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electrostatic assembly of polymers†
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Exploring new noncovalent synthons for supramolecular assembly is essential for material innovation.

Accordingly, we herein report a unique type of cyclopropenium-based supramolecular motif and

demonstrate its applications to polymer self-assembly. Because of the “ion pair strain” effect,

trisaminocyclopropenium iodides complex strongly with fluoroiodobenzene derivatives, forming stable

adducts. Crystal structure analysis reveals that halogen-bonding between the iodide anion and the iodo

substituent of the fluoroiodobenzene is the driving force for the formation of these electrostatically

complexed adducts. Such halogen-bonding-induced electrostatic interactions were further successfully

applied to drive the assembly of polymers in solution, on surfaces, and in bulk, demonstrating their

potential for constructing supramolecular polymeric materials.
Introduction

The development of noncovalent synthons is crucially important
for expanding the applications of supramolecular polymeric
materials.1–8 The dynamic and reversible nature of noncovalent
synthons endows polymer systems with adaptive properties, such
as self-healing, easy-processability, and recyclability.9–11 A
renowned example is the ureidopyrimidinone (UPy)-based
hydrogen bonding synthon reported by Meijer et al.12 Owing to
its strong binding affinity and synthetic accessibility, the UPy
motif has been widely employed in the construction of supra-
molecular materials, leading to applications ranging from recy-
clable plastics and biomaterials to so electronics.13–15 As the
demands for material innovation are constantly growing, the
exploration of new noncovalent synthons remains a major focus
of research in supramolecular chemistry and materials science.

Triaminocyclopropeniums (TACs) are a unique type of 2-p-
electron aromatic compound that exhibit high thermo-/chemo-
stability and intriguing electronic features.16,17 In recent
decades, TACs have found versatile applications as catalysts,18–20

ionic liquids,21,22 nitrogen-based ligands,23 redox-active mate-
rials,24 and uorophores.25 For example, Campos and Lambert
recently introduced TACs into polymeric structures, expanding
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their application potential to polyelectrolytes and biomedical
materials.26,27 Nevertheless, the study of TACs from a supramo-
lecular perspective remains rare, despite TACs showing inter-
esting self-assembly behaviors. As far back as the 1990s, Weiss
et al. reported several intriguing phenomena in which the
counter-ions of TACs were involved in the formation of unusual
strong non-covalent complexes. It has been revealed that there
exists an electronic “ion pair strain” between TACs and their
electron-rich counter-anions, leading to counter-anions with
unparalleled coordination ability in the formation of robust
noncovalent complexes.28,29 For example, TAC with iodide as the
counter-anion (TAC-I) can form stable 1 : 1 adducts with
iodoacetylene. It is revealed that the iodide counter-anion of
TAC-I possesses exceptional coordinative ability to strongly
bind with iodoacetylene through halogen bonding (XB), which
drives the formation of electrostatically complexed adducts.29

From a supramolecular point of view, this kind of adduct
formationmay be regarded as an electrostatic “forcedmarriage”
between a salt and a neutral molecule via XB-induced electro-
static (XBIE) interactions. This inspired us to explore whether
such interactions can also be applied to the construction of
supramolecular polymeric systems. Accordingly, we herein
report our recent efforts in exploring TACs as noncovalent
synthons to drive the self-assembly of polymers. Demonstration
examples, including the construction of electrostatically co-
assembled micelles, layer-by-layer assembly, and supramolec-
ular polymer blends, are showcased (Scheme 1).
Results and discussion

Instead of using iodoacetylene, uoroiodobenzene derivatives
were chosen as XB-donors for our study. Electron-withdrawing
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Halogen-bonding-induced electrostatic interactions for polymer self-assembly.
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uoro-substituents maximize the electron-deciency of the
iodine substituent, thus enhancing its XB-forming capacity.30

Model molecule TFAI, which contains an amide group at the
para-position of the iodo-substituent, was synthesized from
Fig. 1 (a) 19F NMR spectra recorded upon titrating TACE-I into TFAI (signa
of TACE-I increases from bottom to top); (b) titration curves obtained
structure of the TFAI/TACP-I adduct (C: yellow; O: red; N: blue; F: green

