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ABSTRACT: The precise construction of the high-order mechanically interlocked molecules (MIMs) with well-defined
topological arrangements of multiple mechanically interlocked units has been a great challenge. Herein, we present the first
successful preparation of a new family of daisy chain dendrimers, in which the individual [c2]daisy chain rotaxane units serve as
the branches of dendrimer skeleton. In particular, the third generation daisy chain dendrimer with twenty-one [c2]daisy chain
rotaxane moieties was realized, which might be among the most complicated discrete high-order MIMs comprised of multiple
[c2]daisy chain rotaxane units. Interestingly, such unique topological arrangements of multiple stimuli-responsive [c2]daisy chain
rotaxanes endowed the resultant daisy chain dendrimers controllable and reversible nanoscale dimension modulation through the
collective and amplified extension/contraction of each [c2]daisy chain rotaxane branch upon the addition of acetate anions or
DMSO molecules as external stimulus. Furthermore, based on such intriguing size switching feature of daisy chain dendrimers,
dynamic composite polymer films were constructed through the incorporation of daisy chain dendrimers into polymer films, which
could undergo fast, reversible and controllable shape transformations when DMSO molecules were employed as stimulus. The
successful merging of [c2]daisy chain rotaxanes and dendrimers described herein provides not only a brand-new type of high-order
mechanically interlocked systems with well-defined topological arrangements of [c2]daisy chain rotaxanes, but also a successful
and practical approach towards the construction of supramolecular dynamic materials.

INTRODUCTION

During the past few decades, mechanically interlocked
molecules (MIMs) have evolved to be one of the most
attractive fields within supramolecular chemistry and materials
science because of their impressive topologies, structural
beauty and unique dynamic features.! For instance, MIMs
have proven to be a versatile platform for the construction of
diverse artificial molecular machines’ such as molecular
shuttles,” molecular assemblers,* molecular pumps® and
others® towards mimicking various biomolecular machines
like kinesin, RNA polymerases, and ATP synthase.” Notably,
among the numerous MIMs, [c2]daisy chain rotaxanes,®
especially the bistable ones, have attracted increasing attention
due to the direct and remarkable length changes of their
backbones as well as the forces generated along with the
molecular motions under various external stimuli. Such
controllable motion behaviors at molecular scale have made

them ideal candidates to act as “molecular muscles” that can
mimic the sliding motions of actin and myosin filaments in
sarcomeres.’ Since the pioneering work by Sauvage and
coworkers in 2000,'° a great number of bistable [c2]daisy
chain rotaxanes have been constructed as molecular muscles
with various actuation mechanisms such as transition metal
ion exchange, light irradiation, pH change, and solvent
polarity switching.!! Furthermore, inspired by the coordinative
and amplified movements of sarcomeres that lead to the
macroscopic motion of muscles,’> many high-order
(supramolecular) polymer systems with either linear or
random arrangements of [c2]daisy chain rotaxanes have been
successfully constructed through one-dimensional (1-D)
covalent polymerization'3 and supramolecular
polymerization'* or three-dimensional (3-D) cross-linking
polymerization.'> These polymers can successfully
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convert the collective nanoscale motions of [c¢2]daisy chain
rotaxanes to macroscopic muscle-like actuators. Although
great achievements have been obtained m the field of
(supramolecular) polymers based on [c2]daisy chain rotaxanes
as key components, the construction of high-order discrete
MIMs with both precise arrangements of multiple [c2]daisy
chain rotaxanes and well-defined topological structures has
been rarely explored possibly due to the lack of suitable and
efficient synthetic approaches. Notably, the well-defined
topological arrangements of [¢2]daisy chain rotaxanes would
offer great possibilities for the controllable, tunable or even
programmable multidimensional actuations of the resultant
integrated systems, thus imparting them potentially attractive
switching features for the construction of stimuli-responsive
supramolecular systems as well as dynamic materials.'®
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Figure 1. Schematic representation of a daisy chain
dendrimer with [¢2]daisy chain rotaxanes incorporated on the
branches.

