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ABSTRACT: To investigate the supramolecular interactions
of the mechanically interlocked rotaxane pendants and
conjugated polymer backbones, four analogous polymers
were systematically synthesized by copolymerization of a 9-
alkylidene-9H-fluorene monomer with various monomers,
which contained a diketopyrrolopyrrole unit tethered with a
dumbbell unit, a metalated [2]rotaxane, a demetalated
orthogonal H-bonded [2]rotaxane, and a simple alkyl chain,
to furnish P1, P2, P3, and P4, respectively. Prevailing 1H NMR
and UV−vis to NIR titration profiles indicated that the novel
polyrotaxane P3 showed a sensitive and reversible acid−base molecular switch capability via supramolecular interactions in
contrast to the other polymers (P1, P2, and P4). Compared with the other polymers, P3 possessed a narrower bandgap, which
was also confirmed by the computational study. Prominently, the monitoring of a controllable nanoself-assembly process of P3
was obtained by reversible acid−base molecular switch approaches. The orthogonal H-bonded pendant [2]rotaxane unit and the
steric demand of P3 judiciously allowed to morph into a hierarchical nanostructure via interconvertible H-bonds, anion−π and
π−π stackings, and hydrophobic interactions.

■ INTRODUCTION

The quest for developing novel and creative mechanically
interlocked polymeric architectures (MIPAs) stimulated us,
since these architectures had been found potential applications
in fields like nanoelectromechanical systems (NEMS),1

insulated molecular wires (IMWs),2 and controlled drug
release.3 During the past two decades, rotaxanes and catenanes
have been experienced revolutionary changes in their synthetic
protocols;4 thus, their convenient and modular fashioned
approaches allowed to realize complex macromolecular
architectures. In this context, conjugated polymers with
mechanically interlocked units in either main chains5 or side
chains6 have drawn a special attention among materials and
supramolecular chemists. Unique optical and semiconducting
properties of π-conjugated polymers have long been motivated
to construct novel optoelectronic devices.7 In addition to this
molecular self-assembly properties of copolymers, π-conjugated
structures have created a new dimension for these polymers.8

Supramolecular complex architectures, such as polyrotaxanes,
polycatenanes, and daisy chain polymers, have often been
offering unique properties in contrast to their single ensemble
counterparts.9 Enormous strides have long been made in the
field of MIPAs to the realization of precise molecular mechanics
in imparting the unusual photophysical properties to the π-
conjugated polymers at the molecular level. Swager and co-
workers have reported how the optical properties of conjugated
main-chain polymers were affected by the rotaxane exciplex.10

Stoddart and co-workers have extensively investigated bistable
MIPAs and developed molecular electronic memory devices
with cross sections even smaller than a white blood cell.11 They
suggested that the unique degrees of freedom and controlled
molecular motions of mechanical bonds altered the photo-
physical properties of MIPAs; however, most of these reports
were associated with macrocycle units, such as cyclodextrins,12

cucurbiturils,13 and crown ethers.14 Nevertheless, there is no
such example of polyrotaxane architecture containing an
orthogonal H-bonded macrocycle unit.
Self-assembled bilayer membrane nanostructures of phos-

pholipids have been elegantly utilized by the nature to
compartmentalize vital biological reactions, inspired by many
artificial synthetic amphiphilic receptors to be developed for
specific drug delivery15 and ion-channel transportation.16 The
nanostructures and their morphological changes were depend-
ent on individual intermolecular interactions which were
controllable by the concentrations, polarities, pH values,
functional groups, and geometries of the units. Thus, the
remarkable stimuli responsiveness of these nanostructures
combined with switchable rotaxane units makes them expedient
candidates in designing novel and functional MIPAs.1b,8b

Moreover, synthetic amphiphilic receptors possessing extended
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conjugations close to the infrared region are highly demanding,
as this region provides the diminished Rayleigh−Tyndall
scattering of light which is suitable for most of the biological
specimen imaging.17

From the viewpoint of creating novel hierarchical nanostruc-
tures, the orthogonal hydrogen-bonded [2]rotaxane units in
conjunction with polymeric structures might provide interest-
ing MIPAs. However, to the best of our knowledge, such
systems have not been investigated previously. To mimic this,
we need a bottom-up approach with an amphiphilic synthetic
receptor that possesses a unique topologically controlled H-
bonded macrocycle unit tethered to an extended π-conjugated
planar polymeric backbone. We have recently developed a
novel diketopyrrolopyrrole-based [2]rotaxane architecture with
an orthogonal H-bonded macrocycle unit, which showed
remarkable stimuli responsiveness and selective anion sensing
capability.18 With the aim of utilizing unique topological
cavities of MIPAs in stimuli-controlled macromolecular self-
assembled nanostructures, which could not be attained
previously, we extended our efforts to create novel and
functional MIPAs and to study the effects of rotaxanation on
the thermal and optical properties as well as the self-assembly
process of MIPAs.
In this study, we synthesized a series of new polymers by

