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Abstract: In this article, we report the formation of micelles from a tetrathiafulvalene (TTF) end-functionalized
poly(N-isopropylacrylamide) (poly(NIPAM)) derivative (1). We have determined the critical aggregation
concentration (CAC) and average diameter of the micelles using fluorescence spectroscopy and dynamic
light scattering experiments, respectively. We have exploited the NIPAM backbone of the polymer to
thermally transform the swollen hydrophilic poly(NIPAM) derivative to a more globular hydrophobic state
at the lower critical solution temperature (LCST). Finally, we have shown that we can exploit the chemical
oxidation and complexation properties of the TTF unit to disrupt the micelle architecture to release the
hydrophobic dye Nile Red from the interior of the micelle.

Introduction

Micelles fabricated from macromolecular species' have
attracted considerable interest due to their potential roles in a
diverse range of applications including drug delivery? and
catalysis.> These nanosized systems are generally fabricated
from amphiphilic block copolymers, which spontaneously form
micelles through inter- or intramolecular association upon
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contact with an aqueous environment. As amphiphilicity* plays
a major role in the self-assembly processes, much effort has
been directed toward engineering “smart” micelle systems from
polymers featuring stimuli-responsive hydrophilic/hydrophobic
properties. Current approaches toward the development of
responsive polymeric micelles have involved the introduction
of redox,® temperature,® pH,” photochemical,® and enzyme®
sensitive groups into the polymer backbone. Host—guest
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Figure 1. Schematic representation of the formation of micelles from polymer 1 and their subsequent disassembly.

interactions have also been employed to control the self-
assembly of polymer-based micelles.*®

Tetrathiafulvalene (TTF) due to its easily accessed oxidized
states (TTF™ and TTF?") and rich synthetic chemistry, has
undoubtedly become one of the most studied redox active
organic materials.** Traditionally, the main applications of TTF
have focused upon its incorporation as a sz-electron donor moiety
in conducting charge-transfer complexes.*? More recently, in
view of the disparate physical properties displayed by TTF in
its different redox states,™® these units have been utilized in a
range of applications including the fabrication of redox-
controllable: molecular machines,** biological probes,*
switches,® logic gates,*” liquid crystals,*® and gels.*®

Herein, we report the successful engineering of novel “smart”
polymeric core—shell nanospheres resulting from an amphiphilic
linear TTF end-functionalized poly(N-isopropylacrylamide)
(poly(NIPAM)) homopolymer (1). In this system, we anticipate
that the TTF? unit and a poly(NIPAM) segment act as
hydrophobic and hydrophilic moieties, respectively. We have
shown that polymer 1 can self-assemble in water affording
polymeric micelles that are able to respond to multiple stimuli
including: temperature, redox processes, and host—guest interac-
tions (Figure 1). In particular, we have demonstrated that the
chemical oxidation of the TTF moiety to its TTF?" state results
in a disruption of the micelle architecture, presumably by
rendering the inner core more hydrophilic. In addition, we report
the use of the tetracationic macrocycle cyclobis(paraquat-p-
phenylene) (CBPQT**, 4CI") as a powerful material to disrupt
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micelles by complexation with the TTF unit of 1. As a proof of
concept, we also report the impact of both stimuli on the release
of Nile Red (NR) from the micelle core.

Results and Discussion

The TTF-functionalized polymer 1 (M, = 9730 g/mol, PDI
= 1.14) was synthesized following our previously reported
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Figure 2. Intensity of the emission fluorescence spectra of NR as a function of the logarithm of the concentration of 1 (red line) and 2 (black line). e =

530 nm. Aem = 625 nm. Recorded at 24 °C.

procedure by reversible addition—fragmentation chain transfer
(RAFT) polymerization.?* The neutral w-isobutyl fragment was
incorporated into the polymer due to its ability to mimic the
structure of the NIPAM repeat unit.?? Self-assembly of 1 was
induced via direct dissolution in water, and the dilute aqueous
solution properties were assessed using fluorescence spectros-
copy, dynamic light scattering (DLS), and cryogenic transmis-
sion electron microscopy (cryo-TEM). The formation of a
polymeric micelle assembly was initially investigated by
fluorescence spectroscopy. The dye NR, due to its strong
hydrophobicity, has very poor solubility in aqueous media, and
it displays a low fluorescence emission below the critical
aggregation concentration (CAC) of micelles. However, upon
micellization, NR can be encapsulated inside the hydrophobic
microenvironment of the core—shell structure, thereby inducing
a sharp increase of the fluorescence emission intensity of this
compound.” The dependence of the relative fluorescence
intensity of NR versus the logarithm of the concentration of 1
and of poly(NIPAM) 2 (M, = 8100 g/mol, PDI = 1.13) is
presented in Figure 2. While an abrupt increase in emission
intensity of NR was observed for 1 at a concentration of about
0.46 mg/mL suggesting the onset of micelle formation and the
transfer of NR into the hydrophobic core of the micelle, no
significant change in the fluorescence intensity of NR was
observed when similar experiments were undertaken using
polymer 2. These results suggest that the TTF unit plays an
important role in the micellization process of 1, presumably a
consequence of its hydrophobic character and ability to par-
ticipate in intermolecular w—z stacking and S---S interactions
within the micelle architecture.?®

