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Halogen-bond-driven supramolecular assemblies
of quaternary-ammonium-iodide-containing polymers
in three phases

Hong Tho Le1 and Atsushi Goto1,2,*
SUMMARY

Halogen bonding (XB) opens avenues to supramolecular assemblies.
Here, we report XB-driven supramolecular assemblies of quaternary
ammonium iodide (QAI)-containing polymers in three (solution, sur-
face, and solid) phases. In the solution, QAI-containing block copol-
ymers form unique self-assembly structures such as micrometer-
sized giant vesicles (up to 5-mm diameter) and a 1-dimensional
(1D) structure with multiple inter-vesicular linkages via XB. Exploit-
ing the temperature dependence of XB strength, external molecules
are successfully loaded and unloaded. On the surface, reversible XB
crosslinking and decrosslinking of QAI-containing polymer brushes
are achieved. The wettability of the polymer brush is finely tuned
by the XB crosslinking density. In solid phase, QAI-containingmono-
mers are co-crystalized (assembled) via XB. A polymer sheet is ob-
tained via the solid-phase polymerization of the monomer co-crys-
tal; the sheet enables capture and release of halogen-containing
(XB-coordinating) guest molecules and thereby serves as an innova-
tive host material.
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INTRODUCTION

Halogen-bonding (XB) (Figure 1A) is a noncovalent bond between an electron-ac-

cepting halogen (X) and an electron-donating base (B) and has gained growing

attraction in, for example, crystal engineering, material science, biological science,

and synthetic chemistry.1–10 The R�X$$$B angle is close to 180�. The strength of XB

increases on the order of X = F < < Cl < Br < I and increases with an increase in the

electron-withdrawing ability of R. Thus, iodo-perfluorocarbons (X = I and R = per-

fluorocarbons) are among the most effective and widely used R�X. The B group

can be electrodonating anions and neutral species such as halide anions, chalcogen-

and pnictogen-containing species, and p-electron donors.

Quaternary ammonium iodide (QAI)-containing polymers have attracted attention for

their antimicrobial properties.11–17 They are usually synthesized by post-quaterization

of tertiary amine-containing polymers. However, this approach often encounters incom-

plete quaterization.Our research group recently synthesizedQAI-containingmonomers

(such as 1–3 in Figure 1C) and used them to obtain their homopolymers, random copol-

ymers, and block copolymers comprising fully quaternized QAI units18 via reversible

complexation-mediated polymerization (RCMP),19–24 which is an organocatalyzed living

(reversible deactivation) radical polymerization.25–33

Block copolymers can self-assemble into micelles, worms, vesicles, and other struc-

tures, which are useful for delivery containers, functional fillers, and imaging
Cell Reports Physical Science 2, 100469, June 23, 2021 ª 2021 The Author(s).
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Figure 1. Schematic illustrations of XB, RCMP, and substrates scope used in this work

(A) XB and binding energies of several non-covalent interactions.

(B) Synthesis of diblock copolymer ((PC6MAI-r-PMMA)-b-polymer) via self-catalyzed RCMP.

(C) Structures of monomers, XB linkers, and alkyl iodide initiators used in this work.
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materials, for example.34–50 In many cases, amphiphilic block copolymers are used in

selected solvents, generating assemblies because of the different solubilities of the

different blocks. Another innovative approach is to use non-covalent bonds to cross-

link the block copolymer segments for forming assemblies.51–53 The non-covalent

bond is reversible, and its strength can be tuned by environments and stimuli. Exam-

ples of the bonds used are hydrogen (H) bonding (typical bond energy = 4–38 kJ/

mol),54 p-p stacking (7–38 kJ/mol),55,56 and anion-p forces (7–87 kJ/mol) (Fig-

ure 1A).57–59 XB has so far scarcely been used, and the available examples used I

as X and pyridine and amines as B to generate, for example, hierarchical cylinders,
2 Cell Reports Physical Science 2, 100469, June 23, 2021



Scheme 1. XB-driven self-assemblies of QAI-containing polymer in three phases and applications

(A) XB-driven self-assemblies of diblock copolymer ((PC6MAI-r-PMMA)-b-polymer) in solution phase.

(B) Reversible XB-driven assembling-disassembling of PC6MAI-r-PMMA random copolymer brush on surface.

(C) Reversible host-guest interaction between PC6MAI polymer sheet (host) and different XB linkers (halogen-containing molecules) (guests) in solid

phase.
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spherical particles, and supramolecular gels.7,10,60–62 The bond energy of XB is typi-

cally 14–36 kJ/mol for X = I and B = pyridine and amines,63 which is similar to that of

H bonding (4–38 kJ/mol).

Iodide anion (I�) can serve as the B group. QAI bears I�, but has not been used to

assemble polymers. A significant aspect is that the bond energy of XB with X = I

and B = I� is exceptionally large, as large as 20–180 kJ/mol (depending on R), and

is among the largest energies of all of the non-covalent bonds.64,65 This markedly

strong yet reversible nature of this bondmotivated us to use QAI to generate assem-

blies. Here, we report the preparation of XB-driven self-assemblies using QAI-con-

taining block copolymers (Figure 1B). Our research group previously used XB with

X = I and B = neutral nitrogen (N) or oxygen (O) atoms and created XB-driven crystals

in the solid phase.66 Herein, we study the much stronger XB (I$$$I�) using the

charged B (B = I�). The stronger XB allowed us to create XB-driven assemblies not

only in the solid phase but also in the solution phase and on the surface.

First, we studied their assemblies in the solution phase in the presence of diiodide

XB linkers (X�R�X) (e.g., 4 in Figure 1C) for bridging (crosslinking) the QAI (I�) units
of the polymers (Scheme 1A). Interestingly, as described below, this approach

enabled the formation of giant (micrometer-sized) vesicles, one-dimensional (1D)

structure, and large compound micelles that are uniquely accessible via the QAI-

based XB. The degree (strength) of XB was also tuned by temperature, offering a

temperature-responsive change in the assembly size and enabling the loading

and unloading of an external molecule.

Second, besides the solution phase (Scheme 1A), we explored the XB-driven

assemblies of QAI-containing polymers on the surfaces (Scheme 1B). We
Cell Reports Physical Science 2, 100469, June 23, 2021 3
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synthesized QAI-containing polymer brushes on the surfaces and crosslinked the

brush chains via XB. Exploiting the reversible nature of XB, we attained crosslinking

(assembling) and decrosslinking (disassembling) of the brush chains in recycledman-

ners. The wettability of the polymer brushes was finely tuned by the crosslinking and

decrosslinking.