Considering the fact that dendrimers usually feature the star-
shaped structures, highly branched topology and the
nanometer-scale dimensions,!” we envisioned that dendrimer
might serve as a privileged platform for the precise
arrangements of [¢2]daisy chain rotaxanes, thus allowing for
the well-defined monodispersed distributions of [c¢2]daisy
chain rotaxanes within the dendrimer skeleton. In the proposed
structure of daisy chain dendrimers as shown in Figure 1, the
[c2]daisy chain rotaxanes serve as the branches of the
dendrimers. We hypothesized that, due to the co-existence of
multiple [¢2]daisy chain rotaxanes with the precise topological
arrangements, the controllable dimension modulation of the
integrated daisy chain dendrimers would be feasible through
the collective and amplified extension-contraction motions of
[c2]daisy chain rotaxane branches. Moreover, on the basis of
such unique size switching feature, the resultant daisy chain
dendrimers could be further employed for the construction of
novel supramolecular dynamic materials.

Herein, through the facile and efficient controllable
divergent strategy, we realized the first successful and precise
synthesis of the proposed daisy chain dendrimers up to the
third generation. It should be noted that, in the resultant third-
generation daisy chain dendrimer, twenty-one individual
[c2]daisy chain rotaxane moieties monodispersedly
distributed within the dendrimer skeleton, which might be
among the most complicated discrete multiple [¢2]daisy chain
rotaxane systems with precise topological arrangements. As
expected, through the collective and amplified muscle-like
motions of individual [¢2]daisy chain rotaxane branches upon
the external stimuli, controllable and reversible stimuli-

induced dimension modulation of the resultant daisy chain
dendrimers was successfully realized in solution. In particular,
the incorporation of daisy chain dendrimers into polymer films
resulted 1n the successful construction of novel dynamic
composite films, which featured intriguing solvent-induced
shape transformations behavior in a controllable manner, thus
making them promising candidates towards the construction of
soft robotics.

RESULTS AND DISCUSSION

Preparation and characterization of daisy chain
dendrimers up to the third generation. According to the
retrosynthetic analysis, in order to realize the synthesis of the
high-generation daisy chain dendrimers with stimuli-
responsive dimension modulation feature, a new [c2]daisy
chain rotaxane 1 (Figure 2a) with both reactive sites for
dendrimer growth and stimuli-responsive sites for motion
control was designed.
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Figure 2. (a) Synthesis of [c2]daisy chain rotaxane 1 as the
key precursor for the construction of daisy chain dendrimers
(b) Proposed dual stimuli-induced reversible and controllable
switching motion of the [¢2]daisy chain rotaxane unit.

In this [c¢2]daisy chain rotaxane, mono-substituted platinum-
acetylide moiety and two protected alkynes units were
attached to the tails of the central [¢2]daisy chain rotaxane
core as both stoppers and dendrimer growth sites. In addition,
on the basis of the host-guest property of pillar[5]arene
(P[5]A)," both urea and alkyl chain unit were employed as the
binding sites. Initially, due to the stronger N-H:--O hydrogen-
bond interactions between the urea moiety and methoxy group
of P[S]A macrocycle compared to the CH---m interactions
between neutral alkyl chain and P[5]A macrocycle, the P[5]A
macrocycle preferred to encapsulating the urea moiety and the
adjacent methylene units (contracted state). Upon the addition
of polar solvent molecule such as DMSO or anion such as
acetate as stimulus, these hydrogen-bonding acceptors might
mteract with the urea moiety to “push” the P[S]A macrocycle
to undergo translational motion towards the alkyl chain
station, resulting in the direct length increase of the [c2]daisy
chain rotaxane building block (stretched state) (Figure 2b).
More importantly, through the addition and removal of the

ACS Paragon Plus Environment

Page 2 of 11



Page 3 of 11

oNOYTULT D WN =

Journal of the American Chemical Society

(@)

®

O N, N‘@{—Iikl

[c2]daisy chain 1

(b)