To obtain further evidence of the self-assembly of 1, DLS
experiments were carried out which revealed the existence of a
monomodal size distribution for the micelles (average micelle
diameter = 26 nm) (Figure 3A). Furthermore, poly(NIPAM) 2,
which does not bear a TTF moiety, had a significantly smaller
diameter (<10 nm) suggesting that no aggregation occurred, thereby
further indicating the important role played by the TTF unit in the
self-assembly process of 1. Cryo-TEM was also used for the direct
visualization of the size and morphology of the micelles of 1. As
depicted in Figure 3B, cryo-TEM shows that individual spherical
micelles are obtained for 1 and that the size of the micellar core
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Figure 3. (A) DLS data for 1 and 2 recorded at 24 °C and at a concentration
of 3 mg mL™* and (B) cryo-TEM image for micelles obtained from 1.

(D ~ 29 nm, measured from the images) correlates well with the
mean hydrodynamic diameter obtained by DLS.

As described above, poly(NIPAM) was selected for the poly-
meric backbone for its hydrophilic properties to promote the self-
assembly of 1 to form micelles. Moreover, it is well established
that polymers of this type can possess thermoresponsive properties.
Indeed, it has been shown that temperature-responsive polymers
such as poly(NIPAM) undergo sharp coil (hydrophilic) to globule
(hydrophobic) transitions in water that lead to phase separation at
the lower critical solution temperature (LCST).2* Thus, in our
micellar system, if the hydrophilic poly(NIPAM) outer shell is
converted to a more hydrophobic state in response to changing
temperature, the amphiphilicity of micelles will be altered, resulting
in the formation of a more hydrophobic polymer. To investigate
the possible LCST behavior of 1, a solution of this polymer in
water was heated to 40 °C. As expected, the transparent solution
at ambient temperature underwent an abrupt change in turbidity
when the temperature reached the LCST of the polymer (Figure
4A), due to the hydrophilic to hydrophobic change in the polymer
structure. The transmittance and the hydrodynamic diameter (Figure
4B) of 1 as a function of temperature was examined to determine
the actual LCST. A cloud point of approximately 30.5 °C was
obtained, which is consistent with typical LCST values of
poly(NIPAM) derivatives (~32 °C).2* Indeed, in our polymeric
micelles, we expect that hydrophobic TTF moieties are sequestered
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Figure 4. (A) Photograph showing an aqueous solution of 1 at room temperature (left) and at 40 °C (right). (B) Transmittance (black line) and hydrodynamic

diameter (red line) vs temperature for 1 (3 mg mL™%) in aqueous solution.
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Figure 5. (A) Cyclic voltammetry of 1 (1 mM) in 0.1 M NaCl/H,O at a scan rate = 100 mV s, Recorded at 12 °C. (B) UV—vis titration changes of 1

(1 mM) upon addition of Fe(ClO4)s. Recorded at 20 °C.

in the inner core and isolated from the aqueous media and,
therefore, do not influence the LCST of the poly(NIPAM) outer
shell significantly. DLS measurements (Figure 4B) showed that
above the LCST (44 °C) the polymer tends to form larger
aggregates displaying a mean diameter of Dy, &~ 450 nm.?