Third, we explored the XB-driven assemblies in the solid phase (Scheme 1C). The

QAI-containing monomers were assembled with the XB linkers to form monomer

co-crystals. The monomer co-crystals were subsequently polymerized via solid-

phase polymerization (SPP), generating solid polymer sheets crosslinked via the

XB linkers. An interesting application was that we could exchange one XB linker

with another XB linker, while keeping the shape of the sheet. The polymer sheet

captured and released halogen-containing guest molecules, serving as a unique

host material. Thus, in the present work, we comprehensively studied the XB-driven

assemblies of QAI-containing polymers in the solution phase, on the surface, and in

the solid phase, and their unique features.

RESULTS AND DISCUSSION

Synthesis of QAI-containing block copolymers

QAI-containing monomers (1�3 in Figure 1C) were synthesized via the Menshutkin

quaternarization, as reported previously.18 We used 2,2,2-(hexyldimethylamino)

ethyl methacrylate (C6MAI) (1) for the synthesis of block copolymers. We carried

out RCMPs of C6MAI and methyl methacrylate (MMA) at various C6MAI/MMA molar

ratios for synthesizing the first block segment. We heated a mixture of the 2 mono-

mers and 2-iodo-2-methylpropionitrile (CP�I [Figure 1C], alkyl iodide initiating

dormant species) at 60�C for 3–5 h (monomer conversion = 30%�88%).

Because the QAI moiety (I�) of C6MAI worked as an RCMP catalyst, this polymeriza-

tion was self-catalyzed, requiring no additional catalyst (Figure 1B). We obtained

PC6MAI-r-PMMA-I random copolymers whose C6MAI molar compositions ranged

from 7% to 100% (PC6MAI homopolymer) (Table S1), where PC6MAI and PMMA

are poly(C6MAI) and poly(methyl methacrylate), respectively.

The obtained polymers were used as macroinitiators in the RCMPs of 2,2,2-trifluor-

oethyl methacrylate (TFEMA), benzyl methacrylate (BzMA), poly(ethylene glycol)

methyl ether methacrylate (PEGMA) (averagemolecular weight = 300), and poly(eth-

ylene glycol) methyl ether acrylate (PEGA) (average molecular weight = 480) (Fig-

ure 1C) at 70�C, yielding block copolymers (Figure 1B). Tables 1 and S2 list the ob-

tained PC6MAIm-r-PMMAn-b-polymerx with different degrees of polymerization

(DPs), where the subscripts m, n, and x denote the DPs of the PC6MAI, PMMA, and

secondblock segments, respectively. TheMn andÐ (=Mw/Mn) values of the polymers

listed in Table S2 are not absolute values but were obtained from PMMA-calibrated

gel permeation chromatography (GPC), where Mn and Mw are the number- and

weight-average molecular weights, respectively, and Ð is the dispersity. The m, n,

and x values listed in Tables 1 and S2 were calculated from ([monomer]0/[alkyl

iodide]0)3 (monomer conversion), assuming a 100% initiation efficiency. As a rough

estimate, we use these DPs (m, n, and x values) in the present article.

XB-driven self-assemblies of QAI-containing block copolymers in solution

The obtained block copolymers were used to generate self-assemblies in solution

(Scheme 1A). We used 1,4-diiodotetrafluorobenzene (I�C6F4�I [4 in Figure 1C]) as

an XB linker (X�R�X). The C6MAI (I�) units in the block copolymers are bridged

through the I�$$$I�C6F4�I$$$I� coordination, forming the core of the assembly.

The second block segment with no I� units forms the corona. The solvent was chosen
4 Cell Reports Physical Science 2, 100469, June 23, 2021



Table 1. Self-assembly structures of block copolymers

Entry
Designation
of block copolymer

Common solvent/
selective solvent
(20/80 v/v%)

With XB linker (I�C6F4�I [4]) Without XB linker

C6MAI/4a
db (DLS)
(nm)

SDIc

(DLS)
Assembly
structured

Code in
Figure 2

db (DLS)
(nm)

SDIc

(DLS)
Assembly
structured

Code in
Figure 2

1a PC6MAI6-r-PMMA14-
b-PTFEMA226

DMSO/C6H5CF3 12/1 437 0.032 V A1 40 0.017 S A2 = B2

1b 2/1 5,480 0.0004 V B1

2 PC6MAI15-r-PMMA9-
b-PTFEMA100

DMF/C6H5CF3 5/1 933 0.014 V C1 167 0.073 V C2

3 PC6MAI1-r-PMMA13-
b-PBzMA99

CH2Cl2/toluene 2/1 490 3 790e NA 1D D1 128 0.008 V D2

4 PC6MAI6-r-PMMA14-
b-PPEGMA115

DMSO/water 2/1 785 0.116 LCM E1 320 0.109 LCM E2

5 PC6MAI15-r-PMMA9-
b-PPEGMA495

DMSO/water 2/1 705 0.017 WA F1 150 0.014 S F2

6 PC6MAI1-r-PMMA13-
b-PPEGA72

DMSO/water 2/1 283 0.036 WA G1 68 0.005 S G2

7 PC6MAI17-b-PTFEMA87 DMF/C6H5CF3 2/1 476 0.026 V H1 33 0.005 S H2

8 PC6MAI17-b-PPEGMA25 DMSO/water 2/1 761 0.053 V I1 132 0.062 S I2
aThemolar ratio of the C6MAI unit and I�C6F4�I (4). The polymer concentration in themixed solvent was 4.0 wt% (entry 1a), 4.0 wt% (entry 1b), 0.4wt% (entry 2), 0.8

wt% (entry 3), 0.2 wt% (entry 4), 0.7 wt% (entry 5), 0.6 wt% (entry 6), 0.4 wt% (entry 7), and 0.9 wt% (entry 8).
bThe DLS peak-top value.
cDLS size distribution index defined as [(standard deviation)/(mean particle size)]2.
dS = spherical micelle, WA = worm-like aggregate, V = vesicle, 1D = 1D structure, and LCM = large compound micelle.
eThe average (width 3 length) size for 1 vesicular unit in 1D chain estimated with TEM (dry state).
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so that the corona segment can be solvated (dissolved); namely, we used a,a,a-tri-

fluorotoluene (C6H5CF3) for PTFEMA, toluene for PBzMA, and water for PPEGMA

and PPEGA, where PTFEMA, PBzMA, PPEGMA, and PPEGA are poly(2,2,2-trifluor-

oethyl methacrylate), poly(benzyl methacrylate), poly(poly(ethylene glycol) methyl

ether methacrylate), and poly(poly(ethylene glycol) methyl ether acrylate),

respectively.