© 2023 The Author(s). Published by the Royal Society of Chemistry
2,3,5,6-tetrauoro-4-iodobenzoic acid. Furthermore, TACE-I
was chosen as a model TAC molecule to investigate the
proposed XBIE interactions with TFAI. First, the complexation
of TACE-I and TFAI was studied by 19F NMR using deuterated
ls from the fluoro-substituents neighboring the iodo-substituent; ratio
from titrating TFAI with TACE-I (red) and pTACE-1 (blue); (c) crystal
; I: purple).
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acetone as the solvent. As shown in Fig. 1a, upon titrating TACE-
I into a solution of TFAI, the uoride signals for TFAI gradually
move up-eld, suggesting the formation of XB between the
iodide anion and TFAI. This was further supported by the
results obtained from 13C NMR and infrared (IR) spectroscopy.
As shown in Fig. S4,† the 13C NMR signal of the iodo-substituted
carbon of TFAI shows a clear shi to the downeld upon mixing
with TACE-I. Moreover, IR measurements reveal that the C–I
stretching band of TFAI shis to lower wavenumbers aer
complexing with TACE-I (Fig. S13a†). Fitting the titration curve
obtained from 19F NMR affords an association constant Ka of
46.4 M−1. For comparison, the association constants between
TFAI and other iodide salts, imidazolium iodide (DMIM-I) and
sodium iodide (NaI), were also determined by the samemethod,
revealing Ka values of 24.3 and 29.6 M−1, respectively. The
higher Ka between TACE-I and TFAI conrms the effect of “ion
pair strain” in promoting noncovalent interactions.31

Crystallographic analysis was then performed to reveal more
structural information. Crystal growth of TFAI/TACE-I was not
successful. Instead, we obtained colorless needle-like crystals of
the adduct between TFAI and TACP-I (an analog of TACE-I;
Scheme 2). The resolved crystal structure is shown in Fig. 1c.
The iodide anion of TACP-I is located in the vicinity of the iodo
substituent of TFAI instead of that of the cyclopropenium ring.
The I/I distance is 325.8 pm, which is signicantly shorter
than the sum of their van der Waals radii (396 pm), conrming
the formation of strong halogen bonding. Besides the XB, the
cyclopropenium ring of TACP-I stacked above/below the phenyl
ring of TACP-I, suggesting an extra aromatic interaction
between the two counterparts. Noteworthily, the adduct can be
easily prepared by mixing TFAI and TACP-I in dichloromethane
which then precipitates in diethyl ether. Considering that TFAI
itself is highly soluble in diethyl ether, the co-precipitation
conrms a high affinity between the two counterparts.
Scheme 2 Chemical structures of the model molecules and polymers i

9822 | Chem. Sci., 2023, 14, 9820–9826
Single-set noncovalent interaction is normally not strong
enough to drive the formation of stable supramolecular poly-
meric systems. A potent strategy to overcome this is the intro-
duction of multivalent interactions.32,33 To study how such
multivalency can improve complexation capacity, pTACE-1,
which contains multiple TACE-I pendant groups, was
designed and synthesized (Scheme 2; see the ESI† for details). It
is worthy of mention that, to our knowledge, our synthesis of
pTACE-1 is the rst example of using ring-opening metathesis
polymerization (ROMP) to make cyclopropenium-containing
polymers. The association constant for the XB between
pTACE-1 and TFAI was determined to be 122.9 M−1 (per TACE
unit), which is signicantly higher than that of the “mono-
valent” system. The substantial increase in Ka can be attributed
to the polymer structure, which creates a favorable microenvi-
ronment with a higher local concentration of iodide anions and
a lower dielectric constant.34 More importantly, when the TFAI-
based dimer (DTFAI) or polymer (pTFAI15) was mixed with
pTACE-1, precipitates formed immediately, indicating strong
complexation (Fig. S8 and S9†). It is reported that the iodide
anions can also form hydrogen-bonding (HB) with the proton of
the amidemoiety.35 Several control experiments were conducted
to conrm the importance of XBIE interaction in polymer
complexation. Initially, the association constant of the
hydrogen bond between iodide anions and the amide group was
studied through 1H NMR titration experiments by using TACE-1
and TFAH (without an iodo-substituent) as model systems
(Scheme 2 and Fig. S5†). The Ka value measured was below 10
M−1 in acetone, indicating a relatively weak association.
Subsequently, a mixture of the control polymers pTFAH15 and
pTACE-1 was prepared in acetone. This resulted in a clear
solution without any precipitate formation (Fig. S10†), con-
rming the necessity of XBIE interaction for intermolecular
complexation. Additionally, a different polymer, pTFEI27, was
nvolved in the study.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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designed and synthesized, where ester bonds were used instead
of amide bonds (Scheme 2). When pTACE-1 was mixed with
pTFEI27, immediate precipitation occurred, further supporting
the fact that XBIE interaction is the primary driving force
behind polymer precipitation. Overall, these results demon-
strate the feasibility of XBIE interactions in intermolecular
complexation, which were subsequently utilized in the self-
assembly of polymers.