copolymerizing the 9-alkylidiene-9H-fluorene (A1) monomer
unit with various monomers, including the diketopyrrolopyr-
role tethered with dumbbell (1-c), metalated [2]rotaxane (2-a),
demetalated [2]rotaxane (2-b), and simple alkyl chain
monomers (1-d), by Suzuki coupling strategy to afford
copolymers P1, P2, P3, and P4, respectively, as shown in
Scheme 1 . We employed these new MIPAs in the host−guest

chemistry, in which orthogonal H-bonded pendant [2]-
rotaxanated P3 showed a selective and reversible optical
response toward the trifluoroacetic acid (TFA) in comparison
with the other polymers (P1, P2, and P4). We explored the
effects of a topological H-bonding on the optical and self-
assembled properties of the π-conjugated main-chain polymer
P3. Furthermore, we carried out computational density
functional theory (DFT) and Parameterized Model number 3
(PM3) calculations to understand the basic molecular
interactions and electron absorption properties of MIPAs.
Macromolecular self-assembled nanostructures were examined
by using various microscopic analysis (AFM, SEM, and TEM)
and dynamic light scattering (DLS) studies. Herein, we provide
a novel and yet a simple paradigm of MIPAs that showed a
sensitive controllable and reversible acid−base sensing as well
as molecular self-assembly properties.

■ EXPERIMENTAL SECTION
Sample Preparation. Stock solutions of polymers, monomers (10

μM), and TFA (10 mM) were prepared (using freshly distilled and
degassed solvents, further diluted to their desired volumes before
experiments). Polymer solutions were spin-coated at 1500 rpm on 2 ×
2 cm2 glass plates for solid state UV−vis to NIR absorption
measurements. Solutions were sonicated and filtered through fine
micrometer filter prior to dynamic light scattering analysis. For
microscopic experiments, such as AFM and FE-SEM, freshly prepared
solutions were drop-cast on 1 × 1 cm2 SiO2/Si substrates, and gold
coatings were used in FE-SEM sample analysis. Furthermore, the
samples were drop-cast on carbon-coated Cu grids in TEM analysis.
All samples were evaporated in a vacuum oven prior to analysis.

Calculation Methods. We carried out density functional theory
(DFT) calculations to elucidate the complex nature of interaction in

Scheme 1. General Polymerization Route of the Side-Chain MIPAs P2 and P3 and Control Polymers P1 and P4
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repeating polymer units, starting from smaller model units because a
full large unit calculation is too extensive and lengthy. The calculations,
including the simple asymmetric propargyl unit substituted diketo-
pyrrolo pyrrole (D1), A1, and 9-alkylidene-9H-fluorene connecting to
an asymmetric triazole-substituted diketopyrrolopyrrole unit (D2),
were explored by quantum chemical calculations using the Gaussian09
software package.19 Geometry optimization of the ground state
structures was carried out with DFT at the tHCTHhyb20 level of
theory using the 6-31+G(2d,p) basis set. The excitation energies of the
low-lying excited states and oscillator strengths were predicted using
the time-dependent density functional theory (TD-DFT) with
Handy’s gradient-corrected correlation functionals at the
HCTH147/6-31+G(2d,p) level.21 The orthogonal H-bonded
strengths with and without the acid of demetalated [2]rotaxane

monomer 2-b were examined using the semiempirical PM322 method
to understand the controlled nanostructure formation of the P3.

■ RESULTS AND DISCUSSION

Mechanically Interlocked Polymeric Architecture
Design. It is expected that the introduction of unique
topological cavities formed in situ by the virtue of mechanical
bond into pendants of the polymeric architectures could be an
ideal choice to realize the superior material processability.1b,6d

Several merits, including the unique optical properties, flexible
self-assembled nature of diketopyrrolopyrrole,23 and better
coplanar structured 9-alkylidiene-9H-fluorene donor unit,24

Scheme 2. Chemical Structures of Polymers P1, P2, P3, and P4
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inspired us to accomplish the aforementioned task. The
complete chemical structures of these polymers were depicted
in Scheme 2, and the monomers 1-c, 2-a, and 2-b were
prepared according to our previous protocol.18 The synthetic
procedures and characterization data of all these polymers are
provided in the Supporting Information.
Gel Permeation Chromatography (GPC) and 2D-DOSY

NMR Characterization of MIPA. The molecular weights,
polydispersity indexes (PDI), and self-assembled natures of
these MIPAs were examined by GPC. In contrast to the
polymer retention volume (19.9 mL) of simple P4, supra-
molecular polymer P3 showed a higher retention volume (22.1
mL) as shown in Figure S1. Moreover, P3 revealed a narrower
PDI value of 1.24 than P4 with a PDI value of 2.10. In contrast
to P4, the interesting escalation of the retention volume in P3
with a higher molar mass [2]rotaxane unit was observed. It
clearly suggested that a smaller molecular weight of P3 was
obtained in contrast to P4, which was due to a lower degree of
polymerization of P3 induced by its larger pendent group.
Additionally, a larger retention volume could also be evolved in
P3 via the more folded conformation during its macro-
molecular self-assembly owing to the strong intermolecular H-
bonding and π−π stacking interactions as also suggested by
Stoddart et al.25 However, the broad PDI of simple polymer P4
indicated a linear fashioned assembly through the π−π stacking
interactions.