We studied PC6MAI6-r-PMMA14-b-PTFEMA226 (Table 1, entries 1a and 1b) with a su-

per-hydrophobic fluorinated PTFEMA segment in the second block. The polymer

and I�C6F4�I were dissolved in a common solvent (dimethyl sulfoxide [DMSO]),

to obtain a homogeneous solution. To this solution, a selective solvent (C6H5CF3)

was slowly added dropwise using a syringe pump to drive the aggregation of the first

block (PC6MAI-r-PMMA) via the XB linker (I�C6F4�I), with keeping the second block

(PTFEMA) dissolved. The subsequent overnight stirring of the solution resulted in

the formation of a vesicle, as the transmission electronmicroscope (TEM) image (Fig-

ure 2A1) shows. The polymer concentration was 4 wt% in the DMSO/C6H5CF3 (20/80

v/v%) mixture and the molar ratio of the C6MAI monomer unit over I�C6F4�I was

12:1. The dynamic light scattering (DLS) analysis showed that the hydrodynamic

size (d (DLS)) of the assembly was 437 nm (DLS peak top) (Table 1, entry 1a). The con-

tour length of this polymer (246 monomer units) is 62 nm (= 0.25 nm 3 246 units).

The d (DLS) value (437 nm) is much larger than twice that of the contour length

(124 nm [ = 2 3 62 nm]), supporting the idea that the assembly is not a micelle

but a vesicle.

To demonstrate that XB played a role in driving the formation of the vesicle, no XB

linker (I�C6F4�I) was used under the same condition to form an assembly. The as-

sembly structure with no XB linker was a micelle (Figure 2A2). The d (DLS) value

was 40 nm (Table 1, entry 1a), which is smaller than twice that of the contour length

(124 nm [= 2 3 62 nm]), supporting the micelle structure (not vesicle). This result

clearly proves that the above-observed vesicle formation was driven by XB.
Cell Reports Physical Science 2, 100469, June 23, 2021 5
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The weight fraction (fcore) of the core (PC6MAI-r-PMMA) segment in this block copol-

ymer is 0.09, which is much smaller than that of the corona (PTFEMA) segment. Usu-

ally, such a small fcore value leads to amicelle because of a high curvature of the core-

corona interface, as observed in the absence of the XB linker. In the presence of the

XB linker, the coordination of the XB linker with the PC6MAI unit can increase the vol-

ume of the core because of the additional volume of the incorporated XB linker (the

fcore value can increase up to 0.13 at a full coordination). The increase in the fcore
value can lower the curvature. More important, the core segment is crosslinked via

XB, and the crosslinked core can strongly exclude the corona segment because of

the size exclusion. This topological effect (crosslinking) can strongly segregate the

core from the corona, and the resultant lowered curvature may drive the structural

change from a micelle to a worm and to a vesicle. Thus, the observed vesicle would

be formed by the increase in the core volume and, also important, by the topological

segregation.We re-emphasize that the XB for X = I and B = I� is exceptionally strong.

The crosslinking efficiency would therefore be high. Such strong and efficient cross-

linking would bring the observed markedly significant morphological change from

the spherical micelle to the vesicle with the addition of the XB linker.

To probe the role of XB, in the same system, we increased the crosslinking density to a

maximumpossible extent using a stoichiometricmolar ratio (2:1) of theC6MAI unit over

I�C6F4�I (Table 1, entry 1b). The fcore can increase up to 0.28 at a full coordination, and

the topological segregation can be enhanced further, which may give an ultra-low cur-

vature. Interestingly, a giant vesicle (Figure 2B1) with a remarkably augmented d (DLS)

value of 5,480 nm was generated. The vesicle size increased >12 times (437 nm versus

5,480 nm) when the amount of the XB linker increased 6 times (12/1 versus 2/1),

demonstrating the role of XB in driving the formation of low-curvature assemblies.

PC6MAI15-r-PMMA9-b-PTFEMA100 (Table 1, entry 2) with a shorter corona (PTFEMA)

segment formed a vesicle even in the absence of the XB linker (Figure 2C2). The

d (DLS) value of the assembly was 167 nm, which is larger than twice that of the con-

tour length of this polymer (62 nm [ = 2 3 0.25 nm 3 124 units]). In the presence of

the XB linker, the d (DLS) value increased to 933 nm, which is nearly micrometer sized

(Table 1, entry 2 and Figure 2C1). The C6MAI/I�C6F4�I ratio was 5:1. Notably, even

when the amount of I�C6F4�I was smaller than the stoichiometry (the C6MAI/

I�C6F4�I of 2:1), a giant vesicle structure of nearly micrometer size was generated,

showing the effectiveness of the XB-based crosslinking. Such micrometer-sized gi-

ant vesicles (Figures 2B1 and 2C1; Table 1, entries 1b and 2) are interesting struc-

tures obtained in the present XB-driven system. In the literature, micrometer-sized

spheres and vesicles were obtained via ionic forces, H bonding, and metal coordina-

tion67–71 and have not been obtained via XB.

The XB-driven morphology change was not specific to the fluorinated PTFEMA

corona but was observed for other coronas. We used the stoichiometric C6MAI/

I�C6F4�I (2:1) molar ratio for all of the assemblies described below. PC6MAI1-r-

PMMA13-b-PBzMA99 (Table 1, entry 3) with a benzylic PBzMA segment generated

an interesting structure (i.e., a 1D structure; Figure 2D1). Vesicles were linked in

one direction to form the 1D structure. From the TEM image, we estimated the
Figure 2. Self-assemblies of diblock copolymers (PC6MAI-r-PMMA-b-Polymer).

(A1–I1) TEM images of self-assemblies of diblock copolymers with XB linker (I�C6F4�I [4]). Scale

bars; 200 nm, 300 nm, 1 mm, 2 mm, and 5 mm.

(A2–I2). TEM images of self-assemblies of diblock copolymers without XB linker (I�C6F4�I [4]).