D " @, /D
e a ¢l 1 ‘b e "Q’
bl | b
| ‘#Q‘e
DC-G1 A
DC-G2

ﬂ%&d cylom e - Cs

we,  Cul, CHCL/Et,NH

r.t., 80%

Figure 3. (a) Synthesis of daisy chain dendrimer DC-G1. (b) Schematic representation of a controllable divergent strategy for the
synthesis of daisy chain dendrimers DC-G2 and DC-G3. Reaction conditions: (I) (a) BuNF-3H,0, THF, tt, 4 h, 76%; (b) 1, Cul,
DCM/EGNH, 1t, 12 h, 84%; (IT) (a) Bu,NF-3H,0, THF, rt, 4 h, 81%; (b) 1, Cul, DCM/Et;NH, 1t, 12 h, 65%.

external stimulus, reversible transformation between these
two states of 1 could be realized, making 1 a bistable [¢2]daisy
chain rotaxane, thus laying the foundation for the 3-D
dimension modulation of the integrated daisy chain
dendrimers.

Following such design strategy, first of all, using the
threading-followed-by-stoppering strategy and starting from
compound 3 containing both the host (P[5]A) and guest (urea
and alkyl chain) moieties, the employment of Cul-catalyzed
coupling reaction between the terminal alkyne group and
Pt(PEt;),I, as the stoppering reaction at the optimized
concentration (64 mM) led to the successful synthesis of a
symmetrical [c¢2]daisy chain rotaxane precursor 2 in a
relatively high yield (60%). Sequentially, by controlling the
stoichiometric ratio of 2 and mono-alkyne compound, the
selective coupling reaction of the mono-substituted platinum-
acetylide moieties on one tail of 2 resulted mn the successful
synthesis of 1 as the key building block (Figure 2), which was
fully characterized by 1-D multinuclear (‘H, *C, and 3'P), 2-D
NMR (H-'H COSY, ROESY) spectroscopy, and matrix-

assisted laser desorption/ionization-time of flight mass
spectrometry (MALDI-TOF-MS) analysis (Figures S2-S18).

With 1 as the key precursor in hand, a controllable divergent
strategy was employed for the synthesis of the targeted daisy
chain dendrimers incorporating individual [c2]daisy chain
rotaxane unit on each branch as outlined in Figure 3. Taking
advantage of the formation of platinum-acetylide bonds as the
key growth step,!” the first generation daisy chain dendrimer
DC-G1 with three switchable [¢2]daisy chain rotaxane units
was successfully prepared by the reaction of 1 and the core
module 1,3,5-tris(4-ethynylphenyl)benzene in a good yield of
80%, at the outer periphery of which six protected alkynes co-
existed. The sequential deprotection of these alkynes using
tetrabutylammonium  fluoride  trihydrate  (Bu,NF-3H,0)
afforded the formation of the corresponding intermediate DC-
G1-YNE bearing six acetylene groups in 76% yield.
Furthermore, repeating the coupling reaction of DC-G1-YNE
and 1 generated the second-generation daisy chain dendrimer
DC-G2 with nine [c¢2]daisy chain rotaxane units and twelve
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Figure 4. (a) Stacked 'H NMR spectra of the [c2]daisy chain rotaxane 1 and daisy chain dendrimer DC-G1-DC-G3. MALDI-

TOF-MS spectra of DC-G1 (b) and DC-G2 (¢), respectively.

protected acetylene moieties in a yield of 84% yield.
Following such iterative deprotection-coupling growth
process, the third-generation daisy chain dendrimer DC-G3
was successfully prepared with twenty-one individual
[c2]daisy chain rotaxane units monodispersedly distributed in
the dendrimer skeleton (Scheme S2-S4). Notably, the
molecular weight of this daisy chain dendrimer is as high as
68,800 Da, which 1s even comparable with some proteins such
as serum albumin.?® In addition, the number of the [¢2]daisy
chain rotaxane units 1n it is almost twofold compared with the
linear main chain poly[c2]daisy chain demonstrated by
Stoddart et al..!** All of the above synthesized daisy chain
dendrimers were soluble and stable in common organic
solvents, thus making the purification process by means of
column chromatography and preparative gel permeation
chromatography (GPC) practical and scalable.

