of temperature in the presence of 1
and control polymer 4 (Mn = 8100 g mol�1, PDI = 1.13) which
does not incorporate a TTF unit. For both polymers at low
temperatures (<20 �C), the fluorescence emission intensity of
NR was very low suggesting that the dye was not located in a
hydrophobic environment and thereby indicating that 1 and 4
did not form micelles under these conditions. At higher tem-
perature, the evolution of the fluorescence emission intensity of
NR displayed different features. As the temperature increased,
the fluorescence intensity of NR displayed two abrupt changes at
20 and 30 �C in the presence of 1, indicating partitioning of the
fluorescent probe into two different hydrophobic domains.61,62

For polymer 4 only the second sharp variation in the fluorescence
intensity appeared at around 30 �C. Hence, the presence of the
TTF unit dictated the first hydrophobic microdomain formation.

In a recent investigations, we have examined by Cryo-TEM
and DLS the size and morphology of 1 and 4 at 24 �C and we
showed that while 1 formed a monomodal size distribution of
individual spherical micelles (average micelle diameter = 26 nm),
4 existed as unimers.54 Therefore, the first change observed at
20 �C in the fluorescence intensity of NRmay originate from the
unimer�micelle transition. At temperatures below 20 �C, 1
exists as unimers which then self-assembles upon heating, leading
to the formation of the corresponding micelles. The second
phase transition observed for both 1 and 4 was ascribed to the
LCST phase transition since, at this temperature, the transparent
solution underwent a characteristic abrupt change in turbidity
due to the precipitation of the polymer. Moreover, the value of

the cloud point estimated from variable temperature fluores-
cence experiments was in good accordance with that obtained
from UV�vis turbidity experiments (30.5 �C).54 It should be
noted that NR displayed a stronger fluorescence intensity above
the LCST than between 20 �C < T < LCST. This confirms that
strongly hydrophobic microenvironments are generated when
thermo sensitive PNIPAM polymers reach their LCST.63

To further characterize the solution properties of 1 and 4, we
undertook variable-temperature-DLS and nano-DSC experi-
ments. Figure 3 shows the temperature dependency of the
hydrodynamic diameter (Dh) and the heat capacity during
heating (0.5 �C min�1) of 0.3 wt % solutions of 1 and 4. Data
obtained for both DLS and DSC techniques were consistent with
fluorescence data. Indeed, DLS results showed two successive
abrupt changes in the Dh and two endothermic transitions were
detected by DSC for 1. In particular, the first change at 20 �C
estimated from fluorescence spectroscopy coincided both with
the first abrupt change in the DLS signal and with the onset of the
first endothermic phase transition peak. Furthermore, DSC
results confirmed the key role played by the TTF unit in the
unimer�micelle transition since polymer 4, which did not bear
the TTF unit, did not show the first endothermic transition upon
heating. In this last case, only the second change in the apparent
hydrodynamic diameter and the second endothermic phase
transition corresponding to the LCST phase transition were
observed by DLS and DSC, respectively.

Interestingly, the DSC analysis of polymer 1 proved that both
steps are reversible, because successive scans were essentially
identical (see Supporting Information, Figure S1). Moreover, the
enthalpy for the micellization step was much larger (about 4.5 kJ
mol�1) than the enthalpy for the second step (about 1.5 kJ
mol�1). These values can be compared to the known transition
enthalpy for PNIPAM LCST (4.6�7.1 kJ mol�1),64,65 which is
related to the thermally induced dehydration of the polymer. In
particular, the fact that enthalpy of the second step amounts to
only one-fourth of the expected enthalpy for the PNIPAMLCST
means that about only one-fourth of the NIPAM units in the
system were dehydrated during the second step. In fact, it is well-
known that the architecture of the polymer can have a strong
influence on the transition temperature and enthalpy.66 For

Figure 2. (A) Intensity of the fluorescence emission spectra of NR (red
dot) recorded as a function of temperature in the presence of1 (3mgmL�1,
green curve) or 4 (3 mg mL�1, blue curve) in aqueous solution. Fluores-
cence intensity of 1 (3 mg mL�1, dark curve) vs temperature in aqueous
solution. λex = 530 nm. λem = 625 nm. (B) Photographs showing the
fluorescence of an aqueous solution of 1+NR atT < 20 �C, (left), 20 �C<T
< LCST (middle) and at T > LCST (right).