To study the supramolecular polymerization, we compared
the 1H NMR spectra of both monomer 2-b and polyrotaxane
P3 as shown in Figure 1a, in which broad peaks of P3 than
those of 2-b clearly suggested that mechanically interlocked
nature of P3 was maintained during polymerization. To
confirm further the interlocked nature, we did protic
demetalation of P2 in CHCl3/MeOH with potassium cyanide
which gave P3 identical to that of obtained directly from
monomer 2-b. Furthermore, 2D-DOSY experiments were
probed to confirm the mechanically interlocked nature of P3
as depicted in Figure 1b, where the marked diffusion rate of P3
(1.8 × 10−10 m2/s) was clearly distinctive from the diffusion
rate of free monomer 2-b (4.7 × 10−10 m2/s). To further fortify
the preserved mechanical interlocking nature of polymer P3, we
conducted a 2D-DOSY experiment on the metalated polymer
(P2) with the same degree of polymerization of P3. As shown
in Figure S2, polymer P2 demonstrated a higher diffusion rate
of 3.1 × 10−10 m2/s in contrast to polymer P3 (1.8 × 10−10 m2/
s). The slow diffusion rate14a of polymer P3 in comparison with
the analogous monomer unit (2-b) as well as the metalated
polymer (P2) lucidly supported the mechanically interlocked
nature of the polymer through the strong orthogonal H-bonded
interactions. This result clearly denoted the well-preserved
mechanical interlocking of P3 with globule-like assembly
structures.

Figure 1. (a) 1H NMR (600 MHz, CDCl3, 298 K) stock plot of monomer 2-b and polymer P3 and (b) 2D-DOSY (600 MHz, CDCl3, 298 K) NMR
spectra of P3 at a concentration of 12 mg/mL. Diffusion coefficient of MIPA, axle part, and free monomer were marked with circles. The
assignments correspond to the lettering shown in Scheme 1.
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1H NMR Spectroscopic Studies. To explore the stimuli-
based host−guest properties of these polymers, we carried out a
series of 1H NMR studies on the respective monomers of
polymers. Upon adding TFA to monomer 2-b, the wheel amide
NH protons showed a downfield shift along with thread pyridyl
protons (12, 13, and 14) as shown in Figure S3. However, a
downfield shift for proton E was observed during the titration
of 2-b with TFA. Upon further addition no significant effects
were evidenced, which clearly illustrated that TFA was
deprotonated by the axle unit to induce a strong H-bonded
complex with the resulting trifluorocarboxylate anion. To
further confirm the binding interactions, we verified the 1H
NMR spectrum of the dumbbell monomer 1-c with TFA; the
noticeable downfield shifts for pyridyl protons 12, 13, and 14
supported the deprotonation of TFA by the pyridine station.
Unambiguously, the Job plot analysis of 2-b by drawing the
chemical shift changes against the mole fractions of TFA
yielded a 1:1 stoichiometry as represented in Figure S4.
Importantly, the acid-mediated host−guest interactions were
completely reversible upon adding the base DBU as depicted in
Figure S5, which proved the potential molecular switch ability
of the mechanically interlocked polymeric architecture in
polyrotaxane P3.
To further shed light on the acid-mediated dynamic self-

assembly of MIPAs, variable temperature NMR (VT NMR)
experiments of complex 2-b-TFA were conducted. When the
temperature cooled down to 233 K, the 1H NMR spectrum of
2-b-TFA showed the splitted resonances for amide protons C
and pyridyl protons 12, 13, and 14 along with aliphatic protons
with broad peaks in contrast to that at 298 K as shown in
Figure 2. However, when the solution of 2-b-TFA was heated
to 323 K close to d-chloroform boiling point, interestingly the
amide protons and pyridyl protons showed marginal upfield
shifts. Moreover, 2-b-TFA presented downfield shifts for amide
and pyridyl protons along with aliphatic splitting at 323 K in

comparison with free monomer 2-b at 298 K. Prominently, 2-b-
TFA showed coalescence for the complex proton resonances at
298 K and represented that the self-assembly process of MIPAs
could be evolved through folding and unfolding of individual
rotaxane units. These observations plug to a positive
cooperative effect of the thermally controllable folded
conformation of the MIPA system. Furthermore, the kinetically
stable self-assembly process through a continuous π−π stacking
in MIPAs was attributed to the steric demand of the
polyrotaxane system with the interconvertible intermolecular
orthogonal H-bonded interactions and strong anion−π and
hydrophobic interactions along with high-energy unfolding of
more individual MIPA units.
Orthogonal H-bonded interactions were further probed by

the IR spectroscopy for rotaxane monomer 2-b and complex 2-
b-TFA, where the vivid and strong H-bonded interactions
could be visualized from Figure S6 with amide band at 3346
cm−1. The IR spectrum of 2-b-TFA presented a newly
originated medium band at 2620 cm−1 with an amide strong
band at 3331 cm−1. Moreover, the band at 1915 cm−1

corresponding to pyridine carboxylic acid type H-bonding
band was shifted marginally to 1924 cm−1. The shift in the
amide band along with a new band lucidly suggested a strong
H-bonded interaction between 2-b and TFA. We reasoned that
the new band at 2620 cm−1 was instigated owing to the H-
bonded interactions of pyridinium trifluorocarboxylate anion.