All the resultant daisy chain dendrimers were first
characterized by 1-D NMR spectroscopy. In the 'H NMR
spectra, peaks attributed to mechanically interlocked
structures, especially ones bellow 0.0 ppm, were observed,
indicating that the [¢2]daisy chain rotaxane units kept intact
along with the dendrimer growth process. With the increase of
the dendrimer generation, these signals became broader due to
the slight in-equivalence of different generations (Figure 4a).
In addition, as revealed by the P NMR spectra, compared
with the daisy chain dendrimers, the peak ascribed to the
phosphine ligands of mono-substituted platinum-acetylide
motety in 1 displayed a remarkable downfield shift of ~2.7
ppm, which provided direct evidence to support the formation
of platinum-acetylide bonds during the growth process of
dendrimers as well as the integrity of the dendrimer skeleton
(Figure S43). To confirm the successful synthesis of the
targeted daisy chain dendrimers, the MALDI-TOF-MS
measurements were performed. In the MALDI-TOF-MS
spectrum of DC-G1, peaks of m/z =10,568.9 and m/z =
5,286.3 were observed, which fitted well with the theoretical
values of [DC-G1 + NaJ* ion (m/z =10,570.0) and [DC-G1 +
H + NaJ*" ion (m/z = 5,285.5), respectively (Figure 4b). For
DC-G2, the peaks of m/z = 30,684.2 and m/z =15,217.3 were

found in the MS spectrum, respectively, which could be
attributed to the expected 1on peaks with matrix molecules
(Figure 4¢). Unfortunately, even after continuous attempts, no
satisfied MS data was obtained for DC-G3 possibly due to its
high molecular weight and low 1onization efficiency. In order
to confirm the formation of these large, monodispersed daisy
chain dendrimers, GPC methodology was further performed,
which revealed narrow distributions for the number-averaged
molecular weight (M) with the polydispersity index (PDI)
values of 1.02 (DC-G1), 1.02 (DC-G2) and 1.06 (DC-G3),
respectively, thereby confirming the monodispersity of all
daisy chain dendrimers (Figures S44-S46). More importantly,
along with the mcreasing of the dendrimer generation,
significant increase of the M, values (for DC-G1, M, = 8,754;
for DC-G2, M, = 25,151; for DC-G3, M, = 52,873) was
observed as well. Such expected trend provided indirect
support for the successful synthesis of DC-G3.

In addition, UV-vis spectroscopy was employed to estimate
the number of platinum-acetylide units in the daisy chain
dendrimers, which provided further evidence for the
successful synthesis of DC-G3. In the UV-vis spectra of the
daisy chamn dendrimers (Figure S53), two major absorption
bands at around 293 and 346 nm were found, which were
ascribed to the intra-ligand (IL) [n—n*(CR=CR)] transitions
and metal-to-ligand charge transfer (MLCT) [d(POn—
a*(CR=CR)] transitions of platinum-acetylide units,
respectively. Since the platinum-acetylide units in the resultant
daisy chain dendrimers were well separated, no significant
shifts of the A values were observed. This observation
indicated that there is no interaction between the serted
platinum-acetylide moieties. Thus the Lambert-Beer law (4 =
elc) can be used to determine the total number of platinum-
acetylide units in the dendrimers. By comparing the molar
extinction coefficient ¢ of the dendrimers listed in Table S1,
we found that, for the absorption band at 346 nm attributed to
the platinum-acetylide moieties, the ¢ value of DC-G3 1s about
7 times of that of DC-G1. According to the Lambert-Beer law,
since six platinum-acetylide units (corresponding to three
[c2]daisy chain rotaxane units) was confirmed in DC-G1, the
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number of the platinum-acetylide units in DC-G3 was
calculated to be 42, which indicated the existence of twenty-
one [c2]daisy chain rotaxane units in DC-G3, thus confirming
the successful synthesis of DC-G3.