Figure 3. Apparent hydrodynamic diameter (Dh) of 1 (green circle)
and 4 (blue circle) as a function of temperature (0.5 �C min�1). DSC
thermograms of polymer of 1 (green line) and 4 (blue line) (second
heating scan at 0.5 �C min�1). Concentration of polymers: 3 mg mL�1.
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example, branching,67 cross-linking,68 or adsorption on sur-
faces69 limit the hydration of PNIPAM chains at low temperature
and therefore reduces the amount of water released at the LCST.
It is therefore tempting to propose the following model, where
the first step associated with the micellization involves not only
the packing of the hydrophobic TTF units, but also the partial
dehydration of a large fraction (about 75%) of the PNIPAM
chains. The portions of the chains which remain hydrated,
probably cover and stabilize the micelles up to the LCST
(second step), where they are eventually also dehydrated.

Having shown that 1 displayed in water two successive phase
transitions corresponding to the unimer�micelle and the LCST
phase transition, respectively, we next turned our attention to
whether the unimer�micelle transition process of 1 could be
controlled by forming host�guest complexes with either 2 or 3.
In a recent study, we have demonstrated by fluorescence
spectroscopy, 1H NMR and cryo-TEM that the addition of 2
to a solution containing micelles fabricated from 1 at 25 �C
resulted in the disassembly of the latter and the release of
preloaded NR due to the formation of a pseudorotaxane-like
architecture. Here, the objective was to undertake a detailed
investigation of the role complex-mediated modulation of the
hydrophobicity of the TTF unit has on the unimer-to-micelle
transition of 1. For this purpose, we have first investigated the
influence the formation of 1.2 has on the fluorescence intensity
of NR and on the hydrodynamic diameter of 1 at different

temperatures. As depicted in the Figure 4A, upon the addition of
2 to a solution of 1 the first abrupt change in emission intensity of
NR disappeared. The same trends (Figure 4B) were observed
regarding DLS experiments, which clearly revealed the absence
of the first change in the hydrodynamic diameter at around
20 �C. Hence, these results suggest that complex formation
strongly altered the amphiphilicity of 1 thereby controlling the
unimer�micelle transition phase.

To confirm this finding, a nano-DSC experiment was carried
out on 1 in the presence of 2. Figure 5 shows upon the addition of
2, the first endothermic phase transition corresponding to the self-
assembly process disappeared, thereby further indicating the key
role played by the TTFunit in determining the amphiphilicity of 1
and therefore the micellization process. DSC traces also revealed
that the formation of 1.2 induced a shift of the LCST toward a
lower temperature (∼26 �C). This result was in a good agreement
with the LCST value obtained from UV�vis turbidity experi-
ments and with similar previously described systems25 suggesting
that the hydrophilicity�hydrophobicity balance of the material
was displaced toward a more hydrophobic structure, presumably
due to the formation of a pseudorotaxane-like architecture.

As an alternative strategy for masking the amphilicity of 1, we
have investigated the capability of cyclodextrins to form host-
complexes with TTF derivatives.58 The complexation between 1
and 3 was first established by cyclic voltammetry by comparing

Figure 4. (A) Intensity of the fluorescence emission spectra of NR as a function of the temperature for complex 1.2 (3� 10�4 M, λex = 530 nm, λem =
625 nm). (B) Apparent hydrodynamic diameter (Dh) of 1.2 (3 � 10�4 M) recorded as a function of temperature.

Figure 5. DSC thermograms of 1 (green line) and 1.2 (blue line) and
transmittance vs temperature curves for 1 (green circle) and 1.2 (blue
circle) at a concentration of 0.3 mM.

Figure 6. Cyclic voltammograms of 1 (green line) and upon the
addition of 10 equiv of 3 (relative to 1) (blue line) in 0.5 M NaCl/
H2O at scan rate =50 mV s�1. Recorded at 15 �C using a platinium
working electrode and an Ag/AgCl reference electrode.
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voltammograms of 1 alone and in the presence of excess 3
(Figure 6). The CV recorded in water for 1 gave rise to two
reversible one-electron oxidation waves at E1/2

1 = 0.15 V and
E1/2
2 = 0.55 V, corresponding to the two-step oxidation

(TTF fTTF•+f TTF2+) of the TTF unit. Upon the addition of
3 a positive shift in the first oxidation wave was observed.
This destabilization of the TTF•+ state, together with a low-
ering of the peak current for this oxidation wave (compared

to free polymer 1) is indicative of inclusion of the TTF unit
within the cavity of the CD unit. Interestingly, the addition of
3 to the CV cell containing 1 had little effect on the half-wave
potential for the TTF2+ redox wave, suggesting that complex
1.3 dethreads upon the formation of the TTF•+ state.