Optical and Electrochemical Measurements. The
photophysical properties of MIPAs were ideally measured to
realize future optoelectronic devices and the absorption spectra
in the UV−vis to NIR regions of these polymers in solution and
solid films are shown Figures S7a and S7b, respectively.
Interestingly, the polymers with rotaxane and dumbbell units
(i.e., P3, P2, and P1) presented two bands, which illustrated
one peak in the UV−vis region and another one in the NIR
region in contrast to a single band in simple P4. Polymers P3

Figure 2. VT-NMR (500 MHz, CDCl3) stock plot of monomer 2-b in the presence of TFA: (a) 2-b + TFA (1.0 equiv), 233 K; (b) 2-b + TFA (1.0
equiv), 298 K; (c) free 2-b, 298 K; (d) 2-b + TFA (1.0 equiv), 323 K. The assignments correspond to the lettering shown in Scheme 1.
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and P4 in solution and solid films showed the absorption
maximum values at 642, 725 (solution)/664, 746 (solid) nm
and 622 (solution)/643 (solid) nm. An obvious red-shift (20
nm) from solution to films for P3 and P4 was observed;
however, both shifts from solution to films in P1 and P2 were
trivial. This typical behavior of polymers in the film case could
be ascribed to a proliferation in the effective conjugation length
due to a better coplanar geometry of both polymer backbones
in the solid state. On the other hand, in contrast to simple P4,
the prominent absorption band in the NIR region for
rotaxanated polymers demonstrated that the pendant dumbbell
and [2]rotaxane units enabled effective molecular packing and
intramolecular charge transfer interactions and thus to led to
extended conjugations in these MIPAs.
Encouraged by the excellent photophysical properties of

rotaxanated conjugated polymers, we decided to explore acid-
mediated host−guest complexation by UV−vis and PL
titrations as shown in Figure 3a. The two absorption maxima
values at 525 and 554 nm of 2-b (10 μM) became a single
broad absorption with an incremental trend; simultaneously,
the emission intensity at 580 nm of 2-b was gradually decreased
(Figure 3b) during the titration with TFA (0−10 equiv) in
dichloromethane. Additionally, it can be confirmed by a
perceptible naked eye and fluorescence color changes as
illustrated in the insets of Figures 3a and 3b.
These observations were attributed to a deprotonation of

TFA by 2-b (pyridine site) and in situ formation of a strong H-
bonded complex between the resulting trifluorocarboxylate

anion, 2,6-bis(carboxyamido)pyridine, and the pyridinium part
of the dumbbell. Unlike the monomer case, polyrotaxane P3
(10 μM) provided exclusively different absorption patterns
during the titration with TFA (0−8 equiv) in THF; the
absorption bands of polyrotaxane P3 at 642 and 725 nm
gradually decreased in their intensities as displayed in Figure 4a.
Similarly, the fluorescence emission maxima at 766 nm
decreased concurrently as shown in Figure 4b. During the
titration with TFA, the absorption peak at 642 nm was
completely vanished while 8 equiv of TFA was added in P3. As
a result, a noticeable naked eye color change was observed as
presented in the inset of Figure 4a.
The binding constants of 2-b and P3 with TFA were

calculated to be ca. 9.9 × 103 and 1.22 × 105 M−1, respectively,
as shown in Figures S8a and S8b. Compared with monomer 2-
b, the drastically improved binding constant of polyrotaxane P3
clearly indicated an enhanced interaction of acid with polymer
has more binding sites to augment the supramolecular
electronic energy transfer between the polymer backbone and
biding cavity.6d,9c Moreover, to fortify the selectivity of the
orthogonal H-bonded cavity in 2-b and P3, control experiments
were conducted on other monomers and polymers. However,
their responses were trivial under similar conditions (see Figure
S9a−d).
Delightfully, the complexation of TFA with the orthogonal

H-bonded unit in 2-b and P3 was completely reversible upon
adding the excess of base DBU. The on−off−on fluorescence
etiquette for both 2-b and P3 was successfully achieved via an

Figure 3. (a, b) UV−vis and fluorescence spectral changes of 2-b (10 μM in DCM) upon the addition of TFA in DCM (0−10 equiv), respectively.
Insets: pictures in (a) and (b) indicate naked eye color changes as well as fluorescence changes under UV light (365 nm) upon the addition of TFA,
respectively (λex = 525 nm).