Scale bars; 100 nm, 200 nm, 300 nm, and 1 mm.

Cell Reports Physical Science 2, 100469, June 23, 2021 7
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length of the 1D structure to be as large as >70 mm (Figure S1) and the average size of

each vesicle to be 4903 790 nm (Figure 2D1) in the dry state. The vesicle size is much

larger than twice that of the contour length of this polymer (57 nm [= 2 3 0.25 nm 3

113 units]). Without the XB linker, a smaller vesicle (d (DLS) = 128 nm) was generated

(Figure 2D2). Therefore, XB drove the morphology change from a small-sized vesicle

(128 nm [DLS]) to a larger-sized vesicle (490 nm 3 790 nm [TEM]), which was further

developed to a 1D structure (>70 mm in length [TEM]). In the literature, 1D structures

were obtained via p-p stacking, H bonding, and van der Waals interaction, for

example.72–74

A possible driving force to form the 1D structure is intervesicular crosslinking via XB. As

Scheme S1 illustrates, spherical vesicles are initially generated, and upon aging over-

night, the core (PC6MAI-r-PMMA) layers of two vesicles contact each other and were

fused through the rearrangement of the polymer segment and the subsequent cross-

linking via XB. However, the intervesicular connection requires the deformation of the

spherical vesicles to disc-like vesicles. The present system can give a low curvature,

which may allow the spherical vesicle to deform to the disc-like vesicle.

PC6MAI6-r-PMMA14-b-PPEGMA115 (Table 1, entry 4) with a hydrophilic PPEGMA

segment generated a giant large compound micelle (Figure 2E1). The d (DLS) value

(785 nm) (Table 1, entry 4) was much larger than twice that of the contour length of

this polymer (63 nm [= 2 3 0.25 nm 3 125 units]). The TEM image (Figure 2E1)

shows that the assembly is not a vesicle but suggests that it is a large compound

micelle consisting of multiple micelles. Without the XB linker, a smaller-sized large

compound micelle (d (DLS) = 320 nm) was obtained. Therefore, XB further gathers

compoundmicelles via the intermicellar XB crosslinking to form the giant large com-

pound micelle (Figure 2E1). Some of the large compound micelles were further

paired up to form double particles (Figure 2E1).

PC6MAI15-r-PMMA9-b-PPEGMA495 (Table 1, entry 5) with a longer hydrophilic

PPEGMA segment formed a worm-like irregular aggregate (Figure 2F1). Without

the XB linker, a spherical micelle (Figure 2F2) was generated, for which the d (DLS)

value (150 nm) (Table 1, entry 5) was smaller than twice that of the contour length

of this polymer (260 nm [= 23 0.25 nm3 519 units]), supporting the spherical micelle

structure.With the XB linker, the sphericalmicelles were connected and fused to form

worm-like aggregates via the intermicellar XB crosslinking. Thus, XB drove the

morphology change from the spherical micelle to the worm-like aggregate.

Similarly, PC6MAI1-r-PMMA13-b-PPEGA72 (Table 1, entry 6) with another hydrophilic

PPEGA segment generated a worm-like irregular aggregate (Figure 2G1) with the XB

linker and a spherical micelle (Figure 2G2) without the XB linker.

Besides the PC6MAI/PMMA random copolymers described above, we studied

PC6MAI17-b-PTFEMA87 (Table 1, entry 7) and PC6MAI17-b-PPEGMA25 (Table 1, entry

8) containing a PC6MAI homopolymer as the core-forming segment. They exhibited

theXB-drivenmorphology change fromamicelle (d (DLS) = 33and132nm, respectively)

to a vesicle (d (DLS) = 476 and 761 nm, respectively) with the addition of the XB linker

(Figures 2H1, 2H2, 2I1, and 2I2; Table 1, entries 7 and 8). Notably, with the XB linker,

while thed (DLS) values (peak-top value)were 476 and761nm, respectively, the TEM im-

ages (Figures 2H1and2I1) show that a large fractionof the vesicles is (nearly)micrometer

sized. Because the core segment is a PC6MAI homopolymer and is not diluted with the

MMA units, the crosslinking can be denser. The dense crosslinking would result in a low

curvature and hence the formation of the micrometer-sized vesicle.
8 Cell Reports Physical Science 2, 100469, June 23, 2021



Figure 3. Temperature responsiveness of XB-driven self-assembly

(A) TEM images of self-assemblies of PC6MAI15-r-PMMA9-b-PTFEMA100 with XB linker (I�C6F4�I [4]) at 25�C–70�C. Scale bar, 1mm.

(B) Plots of d (DLS) versus temperature with and without I�C6F4�I.

(C) TEM images of self-assemblies of PC6MAI15-r-PMMA9-b-PTFEMA100 without I�C6F4�I at 25�C and 70�C. Scale bar, 500 nm.

(D) Plot of d (DLS) versus cooling/heating cycle at 25�C and 70�C for PC6MAI15-r-PMMA9-b-PTFEMA100 with I�C6F4�I.
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These results demonstrate that XB enabled the formation of unique assemblies char-

acterized by particularly low curvatures and distinguished from solely solvent-driven

self-assemblies.

Temperature responsiveness of XB-driven self-assembly

Because the dissociation of XB is endothermal, XB tends to dissociate more at higher

temperatures. Thus, we hypothesized that by changing the temperature, we may con-

trol the degree of the XB crosslinking and hence the size (curvature) of the assembly.

We studied the self-assembly of PC6MAI15-r-PMMA9-b-PTFEMA100 (Table 1, entry 2)

with the XB linker at various temperatures (25�C–70�C). Figure 3C1 (25�C) shows the
assembly at 25�C (the same assembly as shown in Figure 2C1). The TEM (Figure 3A)

and DLS (Figure 3B, circle) results show that the assembly structure remained a

vesicle at all of the temperatures studied, but that the size of the vesicle (d (DLS)

value) significantly decreased from 794 to 208 nm, with an increase in the tempera-

ture from 25�C to 70�C and approaching the size (176 nm) of the vesicle obtained

without the XB linker at 70�C (Figure 3B, square, and Figure 3C2 [70�C]). The result

suggests almost complete dissociation of XB at 70�C. The mixture with the XB linker

was subsequently cooled from 70�C to 25�C, and the vesicle size was recovered to
Cell Reports Physical Science 2, 100469, June 23, 2021 9
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799 nm (Figure 3D). The surge in the vesicle size was observed in three cooling-heat-

ing circles (Figure 3D), demonstrating a reversible temperature-responsive change

in the vesicle size. The structure was equilibrated for 10 min at each temperature.