Host�guest binding was also investigated by isothermal
titration microcalorimetry (ITC) (see Figure 7). ITC experi-
ments show that addition of 3 to a dilute solution of 1 in water at
15 �C gives rise to an exothermic response (ΔH =�38.5 ((0.2)
kJ mol�1) consistent with 1:1 host�guest complexation (nexp =
1.17). Analysis of the titration data gave an association constant
(Ka) of 1.1 ((0.2) � 104 M�1 for 1.3.

Next, to probe the effect complexation between 1 and 3 has in
modulating the amphiphilicity and the self-assembly 1 in aqueous
solution, we have undertaken nano-DSC experiments (Figure 8,
green and blue curves). The addition of 3 resulted in the
disappearance of the first endothermic transition in the DSC
curve, characteristic of the unimer-micelle transition. Further
evidence to prove that 3 was able to modulate the self-assembly
of 1 was achieved by performing DLS experiments for 1 in the
presence of 3 at various temperatures. Indeed, as shown in
Figure 8B (green and blue curves), the data clearly revealed
the absence of the first change in the apparent hydrodynamic
diameter at 20 �C upon the addition of 3, thus reinforcing the
nano-DSC results which showed that complex formation re-
sulted in the disruption of micelles.

As a strategy for disassembling pseudorotaxane 1.3 and thus
for reforming micelles, we have explored the addition of 1-
adamantanol to a solution of 1.3, as it is established that
adamantane derivatives are effective guests for cyclodextrin
derivatives in water. We have determined the Ka for the
complex of 1-adamantanol and RAMEB using ITC which gave
a value of 1.4 � 104 M�1 (see Supporting Information, Figure
S2). This slightly larger Ka value than that obtained for
1.3 suggests that the addition of an excess of 1-adamantanol
may result in the dethreading of complex 1.3. As depicted
in Figure 8A (red curve), the addition of aliquots of 1-adaman-
tanol to 1.3 resulted in the reappearance of the first endo-
thermic peak corresponding to the micellization process in

Figure 7. Isothermal titration calorimetry data for the addition of
aliquots of 3 (3 mM) to 1 (0.2 mM). Recorded in H2O at 15 �C.

Figure 8. (A) DSC thermograms of polymer of 1 (green line) at a concentration of 0.3 mM, 1 + 3 (blue line) (4 equiv. compared to 1), 1 + 3 +
1-adamantanol (red line) (20 equiv. compared to 1) (0.5 �Cmin�1). (B) Apparent hydrodynamic diameter (Dh) of 1 (green line), 1 + 3 (blue line) (4
equiv. compared to 1), 1 + 3 + 1-adamantanol (red line) (20 equiv compared to 1) as a function of temperature.
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the nano-DSC trace. In control experiments, we have recorded
DSC thermograms of 1 in the presence of 1-adamantanol (see
Supporting Information, Figure S3). These experiments revealed
that two successive endothermic phase transitions were observed
that are similar to those observed for 1 alone. Thus, the DSC data
are consistent with the 1-adamantanol disrupting complex for-
mation between 1 and 3 and thus allowing the reformation of
micelles of 1. To further prove the ability of 1-adamantanol to
disrupt supramolecular complex formation, we have investigated
the change in the apparent hydrodynamic diameter of an
admixture of 1 and 3 upon the addition of 1-adamantanol using
DLS (Figure 8B, red curve). Indeed, in the presence of 1-ada-
mantanol, DLS data clearly revealed the previously observed first
change in the apparent hydrodynamic diameter of 1 is present,
consistent with the unimer-micelle transition.

’CONCLUSIONS

In summary, the present study has provided further under-
standing of the temperature-induced micellization of an amphiphi-
lic linear end-functionalized TTF poly(N-isopropylacrylamide) in
aqueous solution. The fluorescence, DLS and nano-DSC data
suggest that this polymer underwent two successive phase transi-
tions corresponding to the unimer-to-micelle andLCST transitions
as the temperature is increased. Next we have shown that the
amphiphilicity of 1 could be controlled by forming pseudorotaxane
architectures with 2 or 3. Cyclic voltammetry experiments revealed
that the pseudorotaxane-like architecture 1.3 could be disas-
sembled by oxidizing the TTF moiety. Furthermore, the com-
plexation between 1 and 3 was also tunable by the addition of
competing guest 1-adamantanol, which resulted in the reformation
ofmicelles of 1. Hence, the opportunity to control themicellization
using temperature, electrochemistry and molecular recognition
processes54 paves the way for the construction of future switchable
self-assembled systems with advanced materials and drug delivery
applications.
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Langmuir 2007, 23, 147–158.