Figure 4. (a, b) UV−vis and fluorescence spectral changes of P3 (10 μM in THF) upon the addition of TFA in THF (0−8 equiv), respectively.
Insets: pictures in (a) and (b) indicate naked eye color changes as well as fluorescence changes under UV light (365 nm) upon the addition of TFA,
respectively (λex = 720 nm).
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alternate addition of acid and base up to four cycles as shown in
Figure S8c−f. Hence, the absorption patterns in polyrotaxane
P3 can be assigned to more mobile H-bonded interactions
between interlayered polymer axle pyridinium units and
trifluorocarboxylate anion along with anion−π interactions,
thus the pendant rotaxane imparting unique photophysical
properties to the π-conjugated backbones of MIPAs.
The electrochemical properties of monomers and polymers

were evaluated by cyclic voltammetry (CV) measurements.
Both polyrotaxane P3 and monomer 2-b exhibited the quasi-
reversible redox process as shown in Figures S10a and S10b.
The energy levels of highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO)
of P3 were compared with those of its precursor monomer 2-b.

It was found that P3 possessed a higher HOMO level (−5.19
eV) than 2-b (−5.35 eV) and a lower LUMO level (−3.45 eV)
than 2-b (−3.17 eV), which suggested a narrower bandgap
acquired in polyrotaxane P3. These energy level changes for P3
could be ascribed to the extended conjugation length in the
polymer with the addition of the electron-rich AKF unit.
Detailed optical and electrochemical data are summarized in
Table S1.

Theoretical Calculations. To corroborate the experimen-
tal observation of the polymers and to provide a better insight
into fundamental orthogonal H-bonded cavity and TFA
binding interaction with a subtle change of macromolecular
architecture, theoretical calculations were carried out as
described above. For the sake of dealing with the H-bonded

Figure 5. (a, b) PM3 optimized chemical structures of monomer 2-b and complex 2-b-TFA, respectively. Selected H-bonded lengths [Å] for 2-b:
N4---N3-H = 3.42 Å; N4---N2-H = 2.88 Å; N1---N2-H = 2.52 Å; N1---N3-H = 2.65 Å; for complex 2-b-TFA: N1-H---O1 = 1.67 Å; N2-H---O2 =
2.56 Å; N3-H---O2 = 2.77 Å.

Table 1. TD-DFT Calculated HOMO, LUMO, HOMO−LUMO Gap (HLG), Wavelength (λmax), and Oscillator Strength ( f) for
D1, D2, and A1

TD-DFT calculated transition datab

compd HOMO (eV) LUMO (eV) HLGa (eV) excited state λabs,cal
b (nm) fc configd weighte (%)

D1 −5.19 −3.01 2.18 S1 566 0.431 H → L 96
S2 433 0.001 H-1 → L 38

H → L+1 48
D2 −4.90 −2.90 2.00 S1 666 0.790 H → L 72

H → L+1 27
S2 602 0.373 H → L+1 60

H → L 22
H-1 → L 16

A1 −5.53 −1.75 3.78 S1 409 0.016 H → L 97
S2 330 0.142 H-1 → L 53

H-1 → L+1 36
aHOMO, LUMO, and HOMO−LUMO gaps are calculated with the tHCTHhyb/6-31+G(2d,p) method. bAbsorption energies are calculated with
the TDDFT method at the HCTH147/6-31+G(2d,p) level. cOscillator strength. dH and L stand for the predicted HOMO and LUMO, respectively.
The second highest occupied and lowest unoccupied molecular orbitals denoted as H-1 and L+1, respectively. eOnly configurations with 5% or
greater contribution are included.
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interactions in polyrotaxane P3, its precursor monomer 2-b was
used in this study by replacing the 2-ethylhexyl unit with a
methyl group. PM3 optimized energy minimized geometry of
2-b ([2] rotaxane monomer) is given in Figure 5a, illustrating
that the macrocycle in free 2-b monomer was tilted with an
angle of 26° to avoid intercomponent pyridyl lone pair
interactions with an unsymmetrical intercomponent hydro-
gen-bonded distances of 2.8 and 3.2 Å in a twisted chair
conformation. However, when TFA was added to 2-b, the cycle
displaced from central pyridine station relative to the free 2-b as
shown in Figure 5b with a tilt angle of 45°.
A further Mulliken charge analysis clearly revealed that the

axle pyridine deprotonated the TFA (axle pyridinium NH+

N(1) = 0.43 e, H = 0.2 e, O(2) = −0.45 e, and O(1) = −0.64 e,
where e is the magnitude of the charge on an electron), forming
a strong intercomponent hydrogen-bonded complex 2-b-TFA
with the resulting trifluorocarboxylate with distances of N1-H---
O1 = 1.67 Å, N2-H---O2 = 2.56 Å, and N3-H---O2 = 2.77 Å,
respectively. The evolution of molecular orbital delocalization
for the HOMO and LUMO orbital density states in 2-b showed
that in both these density states electron delocalization is
mainly residing on the diketopyrrolopyrrole units in the free 2-
b as shown in Figure S11a,b. We envisioned that the addition of
TFA might change the electronic distribution such that the
HOMO corresponded to the diketopyrrolopyrrole part and the
LUMO corresponded to the TFA-2-b interaction site. Indeed,
we found this to be the case as shown in Figure S11c,d. These
two prevailing theoretical observations were consistent with our
above 1H NMR and optical measurements as well as the
previous report.26