Therefore, the timescale of the size change was <10 min. Without the XB linker,

the vesicle size did not change significantly (d (DLS) = 144–177 nm) at 25�C–70�C
(Figures 3B and 3C), confirming that the observed temperature-responsive size

change was directed by XB.

We also studied the assembly of PC6MAI1-r-PMMA13-b-PBzMA99 (Table 1, entry 3)

with the XB linker at 25�C and 70�C. The 1D structure that was formed at 25�C (Fig-

ure 2D1) turned to a vesicle at 70�C (Figure S2; Table S3), suggesting the dissocia-

tion of XB at 70�C. The 1D structure was obtained again after cooling from 70�C to

25�C (Figure S2; Table S3). The result demonstrates another example of the revers-

ible temperature responsiveness via XB.

Loading and unloading of external molecule

Exploiting the temperature-responsive size change, we studied the loading and un-

loading of an external molecule, L-thyroxine (T4 [5 in Figure 1C]) using an assembly.

T4 is a thyroid hormone involved in the human body. T4 is a natural XB linker bearing

four iodine atoms and its transportation into cells is mediated by the cell membrane re-

ceptors via XB.75,76 In the present study, we loaded T4 into an assembly via XB. The use

of XB for loading an external molecule in a polymer assembly is conceptually unique.

We studied PC6MAI15-r-PMMA9-b-PTFEMA100 (Table 1, entry 2). Instead of

I�C6F4�I (Figure 3), we used T4 (Figure 4) as an XB linker. Unlike the vesicle obtained

with I�C6F4�I (Figure 3A, image C1 [25�C]), a large compound micelle (d (DLS) =

353 nm) was obtained with T4 (Figure 4B, image J [25�C]), probably because of

the different numbers of the iodine atom in the XB linkers (2 versus 4). With no XB

linker, a small vesicle (d (DLS) = 167 nm) was obtained (Figure 3C, image C2

[25�C]), meaning that the large compound micelle was generated because of XB,

and that T4 was successfully loaded in the large compound micelle.

For the T4-containingmixture, we removed the precipitated excess amount of T4 using

a filter at 25�C. Subsequently, we heated the mixture from 25�C to 70�C, generating a

small spherical micelle (Figure 4B, image J [70�C]) (d (DLS) = 29 nm). Most likely, the

large compound micelle dissociated into individual small spherical micelles because

of the dissociation of intermicellar XB (Figure 4A). The d (DLS) value gradually

decreased from 353 nm at 25�C to 263 nm at 30�C, to 123 nm at 50�C, and further

to 29 nm at 70�C (Figure 4C). The result suggests that, owing to the dissociation of

XB, the assembly gradually released T4 (XB linker) with an increase in the temperature.

The loading and release of T4 were further probed using fluorescence (FL) spectros-

copy. The FL of T4 is quenched when T4 molecules are aggregated because of the

aggregation-caused quenching (ACQ).77,78 The mixture of the polymer and T4 ex-

hibited a weak FL (420 arbitrary units [a.u.]) at 25�C (Figure 4D, blue line) because

T4 molecules were loaded and aggregated in the assembly. At 70�C, the FL

increased to 520 a.u. (Figure 4D, red line), suggesting a part of the T4 molecules

were released into the solution phase (as the non-aggregated state). As Figure 4C

shows, with an increase in the temperature, the assembly size (blue circle) decreased

and the FL intensity (red square) increased, showing the temperature-responsive

gradual release of T4. Although the release of T4 was not quantitative (not 100%),

the result would demonstrate a potential that the assemblies may serve as delivery

carriers of halogen-containing (XB-coordinating) external molecules.
10 Cell Reports Physical Science 2, 100469, June 23, 2021



Figure 4. Loading and unloading of L-thyroxine (T4) as an external molecule by tuning the temperature

(A) Schematic illustration of temperature-responsive morphological change between large compound micelle and individual spherical micelle for

PC6MAI15-r-PMMA9-b-PTFEMA100 with L-thyroxine (T4).

(B) TEM images of self-assemblies with T4 at 25�C and 70�C. Scale bars, 150 nm and 500 nm.

(C) Plots of fluorescence intensity (left) and d (DLS) (right) versus temperature with T4.

(D) Fluorescence spectra at 25�C and 70�C (0.2 wt% polymer in C6H5CF3/DMF = 80/20 [v/v] with T4).
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Preparation of QAI-containing polymer brushes on surfaces

In the literature, QAI-containing polymer brushes have been studied for antibacterial

applications.79–81 In the present work, we studied reversible crosslinking of QAI-con-

taining polymer brushes via XB. Surface-initiated polymerization is an effective

method to fabricate polymer brushes on solid surfaces and to tailor the surface me-

chanical, biological, and stimuli-responsive properties.81,82 Using surface-initiated

RCMP,83–85 we prepared PC6MAI-r-PMMA random copolymer brushes with

different compositions of C6MAI (FC6MAI = 100%, 90%, 54%, 25%, and 0% [PMMA

homopolymer brush]) (Table 2, entries 1–5). An alkyl iodide-initiating dormant spe-

cies, 6-(2-iodo-2-isobutyryloxy)hexyltriethoxysilane (IHE [Figure 5A]) was immobi-

lized on a silicon wafer. The IHE-immobilized wafer was heated in a mixture of

C6MAI, MMA, a non-immobilized (free) dormant species (CP–I) at 60�C, yielding a

polymer brush (Figure 5A, step 1). The free dormant species was added because

its addition can improve the control over Mn and dispersity, and the Mn value of
Cell Reports Physical Science 2, 100469, June 23, 2021 11



Table 2. PC6MAI-r-PMMA brushes with different FC6MAI values and PC6MAI-b-PTFEMA brush

Entry
[C6MAI]0/[MMA]0/
[CP–I]0 (mM)a t (h)

C6MAI/MMA
conv (%)b

FC6MAI

(%) Mn,theo
c DPd h (nm)

s

(chains /nm2) s* (%)

WCAe (�)