We have also exploited the ability of the hydrophobic TTF
unit to be oxidized into its more hydrophilic TTF?" dicationic
state to modify the amphiphilicity of the polymer and thus
micelle stability.?® First, we demonstrated that 1 was able to
form the TTF?" in aqueous solution by using cyclic voltammetry
(CV). To this end, CV of 1 was recorded at 12 °C, a temperature
which is below its LCST (16 °C in NaCl 0.1 M) to avoid
precipitation (see Supporting Information). Furthermore, DLS
and fluorescence measurements indicated that under these
conditions micelles were not present (see Supporting Informa-
tion). Polymer 1 gives rise to two reversible one-electron
oxidation waves at +0.17 and +0.48 V corresponding to the
two-step oxidation (TTF—TTF*—TTF?*) of the TTF unit
(Figure 5A). Next, the influence the chemical oxidation of the
TTF unit at the terminus of the polymer to the TTF?* state has on
the size and morphology of the micelles was investigated. To this
end, Fe(ClO,); was employed as an oxidizing agent to produce
the TTF?" state. The formation of the TTF?" was monitored by
UV—vis spectroscopy.* The addition, at 20 °C, of one equivalent

(25) For examples of redox-active ferrocene-functionalized poly(NIPAM)
derivatives, see: (a) Zuo, F.; Luo, C.; Ding, X.; Zheng, Z.; Cheng,
X.; Peng, Y. Supramol. Chem. 2008, 20, 559-564. (b) Kuramoto, N.;
Shishido, Y. Polymer 1998, 39, 669-675. (c) Fu, H.; PolicarpioD. M.;
Batteas, J. D.; Bergbreiter, D. E. Polym. Chem. 2010, 1, 631—633.
(d) Feng, C.; Shen, Z.; Yang, L.; Hu, J.; Lu, G.; Huang, X. J. Polym.
<ci., Polym. Chem. 2009, 47, 4346-4357.

of Fe(ClOy); to a solution of 1 resulted in the appearance of the
two characteristic absorption bands of the TTF* species (1; =
445 nm, A, = 590 nm) which progressively decrease following
the addition of more than 2 equiv of Fe(ClO,);, thereby suggesting
the transformation of the TTF'* into the TTF?* unit (Figure 5B).
These experiments indicated that ~15 equiv of Fe(ClO,); was
required to fully oxidize the TTF unit, suggesting that this moiety
is buried in the inner hydrophobic core and therefore not easily
accessible to Fe(ClOy)s.

Next, the influence of the formation of the TTF2" unit at the
terminus of the polymer on the size and morphology of the
micelles was investigated by cryo-TEM. A cryo-TEM image
was recorded upon the addition of an excess of Fe(ClO,);
(Figure 6A), which clearly revealed the presence of smaller ill-
defined asymmetrical aggregates (<10 nm) upon complete
oxidation of the TTF unit. The ability of the micelles to release

8

A B

Fe(CI04)3

Intensity (a.u.)
8. 8 8. 8

o

750

600 650 700
Wavelength (nm)

Figure 6. (A) Cryo-TEM image of 1 (3 mg mL™?) in the presence of
Fe(ClO,); (18 equiv). (B) Fluorescence spectra of NR (red line), NR + 18
equiv of Fe(ClOg); (blue line), NR + 1 (black line), and NR + 1 + 18
equiv of Fe(ClO,); (green line). Recorded at 20 °C.
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Figure 7. (A) Partial *H NMR spectra of CBPQT*", 4CI~ (top) and CBPQT*", 4CI~/1 (1/1 molar ratio) (bottom) in D,O. Recorded at 20 °C. (B) UV—vis
spectra of 1 (black line) (3 mg mL™%) in H,0 and in the presence of CBPQT*" (blue line) (3 mg mL ). Recorded at 20 °C.

an encapsulated hydrophobic molecule by oxidizing the TTF
unit was next investigated. As shown in Figure 6B, the location
of NR in the micelle core induces a spectral blue shift (30 nm)
reflecting the presence of NR in a hydrophobic environment.
The addition of Fe(ClO,); to a solution of the micelles resulted
in a dramatic decrease in the fluorescence intensity of NR,
thereby indicating the partial release (~65%) of the NR from
the micelle environment. This result is consistent with the cryo-
TEM data which show the formation of smaller aggregates upon
addition of the oxidizing agent. DLS and fluorescence control
experiments were carried out with polymer 1 in the presence
of 54 equiv of NaClO, (see Supporting Information). These
investigations revealed that the micelle architecture persists and
that no significant variation of the fluorescence intensity of the
encapsulated NR occurred, respectively, thereby indicating that
micelle disruption was not merely due to salt effects and that
oxidation by Fe*" plays a key role in the disruption of the
micelles.?®