To provide the further clue about the origin of extended
conjugations in these polymers, we employed the DFT and
TD-DFT calculations. The predicted absorption wavelengths
(λabs, cal), oscillator strengths ( f), and the configuration
description of the lowest two singlet excited states are shown
in Table 1. To establish the role of individual units on the
effective π-conjugations in these polymers, we optimized the
simple A1 and D1 units first; the energy-minimized planar
structures and the electronic delocalizations of the frontier
molecular orbitals (FMOs) for A1 and D1 can be visualized in
Figures S12 and S13, respectively.
For both A1 and D1 units, their lowest energy singlet

transitions are mainly from HOMO to LUMO. However, in the
next excited state, we noticed a major highest energy singlet
transition in D1 from HOMO to LUMO+1 and in the A1 from
HOMO−1 to LUMO as well as HOMO−1 to LUMO+1. For
both units FMOs were delocalized over the entire molecule. To
substantiate the above observations and the trend, we carried
out the TD-DFT calculations. We noticed a remarkable
incremental shift in the oscillator strength ( f) of A1 from the
ground state to the next excited state (0.016 to 0.142), whereas
the f of D1 was noted to decrease from 0.431 to 0.001 as shown
in Table 1.
These observations suggested that both molecules possessed

a strong π-character and gave a clue that the assembly of these
two units could enable better intramolecular charge transfer
transitions. Taking this vivid theoretical clue, we further
connected the triazole-substituted asymmetric diketopyrrolo-
pyrrole and A1 units to afford the D2 unit (via the Suzuki
coupling strategy) as well as to model the ground and excited
states to investigate the consequential electronic properties of
these polymers.

The optimized coplanar conformation of D2 and FMO
delocalizations of HOMO and LUMO are presented in Figure
6. For the D2, the two units were almost fully coplanar while

the pendant substituted triazole unit demonstrated a model of
the dumbbell units presenting a twist angle of 56° against the
D1 unit as shown in Figure S14. Moreover, the inserted triazole
substitution was coplanar with the D1 unit, the main chain
became distorted between the D1 and A1 units with a twist
angle of 24°. The analysis of FMO energy levels revealed that
the major energy transition in the ground state of D2 was
mainly from HOMO to LUMO; however, in the next excited
state the major energy transition contribution resulted from
HOMO to LUMO+1. Because of the enhanced main-chain
conjugation length by the connection of the D1 and A1 units in
D2, the HOMO energy level raised to ca. 0.29 eV while the
LUMO dropped by 0.11 eV.
These results strongly indicated that the enriched intra-

molecular charge transfer transitions facilitated the marginal
destabilization of the HOMO and the stabilization of the
LUMO, thus narrowing the band gap for D2 with red-shifts in
all of these polymers. Moreover, the NIR absorption band in
the case of polyrotaxane P3 may be ascribed to an effective
molecular packing and unperturbed backbone π-conjugation
owing to its controlled topological bonding. On the basis of
these theoretical results, we can infer that the introduction of a
topological bond in the π-conjugated polymers may expedite

Figure 6. TD-DFT optimized stable chemical structures of monomer
D2 modeled for the polymer in this study. Molecular orbital
distribution plots of HOMO and LUMO states in the ground state
and their corresponding HOMO−1 and LUMO+1 plots in the excited
state.
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the effective backbone conjugation by the enhanced molecular
packing which was mainly governed by the orthogonal H-
bonding and the π−π stacking interactions offered by the
controlled topological cavities.
Thermal properties of these polymers were probed by

thermogravimetric analysis (TGA). The 5% weight loss
temperatures (Td5) of polymers P4 and P3 were 320 and
344 °C, respectively, as shown in Figure S15. The high thermal
stability of polyrotaxane P3 was attributed to its folded nature
presumably caused by flexible topological cavities of pendant
rotaxane unit in P3.
To understand the effect of the orthogonal H-bonded

rotaxane on macromolecular architecture packings and
crystalline properties, powdered X-ray diffraction patterns of
these polymers were evaluated. The polymer P4 X-ray
diffractogram showed a characteristic reflection at 2θ = 6.27
Å (d-spacing = 14.08 Å) referenced to the interlayered distance
between polymer chains and 2θ = 24.81 Å (d = 3.58 Å) which
denoted the π−π stacking interactions of the polymer units
(see Figure S16). However, in the case of polyrotaxane P3,
these reflections were shifted to 2θ = 9.46 Å (d-spacing = 9.33
Å) and 2θ = 18.41 Å (d-spacing = 4.81 Å), respectively.
Moreover, in the case of P3, the degree of crystallinity was
reduced and eventually enhanced the organic solubility of this
polymer in relative to other polymers in this study. This gave a
strong evidence that the introduction of a pendant orthogonal
H-bonded [2]rotaxane was regulating the π-conjugated back-
bone polymer molecular arrangement. This result is consistent
with our above theoretical observations as well as the other
previous reports.5c,e