No crosslinking XB crosslinking

1 3,000/0/30 7 78/– 100 37,000 78 5 0.14 26 55 39

2 7,000/3,000/25 4 98/28 90 100,000 310 7 0.05 9 61 49

3 3,000/7,000/10 6 97/36 54 130,000 540 16 0.09 12 67 59

4 3,000/3,000/10 4 32/92 25 62,000 370 18 0.21 19 83 79

5 0/3,000/10 5 –/55 0 16,000f 160 8 0.35 20 91 91

6 (first block) 3,000/0/30 7 49/– 100 18,000 49 2 0.09 16 – –

6 (second
block)

1100 (TFEMA)/1
(PC6MAI–I)/2 (V65)

7 TFEMA conv = 87% 178,000 +950 +16 – – 96 65

aPolymerization in ethyl carbonate (EC) (monomer/EC = 75/25 wt%) at 60�C.
bMonomer conversion obtained with 1H NMR.
cTheoretical Mn calculated from ([monomer]0/[CP–I]0) 3 (monomer conversion) 3 (molecular weight of monomer).
dTheoretical DP calculated from ([monomer]0/[CP–I]0) 3 (monomer conversion).
eThe WCA value averaged from 3 separate measurements.
fThe GPC values were Mn = 17,000 and Ð = 1.19.
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the free polymer generated from the free initiator is in good agreement with that of

the graft polymer in many cases.81,82,86 For this system, because relatively long

PC6MAI/PMMA chains were synthesized, the GPC analysis of the free polymer was

difficult because of the significant interaction between the C6MAI units with the

GPC column, in contrast to the short PC6MAI/PMMA chains studied for the self-as-

semblies in the solution. Thus, the DP value of the free polymer was theoretically

calculated according to ([monomer]0/[CP–I]0) 3 (monomer conversion)). This value

is used as the DP of the graft polymer as a rough estimate in the present study

(Table 2). The thickness (h) of the brush was measured by atomic force microscopy

(AFM); namely, the brush was scratched, and the height gap between unscratched

and scratched regions was measured. The graft density (s (chains/nm2)) and surface

occupancy (s* (%)) of the brush were calculated from the h and DP values (Supple-

mental experimental procedures). The s* value was relatively high—9%–26%

(Table 2)—for the studied brushes and was (nearly) located in the concentrated brush

region (s* > 10%).86
Reversible crosslinking and decrosslinking of QAI-containing polymer brushes

The polymer brush was crosslinked via XB by immersing the polymer brush in a so-

lution of I�C6F4�I (0.05 M in dichloromethane [CH2Cl2]) for 30 min (Figure 5A, step

2). The wafer was then sonicated in CH2Cl2 to remove an excess amount of I�C6F4�I

from the brush surface. The crosslinked brush was decrosslinked by immersing the

brush in an excess ethanol for 30 min (Figure 5A, step 3). Ethanol has a moderately

electron-donating oxygen atom and can form XB with I�C6F4�I and eliminate

I�C6F4�I from the brush.

The crosslinking and decrosslinking of the C6MAI homopolymer brush (Table 2, en-

try 1) were studied with X-ray photoelectron spectroscopy (XPS) and attenuated total

reflectance-infrared (ATR-IR) spectroscopy in the dry state. After step 2, a fluorine (F)

1s XPS signal (694 eV) was observed (Figure 5B), meaning that I�C6F4�I was

included in the brush. The iodine (I) 3d XPS signal was shifted from 621.5 and

632.8 eV (pure I�C6F4�I) to 620.0 and 631.6 eV (I�C6F4�I present in the brush) after

step 2 (Figure 5C), supporting that I�C6F4�I underwent XB with the C6MAI units to

form the crosslinked brush. The ATR-IR spectra (Figures 5D and S3) show that the C-F

signals (1,437 and 927 cm�1) of I�C6F4�I appeared after step 2 and disappeared

after step 3, showing successful crosslinking and decrosslinking of the brush.
12 Cell Reports Physical Science 2, 100469, June 23, 2021
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We studied the static water contact angle (WCA) of the C6MAI homopolymer brush.

Water has an O atom and may form XB with I�C6F4�I. However, I�C6F4�I is hydro-

phobic and would hardly move from the crosslinked brush to the water phase.

Hence, during the contact angle measurement, the removal of I�C6F4�I from the

crosslinked brush would be negligible. The WCA of the uncrosslinked brush was

55� and that of the crosslinked brush was 39� (Figure 5E). The decrease in the

WCA by the crosslinking is ascribed to the suppression of the so-called bridging ef-

fect.85,87–89 A brush polymer chain anchors on the solid surface at one chain end.

During the WCA measurement, the chain can extend to the liquid-vapor interface

at the other chain end. The bridging of the polymer chain to the liquid-vapor inter-

face can generate surface pressure and hence increase the WCA. The crosslinking of

brush chains can prevent the polymer chains to extend, inhibiting the bridging effect

and hence decreasing the WCA. Thus, the observed decrease in the WCA after step

2 supports the formation of the crosslinked brush. Because I�C6F4�I is more hydro-

phobic than the PC6MAI homopolymer brush, the incorporation of I�C6F4�I in the

brush layer could increase the WCA. However, the presence of I�C6F4�I actually

decreased theWCA, which strongly suggests the formation of the crosslinked brush.

The WCA was studied for the PC6MAI-r-PMMA brushes with different FC6MAI values

(Table 2, entries 1–5). The WCA of the non-crosslinked brush (before step 2) decreased

from 91� to 55�, with an increase in the FC6MAI value from 0% to 100% (Figure 5F, circle;

Table 2, entries 1–5), because the C6MAI unit is more hydrophilic than the MMA unit.

The brushes were treated with I�C6F4�I (step 2). At FC6MAI = 25%–100%, the WCA

decreased by the crosslinking, and at FC6MAI = 0%, the WCA was unchanged because

of no crosslinkable C6MAI unit (Figure 5f, square; Table 2, entries 1–5). The change in

the cosine of the WCA was more significant at a larger FC6MAI value (cos(91�) �
cos(91�) = 0 for FC6MAI = 0%, cos(79�) � cos(83�) = 0.069 for FC6MAI = 25%, cos(59�) �
cos(67�) = 0.124 for FC6MAI = 54%, cos(49�) � cos(61�) = 0.171 for FC6MAI = 90%, and

cos(39�) � cos(55�) = 0.204 for FC6MAI = 100%). The result suggests that the change

in the surface pressure by the crosslinking became more significant with an increase

in the FC6MAI value and hence the crosslinking density. A denser crosslinking would

lead to a more significant inhibition of the bridging effect.