First, the solution self-assembly of polymers driven by XBIE
interactions was investigated. The block copolymer pTACE-2,
which contains a block bearing TACE-I pendant groups and
a block bearing oligo-ethylene glycol (OEG) sidechains, was
synthesized by ROMP (Scheme 2). Both pTACE-2 and pTFAI15
are highly soluble in acetone, forming solutions containing
molecularly dissolved polymers. The solution of pTFAI15 was
titrated into the solution of pTACE-2, and the resulting mixtures
were investigated by dynamic light scattering (DLS). As shown
in Fig. 2a and S14,† aggregates with hydrodynamic radii (Rh)
around 25 nm formed in all the mixed solutions. Conversely,
the control sample prepared by mixing pTFAH15 and pTACE-2
showed no aggregation, conrming that the driving force for
the polymer assembly is XBIE interaction. The aggregates
formed in the pTFAI15/pTACE-2 mixture were investigated by
transmission electron microscopy (TEM), and spherical
micelles with sizes consistent with the DLS results were
observed (Fig. 2a, inset).

The layer-by-layer (LBL) deposition technique is a versatile
approach to assembling polymers on surfaces.36 Although LBL
driven by electrostatic interactions or XB has been reported,37,38

XBIE-driven LBL has yet to be explored. Here, pTACE-3 and
Fig. 2 Application of XBIE interactions to polymer assembly in solution an
pTFAH15 (blue) (inset: the TEM image of a pTACE-2/pTFAI15 solution); (b
237 nm as a function of cycle number; pTACE-3/pTFAI40 (red) and pTAC

© 2023 The Author(s). Published by the Royal Society of Chemistry
pTFAI40 were used as the two components for LBL study. First,
a clean hydroxylated quartz plate was immersed in an acetone
solution of pTACE-3 for 10 min and then rinsed with acetone
three times to eliminate unattached polymers. Aer drying
under ambient conditions, the quartz plate was immersed in an
acetone solution of pTFAI40 for another 10 min and then rinsed
with acetone and dried. This process was repeated several
times, and the quartz plate was characterized by UV-vis spec-
troscopy between each cycle. Concurrently, LBL deposition was
also performed with pTACE-3 and pTFAH40 (without iodo-based
XB donors) for comparison. In the pTACE-3/pTFAI40 LBL
system, the absorbance increases linearly with cycle repetitions,
conrming the success of LBL assembly with similar amounts
of polymer being adsorbed in each cycle. In signicant contrast,
LBL assembly of pTACE-3 and pTFAH40 results in almost no
increase in absorbance, most likely because of the lack of XBIE
interactions between the two polymers (Fig. S16†).

Finally, XBIE interactions were applied to the self-assembly
of incompatible polymers in bulk.39 The telechelic poly-
dimethylsiloxanes PDMS-DI and PDMS-DH, which contain
either TFAI or TFAH as end-groups, were employed (Scheme 2).
First, these polymers were respectively mixed with pTACE-3 in
dichloromethane. Evaporation of the solvent led to two types of
polymer blends, namely PDMS-DI/pTACE-3 and PDMS-DH/
pTACE-3. PDMS is incompatible with most polar species, and
macroscale phase separation occurs when there are no specic
interactions between PDMS and other components in the
blend. Photographs of the two blends are shown in Fig. 3a. In
the PDMS-DH/pTACE-3 blend, pTACE-3 precipitates as a solid
and PDMS-DH remains as a owable liquid. Conversely, PDMS-
d on a surface; (a) DLS results for pTACE-2/pTFAI15 (red) and pTACE-2/
) UV-vis spectra from LBL assembly of pTACE-3/pTFAI40 (inset: abs. at
E-3/pTFAH40 (blue)).