With the targeted daisy chain dendrimers in hand, their
morphologies were further investigated by using atomic force
microscope (AFM), which revealed the discrete and uniform
near-spherical morphologies for all daisy chain dendrimers
(Figure 5). More importantly, along with the increase of the
dendrimer generations, the averaged heights from AFM
analysis gradually increased, from 3.9 = 0.1 nm (DC-G1) to
89 £ 0.2 nm (DC-G2), and 12.8 £ 0.1 nm (DC-G3)
respectively, which also provided a reasonable evidence for
the successful construction of high-generation daisy chain
dendrimers.
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Figure 5. AFM images of daisy chain dendrimers. (a) DC-
G1; (b) the height range of DC-G1 is 3.9 = 0.1 nm; (¢) DC-
G2; (d) the height range of DC-G2 is 8.9 = 0.2 nm; (e) DC-
G3; (f) the height range of DC-G3 is 12.8 £ 0.1 nm.

Dual stimuli-induced reversible dimension modulation
of daisy chain dendrimers in solution state. Before
evaluating the stimuli-induced dimension modulation feature
of above synthesized daisy chain dendrimers, the investigation
on the stimuli-responsiveness of the branches in the daisy
chain dendrimers, i.e. the [c2]daisy chain rotaxane 2, was first
performed. According to the aforementioned design strategy,
considering the binding ability as well as the availability for
the reversible addition/removal of the external stimuli, acetate
anion and DMSO solvent were chosen as the external
stimulus, respectively. To our delight, as revealed by the 'H
NMR titration experiments, the continuous addition of
tetrabutylammonium acetate (TBAA) into the solution of
[c2]daisy chain rotaxane 2 in THF-dg resulted in the
remarkable downfield shift of the signals of the protons that
ascribed to the urea moieties (H;;.;,) and the nearby methylene

units (Hg.19). On the contrary, signals attributed to the neutral
alkyl chain (H;. displayed upfield shift simultaneously. These
observations indicated that, upon the increase of amounts of
the added acetate anions that can complex with urea moiety,
the urea moieties as well as methylene units nearby moved out
of the pillar[S]arene cavity, and the pillar[S]arene macrocycle
moved towards the methylene units far away from the urea
moieties. Furthermore, by subsequently adding NaPF; into the
mixture of [c2]daisy chain rotaxane 2 and TBAA to
completely remove the acetate anion as NaOAc precipitate, the
resultant '"H NMR spectrum was almost the same as the
original one of [c2]daisy chain rotaxane 2, confirming the
reversibility of such stimuli-response extension/contraction
process. As expected, when using DMSO molecule as
stimulus, 'H NMR titration experiments suggested the similar
controllable and reversible muscle-like behavior of 2, making
2 a dual stimuli-responsive artificial molecular muscle unit
(Figures S55-S56). In order to gain more information on the
cycle issue, the repetition of the translocation process of the
[c2]daisy chain rotaxane unit 2 for 4 cycles was performed. As
shown in Figures S57 and S58, respectively, for both acetate
anions and DMSO molecules as stimuli, after each full
operation cycle, the resultant 'H NMR spectra were almost the
same as the original one, thus indicating the good recycling
ability of the [c2]daisy chain rotaxane unit. Such dual stimuli-
responsive reversible and remarkable extension/contraction
feature of 2 laid the foundation of the further dimension
modulation of the integrated daisy chain dendrimers as
discussed below. Notably, considering the integration of
multiple [c2]daisy chain rotaxane units in a monodispersed
manner within the skeletons, the amplified responsiveness of
the daisy chain dendrimers towards the external stimulus
might be possible.