Microscopic and DLS Monitoring of Controllable
Hierarchical Nano Self-Assemblies of MIPAs. Cyclo-
dextrin- and cucurbituril-based molecular self-assemblies of
polyrotaxanes were extensively researched.27 However, the
studies based on pendant orthogonal H-bonded rotaxane

copolymers are due owing to their complexities in attaining the
well-organized molecular packing at the molecular level.
We have primarily conducted atomic force microscopy

experiments to study the preserved mechanical interlocking
nature of polymer P3 and the effect of the pendant rotaxane
unit on the polymer backbone. The optimized dilute solutions
(100 μM) of polymers P2 and P3 in THF were used to avoid
possible interchain aggregation behavior as shown in Figures 7a
and 7c, respectively. We noticed a change in the morphology
from the buddle-like structure with the root-mean-square
roughness (Sq) of 1.7 nm in P2 to the globule-like structure
with Sq = 0.6 nm in P3. Moreover, the rendered 3D images of
both P2 and P3 showed the smooth and well aligned surfaces
in Figures 7b and 7d, respectively. Cross-sectional analyses of
these polymers further confirmed the morphological evolution
from the metalated rotaxane polymer to demetalated rotaxane
polymer as shown in Figure S17. Furthermore, we recorded the
AFM images of the simple polymer P4 and MIPA (P3). As
shown in Figure S18a, P4 illustrated a higher roughness (Sq =
16.1 nm with an average cross-sectional height of 35 nm) than
P3 (Sq = 0.6 nm with an average cross-sectional height of 1.5
nm).
As shown in Figure S19, the structural length and depth

analyses of polymers showed a smaller average height (4.2 nm)
in polymer P3 in contrast to P2 (8.3 nm) and P4 (38 nm).
Thus, this result indicated that compared with P4, the pendant
orthogonal H-bonded unit in polyrotaxane P3 has an ability not
only to form interconvertible H-bonding with the other units in
the polymer but also to affect the self-assembly of the
conjugated backbone. More prominently, these results
indicated that the mechanical bond of P3 was well preserved
during the demetalation and polymerization processes via H-
bonding, π−π stackings,28 and hydrophobic interactions. Both
the finite radius of the probe tip and loading force applied to
the sample preserve a stable controlled feedback and eventually

Figure 7. (a, c) AFM images of polymers P2 and P3 (100 μM solutions in THF), respectively. (b, d) Rendered AFM-3D images of (a) and (b),
respectively. Scale bar (a, b) = 2 μm; z-scale (a) = 6.2 nm and (c) = 2.5 nm.
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control the structural and molecular dimensions of this
MIPA.29

We are intrigued in exploring the controlled self-assembly
structures of MIPAs as well as the pivotal issue of the external
stimuli (acid−base) effect in a reversible manner on the self-
assembly of polymer P3. The SEM images revealed spherical
vesicular type particles that appeared to be flattened and
bloated due to the sample preparation as displayed in Figure 8a.
However, the protonated form presented a distinctive flake as
well as nanofiber structures, and the average size of the
nanofibers is estimated to be 460 nm (Figure 8b). Moreover,
the huge-sized (micrometers) spherical vesicles could be
inevitable owing to its inherent folded globules geometry as
well as the process of surface energy minimization1b,30 during
the self-assembly process.
To substantiate such an expedient phenomenon further, we

devoted to study the effect reversibility of these MIPAs. One
could imagine that the protonation of the orthogonal H-
bonded unit in P3 would strongly influence the morphology as
suggested by our above VT-NMR, photophysical, and

theoretical studies. Delightfully, a drastic change in morphology
was indeed observed after protonation of polyrotaxane P3 by
TFA (1 M, 10 equiv) as shown in Figure 9b, which formed a
flake-like structure as well as nanofiber structures in contrast to
its spherical vesicles of free P3. Fairly, the reversible molecular
switch ability was achieved by treating P3-TFA with DBU base
as shown in Figure 9c, which is almost identical to its spherical
vesicles shape as displayed in Figure 9a. The acid−base
controllable morphological changes were reasonable as the
protonation of the axle unit in P3 by TFA disrupted the self-
assembly process due to the electrostatic repulsions. However,
to minimize such repulsions, complex P3-TFA would reorient
themselves in an elongated nucleation growth fashion to
present hierarchical stacks with strong π−π stacking inter-
actions.
Superior to SEM, we recorded the TEM images to get rough

insights into the sizes and shapes of these hierarchical nano self-
assembled structures. The TEM image (Figure 10a) of
polyrotaxane P3 showed spherical vesicular type particles
comparable to SEM images as we noticed earlier, where the size

Figure 8. FE-SEM images of polymer P3 (a) in free state and (b) in protonated state with the addition of TFA (1 M, 10 equiv in THF). Insets: the
corresponding enlarged portions of (a) and (b), respectively. Scale bar (a) = 10 μm and (b) = 1 μm; insets: scale bar (a) = 1 μm and (b) = 100 nm.