Chem. Sci., 2023, 14, 9820–9826 | 9823
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Fig. 3 Application of XBIE interactions to constructing supramolecular polymer blends. (a) Schematics and pictures of PDMS-DI/pTACE-3 and
PDMS-DH/pTACE-3 blends; (b) master curves for supramolecular polymer blends with [PDMS-DI]/[pTACE-3] = 1.0 : 0.2 (green), 1.0 : 0.4 (black),
1.0 : 0.6 (blue), 1.0 : 0.8 (red), 1.0 : 1.0 (purple), and pure PDMS-DI (orange) (G′ (solid) and G′′ (hollow)); (c) WLF fitting of aT as a function of
temperature. (d) Determination of Ea using Arrhenius plots.
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DI/pTACE-3 forms a homogeneous gel-like blend, suggesting
that XBIE interactions between TACE-I and TFAI endow the two
polymers with compatibility. This was conrmed by solid-phase
19F NMR measurements (Fig. S23†). When pTACE-3 is mixed
with PDMS-DI, the uoride signals from PDMS-DI exhibit
noticeable shis towards higher elds. These shis are
consistent with the halogen-bonding formation observed in the
TACE-I & TFAI model systems in solution, indicating a similar
phenomenon in the solid state.

To gain a deeper understanding of the dynamic viscoelastic
properties of the supramolecular polymer blend, samples with
different ratios of PDMS-DI and pTACE-3 were prepared and
characterized by frequency-sweep analysis. As shown in Fig. 3b,
master curves for the storage moduli (G′) and loss moduli (G′′)
for PDMS-DI/pTACE-3 blends (1.0/0.2–0.8) at a reference
temperature of 25 °C are well constructed according to the
time–temperature superposition principle. For each sample,
the G′ and G′′ cross at a specic frequency (u), and the G′

approaches a plateau value in the high-frequency (low-
temperature) region, demonstrating responses of elastic
solids.40 The terminal slopes at low frequency show G′′ f u and
G′ f u2 behavior, which indicates that PDMS-DI and pTACE-3
are homogeneously mixed in these supramolecular polymeric
blends.41 This was further corroborated by the analysis con-
ducted using differential scanning calorimetry (DSC). The
9824 | Chem. Sci., 2023, 14, 9820–9826
results revealed a singular, yet notably higher glass transition
temperature (Tg) in the supramolecular polymeric blend
compared to that observed in PDMS-DI (Fig. S25†). Meanwhile,
the horizontal shi factor aT follows the Williams–Landel–Ferry
(WLF) function well, and the vertical shi factor bT is close to 1,
conrming the thermorheologically simple behavior of these
supramolecular polymeric blends (Fig. 3c and S21†).40 The tan
d curve of PDMS-DI/pTACE-3 (1 : 1) blends shows a slight
stacking deviation in the low temperature region, which may
result from the phase separation caused by excessive pTACE-3
(Fig. S20†). Using the Arrhenius equation, the apparent activa-
tion energy (Ea) of these supramolecular polymeric blends was
determined (Fig. 3d, Table S1†).42 For the blends studied here,
the obtained Ea ranges from 77.1 to 140.7 kJ mol−1, increasing
with the addition of pTACE-3, indicating that the supramolec-
ular polymeric blends are inherently enhanced by introducing
XBIE interactions.
Conclusions

In summary, we have developed triaminocyclopropenium
iodides and uoroiodobenzene derivatives as a new type of
noncovalent synthon, which were applied, for the rst time, to
drive the self-assembly of polymers. The construction of elec-
trostatically co-assembled micelles in solution, LBL deposition
© 2023 The Author(s). Published by the Royal Society of Chemistry
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of polymers on a surface, and preparation of supramolecular
polymer blends in bulk were demonstrated as showcases, which
demonstrate the feasibility of this noncovalent synthon in
constructing supramolecular polymeric systems. Considering
the unique electronic features of TACs, such as their redox
activity and conductivity, we envision that TAC-based non-
covalent synthons can act as functional components while also
being structural motifs. Accordingly, this line of research
presents opportunities for developing supramolecular elec-
tronic materials. Furthermore, when compared with hydrogen
bonding, XB offers several advantages, including high direc-
tivity, adjustable strength, and greater resistance to polar
solvents. It has found extensive applications across various
elds such as mesomorphic materials, organic catalysis, and
drug delivery. We expect that the newly coined term “halogen-
bonding-induced electrostatic interaction” will stimulate new
research on TAC- and/or XB-based molecular systems.
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