To test such hypothesis, the stimuli-responsive behaviors of
the daisy chain dendrimers were firstly investigated by 'H
NMR titration experiments (Figures S75-S83). To our delight,
as same with the individual [c2]daisy chain rotaxane unit, all
daisy chain dendrimers displayed the similar controllable and
reversible dual stimuli-responsive features as indicated by the
shifts of peaks that attributed to the [c2]daisy chain rotaxane
units. Taking into consideration the remarkable length changes
of these individual daisy chain units with external stimulus,
investigations on the dimension modulation of the integrated
daisy chain dendrimers upon the addition of acetate anion or
DMSO molecule were then performed. As indicated by
diffusion coefficients (D) of daisy chain dendrimers DC-Gn
evaluated by 2-D diffusion-ordered spectroscopy (DOSY)
technique, upon the addition of TBAA, remarkable increase of
the diffusion coefficients (D) was observed ( for DC-G1, from
(741 £0.14) x 1071 m? 57! t0 (9.33 £ 0.15) x 10719 m? s with
a shrinking ratio of 20%; for DC-G2, from (3.31 + 0.12) x
1071 m?2 s7! to (4.27 + 0.10) x 1071° m? s! with a shrinking
ratio of 22%, and for DC-G3, from (3.98 + 0.06) x 107" m? 5™
to (5.89 £ 0.05) x 10" m? s7! with a shrinking ratio of 32%,
respectively), which clearly suggested the decrease of the
hydrodynamic radius of daisy chain dendrimers. Subsequently,
the addition of NaPFg into the resultant mixtures led to the
decrease of diffusion coefficients to almost the original values,
thus indicating the increase of the hydrodynamic radius back
to their initial size (Figure 6b and Figures S84-S89).
Furthermore, dynamic light scattering (DLS) experiments
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further provided the additional evidences for such anion-
induced reversible dimensional modulation of DC-Gn in
solution phase. The obvious decrease of the sizes of daisy
chain dendrimers

stimuli Q
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Figure 6. (a) Observed dimension modulation of daisy
chain dendrimer DC-G3 upon the addition of acetate anions or
DMSO molecules as external stimuli in the solution state. (b)
2-D DOSY results of the anion-induced dimension modulation
of daisy chain dendrimers DC-Gn (n = 1, 2, 3) in solution
state. DLS resultants of the anion-induced (c¢) and solvent-
induced (d) dimension modulation of daisy chain dendrimers
DC-Gn (n =1, 2, 3) n solution state, respectively. (¢) SANS
curves for the dual stimuli-induced dimension modulation of
daisy chain dendrimer DC-G3 1n solution state.

was observed after adding TBAA (for DC-G1 3.8 £ 0.1 nm
to 2.8 £ 0.2 nm with a shrinking ratio of 26%; for DC-G2,
from 7.4 + 0.1 nm to 5.1 + 0.2 nm with a shrinking ratio of
30%; and for DC-G3, from 13.5+ 0.2 nm to 7.2 = 0.1 nm with
a shrinking ratio of 46%, respectively). Furthermore, upon the
removal of TBAA using NaPFs, these sizes could almost
recover back to their initial value (Figure 6¢ and Figures S99-
S101), again confirming the reversibility of such dimension
modulation process in solution phase. In the case of DMSO as
stimulus, 2-D DOSY and DLS measurements revealed the
similar reversible and controllable shrinking and swelling
processes of daisy chain dendrimers upon the addition and
removal of DMSO molecules with very approximate shrinking
ratios with the case of acetate anion (Figures S102-S104 and
Figure 6d). To confirm such dimension modulation process,
small-angle neutron scattering (SANS), a powerful method to
probe the structure with rich light atoms, especially hydrogen,
was carried out in the solution phase. By doing Guinier
analysis to the solution SANS data, the remarkable decrease of
the radius of gyration (R,) of the daisy chain dendrimer DC-

G3 upon the addition of external stimuli was observed. For
instance, when acetate anions were added as stimulus, the R,
of DC-G3 deceased from 7.64 nm to 6.91 nm, while in the
case of DMSO molecules, from 8.12 nm to 7.22 nm, clearly
suggesting the shrinking of the daisy chain dendrimer upon
both stimuluses (Figure 6e).