Figure 9. FE-SEM images of polymer P3 (100 μM solution in THF): (a) in free state, (b) in the protonated state with the addition of TFA (1 M, 10
equiv), and (c) in the recovered state by neutralization with DBU. Inset in (c) magnified portion of spherical vesicle. Scale bar (a, b) = 1 μm and (c)
= 100 nm; inset of (c) = 100 nm.
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of vesicular type particle was estimated to be an average size of
120 nm from Figure S20a. Exclusively, the TEM image revealed
the picture lucidly in the case of protonated P3 which
presented the multilayered hexagonal-shaped nanosheets31 as
shown in Figure 10b. We attempted to disclose the sizes and
shapes of the individual sheets to understand the assembly
mechanism. However, the TEM image depicted that the
individual sheets looked to be embedded in to multilayered
hierarchical hexagonal nanosuperstructures, where the average
size of the nanosheets was estimated to be 260 nm (with a
height of 120 nm, see Figure S20b).
Both force and electron microscopy images indicated that

such a pronounced size of these vesicular and hexagonal sheets
seemed to well surface-adhered and flattened upon evaporation
of solvents from their cavities.32 Furthermore, we carried out
DLS measurements of P3 in THF solution which revealed an
average hydrodynamic diameter of vesicles ca. 140 nm and
hexagonal sheets ca. 440 nm in its free and protonated forms,
respectively (Figure S21). These results are in excellent
agreement with the above morphologies of SEM and TEM
observations. More importantly, upon adding base to the
protonated P3, it morphed back into the vesicle state (from
sheet state) with an average diameter of 150 nm, which showed
a marginal difference in the average diameter owing to the
precipitated salts during neutralization. Therefore, on the basis
of this concrete evidence, we deduced that the pendant
orthogonal H-bonded cavity in P3 adopted folded geometry by
virtue of mechanical bond and prone to self-assemble into the
bimolecular-layered structure in tail-to-tail fashion, where the
rotaxane units were stacked exteriorly via the π−π stacking and

larger alkyl chains oriented interiorly owing to their hydro-
phobic interactions as shown in Figure 11. Moreover, upon
adding TFA to P3, it tended to reorganize to minimize the local
electrostatic repulsions between protonated axle parts as well as
to stack further in layer-by-layer fashion to form hierarchical
nanosheets and fibers with lateral π−π stackings along with an
inevitable cooperative interlayered anion−π interactions.
Eventually, the orthogonal H-bonds in P3 not only presented
controllable hierarchical nanoself-assembly but also induced a
better material processability relative to the other polymers
(P1, P2, and P4).

■ CONCLUSIONS

In this study, we have developed a novel polymer with the
mechanically interlocked polymeric architecture by polymer-
ization of 9-alkylidene-9H-fluorene with a diketopyrrolopyrrole
tethered with an orthogonally H-bonded macrocycle unit,
which successfully illustrated the effects of orthogonal H-
bonded unit on the photophysical properties as well as nano
self-assembly process of the conjugated main-chain polymer
(P3). It demonstrated spectroscopically and microscopically
that the mechanically interlocked nature of polyrotaxane P3
was well preserved during the polymerization. Benefiting from
its unique topological cavities formed in P3, it showed enriched
material properties, such as extended conjugations, narrow
bandgaps, and unique self-assembled structures, in contrast to
the other polymers in this study. Remarkably, the fluorescence
on−off−on reversible acid−base controllable molecular switch
ability in NIR region for the first time has been fruitfully
attained by supramolecular electronic energy transfer between
the polymeric backbone and pendent topological cavities. We
were able to show that the orthogonal H-bonded unit in P3
induced the hierarchical nanostructures, first into vesicle-shaped
particles in its free form, which further morphed into hexagonal
nanosheets and fibers in its protonated form. The formation of
vesicle-type nanostructures was mainly governed by π−π
stackings and hydrophobic interactions by virtue of its folded
geometry. Moreover, this polymer in protonated state was
reoriented to elude local electrostatic repulsions and augmented
positive cooperative anion−π interactions between embedded
inner layers were also allowed to form hierarchical multilayered
hexagonal nanosheets and fibers Therefore, we developed the
first prototype design of a polyrotaxane architecture and set a
stage to realize previously unattainable macromolecular
architectures with orthogonally H-bonded topological cavities
in a reversible fashion. Hence, this design of functional

Figure 10. TEM images of polymer P3 (a) in free state and (b) in
protonated state with the addition of TFA (1 M, 10 equiv in THF).
Insets: the corresponding enlarged portions of (a) and (b),
respectively. Scale bar: (a, b) = 500 nm; insets: scale bar (a) = 200
nm and (b) = 100 nm.

Figure 11. Graphical representation of plausible hierarchical nanoself-assembly process of MIPAs into bilayer vesicles and its acid driven
transformation into hexagonal nanosheets and fibers in a reversible fashion. For legibility of the self-assembly process we denoted simple repeating
monomer unit of supramolecular polymer P3.
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molecular switchable MIPAs will lead to a new bottom-up
approach for the future optoelectronic applications of nano-
materials.
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