It is well-established that the TTF moiety is able to form
complexes with sz-electron-deficient systems such as CBPQT**.
In particular, complexes fabricated from CBPQT*" and TTF
units have become important building blocks for the develop-
ment of redox tunable supramolecular complexes.***® Here we
have exploited the propensity of the CBPQT*" to form
complexes with TTF derivatives to modulate the hydrophobicity
of the TTF moiety of 1, thereby leading to the disassembly of
the micelle architecture. Complexation between the cyclophane
and polymer 1 was investigated using *H NMR spectroscopy.
Addition of aliquots of CBPQT** to a solution containing 1
immediately resulted in a significant broadening and change in
chemical shift of the CBPQT*" proton resonances characteristic
of TTF—CBPQT*"-based complexes of this type (Figure 7A).%
Furthermore, the addition of aliquots of CBPQT*" to a solution
containing 1 immediately resulted in the appearance of a green
(4 = 800 nm) solution that is characteristic of TTF—CBPQT**
complexes (Figure 7B).2** The binding between 1 and the
CBPQT*t was also investigated using isothermal titration
microcalorimetry (ITC) (see Supporting Information). These
experiments indicate that addition of the CBPQT*" to a solution
of 1 in water gives rise to a large association constant K, = 1.7
+ 0.3 x 10° M~ (AH = —16.5 kcal mol™?). Thus, the *H NMR,
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Y.; Furyk, S.; Bergbreiter, D. E.; Cremer, P. S. J. Am. Chem. Soc.
2005, 127, 14505-14510. (c) Suwa, K.; Yamamoto, K.; Akashi, M
Takano, K.; Tanaka, N.; Kunugi, S. Colloid Polym. Sci. 1998, 276,
529-533. (d) Yoshida, E. Colloid Polym. Sci. 2009, 287, 1365-1368.
(e) Liu, X.-M.; Wang, L. S.; Wang, L.; Huang, J.; He, C. Biomaterials
2004, 25, 5659-5666.
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Figure 8. (A) Cryo-TEM image of 1 (3 mg mL™?) in the presence of
CBPQT** (2 equiv). (B) Fluorescence spectra of NR (red line), NR + 1
(black line), and NR + 1 + 2 equiv of CBPQT*" (blue line). Recorded at
20°C.

UV—vis, and ITC data are consistent with complex formation
between the TTF unit of 1 and CBPQT*". Interestingly, when
UV—vis and *H NMR experiments were recorded for polymer
1 upon addition of aliquots of dibenzyl viologen (2CI7) (DBV),
no evidence of complexation was observed (see Supporting
Information). Furthermore, the fluorescence spectra of NR
encapsulated within micelles of 1 did not change upon addition
of aliquots of DBV, suggesting this heterocycle does not induce
micelle disruption. Thus, these control experiments indicate the
importance of the cyclic structure of CBPQT*" to promote
effective complexation and subsequent micelle disruption.

We next turned our attention to whether micelles could be
disassembled upon complexation with CBPQT**. Cryo-TEM
images were recorded for 1 in the presence of the CBPQT*",
and a typical result is presented in Figure 8A. This technique
clearly demonstrated that a complete micelle disassembly
occurred upon the addition of CBPQT**. Furthermore, the
release of NR from micelles of 1 was monitored by measuring
the fluorescence intensity of NR upon the addition of the
CBPQT*t (Figure 8B). Interestingly, an almost complete
disappearance of the fluorescence intensity of NR was observed,
indicating an efficient release of NR occurred upon the addition
of CBPQT**. Fluorescence and NMR control experiments
indicated that no significant interactions occur between NR and
CBPQT*" (Supporting Information), thereby suggesting that the
change in fluorescence intensity of NR is due to its release from
the disassembled micelle upon complexation between 1 and
CBPQT**. This complexation-driven disruption of the micelle
is presumably due to an increase in the hydrophilic nature of
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the TTF moiety upon complexation with the tetracationic
CBPQT** unit.

Conclusions

In conclusion, we have designed and synthesized an am-
phiphilic polymer featuring a redox active TTF hydrophobic
unit and a temperature-sensitive hydrophilic poly(NIPAM) shell.
This amphiphilic polymer self-associates to form micelles in
aqueous media and is able to encapsulate the hydrophobic guest
NR. Increasing temperature above the LCST causes the micelles
to form large aggregates due to the coil—globule transition of
the poly(NIPAM) chains. We have shown that micelles can be
disassembled following the chemical oxidation of the TTF
moiety to a more hydrophilic dicationic state, thereby inducing
the partial released of NR. In addition, we have shown that
hydrophilic macrocycle CBPQT*" has the ability to complex

with the TTF moiety of 1 leading to a near-complete disruption
of the micelle and the efficient release of NR. This methodology
paves the way for the formation of a new class of responsive
micelles with advanced materials and drug delivery applications.
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