In order to confirm such dimension modulation of the
mtegrated daisy chain dendrimers was indeed attributed to the
switchable molecular [2]daisy chain units, the model first-
generation daisy chain dendrimer without urea moieties (DC-
Gl-a) was synthesized by employing the same controllable
divergent approach from the corresponding model compound
1-a (Scheme S5-S6). As expected, the addition of neither
acetate anion nor DMSO-ds mto the CD,Cl, solution of DC-
Gl-a led to no changes in the resultant 'H NMR spectra
compared to the original one, which strongly suggested that
the urea moieties did service as the binding site. More
mmportantly, both 2-D DOSY and DLS measurements
indicated the size of this model dendrimer remained
unchanged before and after the addition of external stimulus
(Figures S105-S116), which excluded the anion or solvent
effect and confirmed that the swelling/shrinking of the daisy
chain dendrimers originated from the collective muscle-like
motions of individual [¢2]daisy chain rotaxane branches.

According to above described controllable and reversible
dimension modulation processes, it was possible that, in this
study, besides the direct length change of individual [c2]daisy
chain rotaxane moiety, the conformation changes, especially
the self-folding, of these artificial molecular muscles might
also contribute to the final outputs. In our case, the
coordinative movements of two rigid P[5]A macrocycles to
the center and the release of the flexible urea and alkyl
moieties at the tails significantly decreased the rigidity of the
[c2]daisy chain rotaxane units. Then, the [c¢2]daisy chain
branches might efficiently adapt self-folding conformations in
solution state that led to the shrinking of integrated daisy chain
dendrimers (Figure 6a, Supplementary Movie S1). To confirm
such hypothesis, geometry optimizations of DC-G1 before and
after the addition of acetate anion were performed by using the
program MOPAC2016.>> As revealed by the optimized
structures shown in Figure S74, upon the addition of external
stimulus, the remarkable contract of DC-G1 was observed due
to the remarkable self-folding of the three [c2]daisy chain
branches.

Fast, reversible and controllable shape transformations
of DC-Gn@PVDF composite films. After confirming the
unique dimension modulation behavior of daisy chain
dendrimers originated from the collective and amplified
molecular motions of [¢2]daisy chain rotaxane branches, we
further employed daisy chain dendrimers for the construction
of novel supramolecular dynamic materials. By the
incorporation of daisy chain dendrimers into a polyvinylidene
difluoride (PVDF) matrix, a series of composite polymer films
DC-Gn@PVDF were successfully constructed via drop-
spreading approach (for the details, see Section 7 i SI). In the
resultant composite polymer films, the incorporated daisy
chain dendrimers acted as stiff domams and their
shrinking/swelling under external stimuli was expected to
efficiently lead to controllable and reversible shape
transformation behaviors of the resultant polymer materials.
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To confirm such hypothesis, DMSO molecules were
selected as the external stimulus. To our delight, all composite
polymer films doped with the daisy chain dendrimers didn’t
display folding behaviors upon being immersed into water
(State 1, Figures 7a-c), while fast folding of the resultant
composite polymer films was observed when DMSO was used
as solvent (State II, Figures 7a-c). More interestingly, when
keeping the mass fraction of daisy chain dendrimers at the
same value of 35 wt%, for the higher-generation daisy chain
dendrimers, a better folding capacity of the corresponding
polymer films was revealed as indicated by the shorter time to
reach the full-folding state (for DC-G1@PVDF, 148s; for DC-
G2@PVDF, 114s; for DC-G3@PVDF, 39s) (Figures 7a-c and
Supplementary Movies DC-G1-DC-G3). Considering almost
the same [¢2]daisy chain rotaxane density in all polymer films,
an amplification effect of daisy chain dendrimers could be
suggested, thus highlighting the superiority of the unique
topological arrangements of molecular [¢c2]daisy chains within
the dendrimer skeleton. When reducing the weigh fraction of
daisy chain dendrimer to 10 wt% for DC-G1@PVDF, its
folding capacity remained but with a slower self-folding speed
(Figures S118), thus providing a practical method to tune the

self-folding speed. For all cases, when re-immersing the fully
folded films into water that can suck the DMSO molecules
ito the water phase, very fast de-folding phenomena within
several seconds was observed (State I’, Figures 7a-c), thus
suggesting that DMSO molecules served as the stimulus to
trigger such reversible and fast shape transformations of
polymer films. Notably, such solvent-triggered reversible
shape transformation process of the composite films could be
repeated for at least 5 times without significant degradation in
its performance (Figure S119). To further confirm the folding
behavior of these polymer films originated from the stimuli-
induced shrinking/swelling of the incorporated daisy chain
dendrimers, the control experiments were performed. As
shown in Figure S120, for the ‘empty’ films (PVDF) and films
with the model dendrimer DC-G1-a (DC-G1-a@PVDF) or
the sole axle compound (S;@PVDF), respectively, upon the
sequential immerse into DMSO and water, no folding at all
was observed in all cases, indicating the incorporated daisy
chain dendrimers did take part in the folding process. On the
basis of the aforementioned findings, the exact dimension
modulation output of