The crosslinking and decrosslinking were studied in a recycled manner by immersing

the brush in a CH2Cl2 solution of I�C6F4�I (0.05 M) and ethanol alternatingly (Fig-

ures 5G–5K and S4–S8). After the first crosslinking-decrosslinking cycle, the WCA

was virtually fully recovered to the original WCA for all studied FC6MAI values (Figures

5G–5K). The changes in the WCA were also consistent in the three cycles, showing

the reproducibility in the reversible crosslinking and decrosslinking.

Besides the random copolymers, we studied the WCA of a PC6MAI-b-PTFEMA block

copolymer brush (Table 2, entry 6) with the PC6MAI segment anchoring to the wafer

and the PTFEMA segment extending to the outermost surface. The WCA significantly
Figure 5. Synthesis of QAI-containing polymer brushes and reversible crosslinking and decrosslinking for PC6MAI-r-PMMA polymer brushes and

PC6MAI-b-PTFEMA diblock copolymer brush via XB (Table 2).

(A) Synthesis of PC6MAI-r-PMMA brush (step 1), XB-driven crosslinking of polymer brush (step 2), and decrosslinking of polymer brush (step 3).

(B) XPS F 1s spectra of PC6MAI brush (Table 2, entry 1) after step 1 (top) and after step 2 (bottom).

(C) XPS I 3d spectra of pure XB linker I�C6F4�I (top) and PC6MAI brush after step 2 (bottom).

(D) ATR-IR spectra of (i) pure XB linker I�C6F4�I, (ii) PC6MAI brush after step 1, (iii) PC6MAI brush after step 2, and (iv) PC6MAI brush after step 3.

(E) WCA images of PC6MAI brush (Table 2, entry 1) with and without I�C6F4�I.

(F) Plot of WCA versus FC6MAI for non-crosslinked and crosslinked brushes (Table 2, entries 1–5).

(G–L) Plots of WCA in 3 circles of XB crosslinking and decrosslinking for PC6MAI-r-PMMA random copolymer brushes with FC6MAI = (G) 100%, (H) 90%, (I)

54%, (J) 25%, and (K) 0%, and (L) PC6MAI-b-PTFEMA diblock copolymer brush.

14 Cell Reports Physical Science 2, 100469, June 23, 2021



ll
OPEN ACCESSArticle
dropped from 96� to 65� (Figure 5L; Table 2, entry 6) after the crosslinking, and the

change in the cosine (cos(65�) � cos(96�)) was as large as 0.527. Such a large change

in the WCA is rather surprising, considering that the crosslinking occurred in the

anchoring segment and that the outermost segment could still extend. While this result

would be interesting, the reason for this large change in the WCA is unclear at this

moment. The change in the WCA was reproducible in three cycles (Figures 5L and S9).

These results demonstrate the efficient XB-driven crosslinking and decrosslinking of

the brushes and the resultant controlled change in the wettability by tuning the de-

gree of the crosslinking.

Preparation of QAI-containing monomer co-crystals

We studied the XB of QAI in the solid state. QAI-containing monomers were co-crystal-

ized with XB linkers. The studied QAI-containing monomers (Figure 1C) are C6MAI (1),

2,2,2-(trimethylamino)ethyl methacrylate (C1MAI) (2), and 2,2,2-(allyl dimethylamino)

ethyl methacrylate (AMAI [3]). The studied XB linkers (Figure 1C) are I�C6F4�I (4), 1,2-

diiodotetrafluoro ethane (I�(CF2)2�I [6]), and 1,4-diiodooctafluoro butane (I�(CF2)4�I

[7]) with aromatic and aliphatic fluorocarbons. The co-crystals were prepared via a cool-

ing method. Namely, the monomer and XB linker were dissolved in a common solvent

(methanol or CH2Cl2) at room temperature at the saturated concentration of the mono-

mer, and the subsequent slow cooling of the solution to 4�C generated the co-crystal

(Supplemental experimental procedures). The obtained crystals were analyzed with X-

ray crystallography (Tables S4 and S7–S11, and Figures S10–S14). The reliability factor

(R-factor) was 3.44%�6.86% (Table S4), indicating good agreement between the X-ray

diffraction experimental data and the crystallographic models (R-factor <20%–25%).

The co-crystals of C6MAI (1) with 4 (1$4), 6 (1$6), and 7 (1$7) and that of C1MAI (2) with

4 (2$4) contained the monomer and linker at a 2:1 (monomer:linker) molar ratio

(Table S4, entries 1–4); namely, 2 monomer molecules were bridged via 1 I�R�I

linker molecule (I�$$$I�R�I$$$I�). The co-crystal of AMAI (3) with 4 (3$4) was a 1/1

co-crystal (Table S4, entry 5); namely, the monomer molecules and linker molecules

are bridged in an alternating manner ($$$I�$$$I�R�I$$$I�$$$I�R�I$$$). In all 5 cases,

the R�I$$$I� bond was nearly linear (bond angle = 173.3�–178.3�), as it is character-
istic for XB. The I$$$I� bond length was 3.356–3.461 Å, which is longer than the I�I

covalent bond length (2.66 Å) and shorter than the corresponding van der Waals dis-

tance (3.96 Å) and reasonably supports the formation of XB. The adjacent vinyl group

distances in the co-crystals ranged from 4.642 to 8.002 Å, which was short enough

for the propagation to occur. The NMR and IR analyses also supported the co-pres-

ence of the monomer and linker in the crystals (Supplemental experimental proced-

ures). The obtained co-crystals were thermally stable in their inert (insoluble) solvent

(diglyme) at 100�C for 24 h, showing no damage in the crystal packing structures

(Figure S15; Table S12). The differential scanning calorimetry (DSC) analysis

showed that the melting points (breaking of XB) of the co-crystals were >100�C
(Figures S16–S22; Table S5). Thus, the polymerizations (SPPs) of the co-crystals

were conducted at 100�C, as described below. In addition, the thermal gravimetric

analysis (TGA) showed that the thermal decomposition temperatures (at the 50%

weigh loss) of the co-crystals were >200�C (Figures S23–S29; Table S5).