100

(@)

=  DC-G3@PVDF
® DC-G3@PVDF stimulated
Fitting

Figure 7. (a-c) Fast and reversible shape transformations of DC-Gn@PVDF (n = 1, 2, 3) films, respectively. (d) SANS curves
for the solvent-induced dimension modulation of daisy chain dendrimer DC-G3 in DC-G3@PVDF films. (e) Schematic illustration
of the proposed mechanism of the controllable shape transformations of daisy chain dendrimer-based polymer composite films.

daisy chain dendrimers upon DMSO stimulus in the film
state was then tested. To our delight, upon dropping DMSO
solvent onto one side of the polymer films, the fast folding of
the polymer films towards the other side was observed. After
removing the DMSO by water washing, the recovery of film
shapes to the original states was then achieved (Figure S121).
Interestingly, such reversible folding/unfolding processes of
the composite films could be also achieved by using
DMSO/water vapor as triggers (Figure S122). Such

controllable shape transformations of daisy chain dendrimers-
based dynamic materials laid the foundation towards the
construction of soft robotics that can perform programmed
actions for practical uses.?’ Interestingly, from this intriguing
controllable shape transformation phenomena, one could
conclude that, along with the diffusion of DMSO molecules to
one side of the films, the stimuli-induced motions of [¢2]daisy
chain rotaxane branches led to the swelling, rather than
shrinking, of the integrated daisy chain dendrimers that further

ACS Paragon Plus Environment



oNOYTULT D WN =

Journal of the American Chemical Society

triggered the folding of the polymer films towards the opposite
side (Figure 7¢). Such actuating mechanism was confirmed by
the SANS analysis of the polymer film as shown in Figure 7d.
Using a Guinier function with a power law background to fit
the SANS data, the R, of the daisy chain dendrimer DC-G3
before and after the addition of DMSO were evaluated, which
revealed a remarkable increase from 2.67 nm to 4.84 nm,
indicating the swelling of the incorporated daisy chain
dendrimers that stimulated the shape transformation of the
composite polymer film. Notably, the tunable dimension
modulation outputs of daisy chain dendrimers in different
states might be attributed to that, different from that in
solution state, the polymer composites could efficiently inhibit
the self-folding of [c2]daisy chain rotaxane branches in the
film state, thus resulting in such state-dependent size
switching feature of daisy chain dendrimers.

CONCLUSION

In this study, we proposed and successfully synthesized a
new family of daisy chain dendrimers up to the third
generation, in which twenty-one individual [c2]daisy chain
rotaxanes served as branches monodisperesedly distributed
within the dendrimer skeleton for the first time. In the
resultant  high-order MIMs, well-defined topological
arrangement of multiple [c2]daisy chain rotaxanes was
realized, thus allowing for the precise construction of a novel
artificial molecular machine prototype. Interestingly, the
controllable extension/contraction of individual [c2]daisy
chain rotaxanes triggered by acetate anions or DMSO
molecules as external stimuli led to stimuli-induced dimension
modulation of the integrated daisy chain dendrimers through
the collective and amplified motions of each branch.
Moreover, the further incorporation of daisy chain dendrimers
into a PVDF matrix resulted in the successful construction of
the composite polymer films that could undergo fast,
reversible and controllable shape transformations upon
external stimulus. The demonstration of the stimuli-responsive
daisy chain dendrimers with the tunable dimension modulation
outputs herein provides a new strategy towards the
construction of novel artificial molecular machine prototypes
and supramolecular dynamic materials.
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