SPP

We previously studied XB-based SPP of non-ionic monomers containing pyridines

and amides, which was the first free-radical SPP using XB.66 In the present

work, we used the ionic monomers containing QAI. We heated the co-crystals

in an inert solvent (diglyme or paraffin oil) containing an azo thermal initiator
Cell Reports Physical Science 2, 100469, June 23, 2021 15
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(1,10-azobis(cyclohexane-1-carbonitrile) [V40]) at 100�C for 24 h (Table S6). V40was dis-

solved in the solvent, and the radical was supplied from the solvent to the co-crystals.

After the polymerization, the co-crystals were dissolved in a common solvent (DMSO-d6)

of the polymer, monomer, and XB linker and analyzed with 1H NMR to determine the

monomer conversion. No polymers were detected in the polymerization solvent, mean-

ing that the co-crystals were retained and that the polymerization took place inside the

co-crystals (in the solid phase). Relatively high monomer conversions (74%�100%)

were achieved in the co-crystals of 1$4 (Table S6, entry 1), 2$4 (Table S6, entry 5), and

3$4 (Table S6, entry 7) using4 after 24h. For comparison, solutionphasepolymerizations

of the monomers 1�3 dissolved in solvents were studied without using the XB linker,

showing slower polymerizations than the SPPs (Table S6, entries 4, 6, and 8). The slower

polymerizations would be ascribed to the dilution of the monomers in the solvents and

also possibly electrostatic repulsion of the ammonium cations (NR4
+) to prevent the

monomers from approaching. In the SPPs, the alignment of the monomers in the rigid

crystal lattice can facilitate the contact of the monomers in the vicinity and hence would

efficiently increase the polymerization rate. The SPPs of 1$6 (Table S6, entry 2) and 1$7

(Table S6, entry 3) using 6 and 7 as linkers also yielded polymers. Thus, theQAI-contain-

ingmonomers were successfully assembled into the co-crystals via XB using aromatic (4)

and aliphatic (6 and7) XB linkers, and the subsequent SPPefficientlygeneratedQAI-con-

taining polymers with hexyl (1), methyl (2), and functional allyl (3) groups. (TheGPC anal-

ysis of theobtainedpolymerswasdifficultbecauseof their highmolecularweights [adhe-

sion to the GPC column].) (Monomers 1–3 are originally solids, and the main purpose to

prepare the monomer co-crystals was to obtain a polymer sheet that can host external

molecules, as shown below.)

Polymer sheet material hosting external molecules via XB

As an application, we used the SPP to create a polymer sheet that can host external mol-

ecules. We prepared a 4-component solid of C6MAI (1) (2 equiv), I�C6F4�I (4) (1 equiv),

V40 (0.06 equiv), and ethylene glycol dimethacrylate (EGDMA; Figure 1C) (0.2 equiv).

Reactions 1 and 4 formed a co-crystal (95 wt%), whichwas dispersed in V40 and EGDMA

(5 wt%) to form a slightly tacky solid (Scheme 2). A small amount of EGDMA was added

to chemically crosslink the polymers. V40 was embedded in the solid so that the radical

can be supplied inside the solid, and no inert solvent was needed in the SPP.We assem-

bled the solids into a monomer sheet using a hydraulic press (Scheme 2). The sheet was

polymerized at 100�C for 24 h in the dry state (without an inert solvent) (Scheme 2). The

sheet was purified (washed) with ethanol to remove I�C6F4�I and unreacted mono-

mers. The shape of the sheet remained unchanged after the purification, indicating suc-

cessful polymerization and chemical crosslinking (Scheme 2).

The ability of the sheet to host external (XB-coordinating) molecules was studied us-

ing FL confocal microscopy (CM) with a green-color emission fluorescein isothiocy-

anate (FITC) filter (IFITC, excitation wavelength [lex] = 488 nm and emission wave-

length [lem] = 493–635 nm) and a blue-color emission DAPI filter (IDAPI, lex =

405 nm and lem = 410–585 nm) in the dry state (Figure 6). The sheet containing

I�C6F4�I (before purification) showed the FITC (IFITC) and DAPI (IDAPI) FL intensities

of 0.03 and 2.00 relative FL units (RFU), respectively (Figure 6A). After the removal of

I�C6F4�I (purification), the intensities slightly dropped to 0.027 and 1.17 RFU,

respectively (Figure 6A, step 1).

The polymer sheet was subsequently used to host another molecule, 2,5-dibromo-

terephthalate (DBTPA [8 in Figure 1C]) bearing two XB-coordinating bromine atoms.

DBTPA is a much stronger fluorescent molecule than I�C6F4�I. The polymer sheet
16 Cell Reports Physical Science 2, 100469, June 23, 2021



Scheme 2. Solvent-free SPP and reversible embedding of different XB linkers (halogen-containing external molecules) in the polymer sheet. Scale

bar, 3 mm.
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was immersed in a CH2Cl2 solution of DBTPA (2.5 mM). The polymer sheet was sub-

sequently rinsed with pure CH2Cl2 to remove the DBTPA adsorbed on the surface of

the sheet (not embedded inside the sheet). After drying, the DBTPA-hosted sheet

showed significantly larger IFITC and IDAPI values of 6.23 and 47.7 RFU, respectively

(Figure 6A, step 2), demonstrating the successful hosting of the external molecule

DBTPA.

DBTPA was subsequently removed by washing with ethanol (Figure 6A, step 1). The

sheet recovered the IFITC and IDAPI values of 0.026 and 1.13 RFU, respectively (Figures

6B and S30). The subsequent re-embedding of I�C6F4�I (Figure 6A, step 3) also recov-

ered the IFITC and IDAPI values of 0.03 and 1.87 RFU, respectively (Figures 6B and S30).

As Figure 6B shows, the removal of external molecules (Figure 6A, step 1), the embed-

ding of DBTPA (step 2), and the embedding of I�C6F4�I (step 3) were smoothly re-

cycled, while keeping the sheet shape unchanged (Scheme 2). Thus, we successfully

used the polymer sheet as a host matrix of external XB-coordinating molecules.

The XB-driven assemblies of QAI-containing polymers were obtained in the three

phases (solution, surface, and solid). In the solution, in the presence of the XB linker,

the QAI-containing block copolymers generated unique assemblies such as micro-

meter-sized giant vesicles and 1D chain with particularly low curvatures, which orig-

inates from the strong segregation between the core and corona via XB. Exploiting

the temperature-responsive dissociation of XB, an external molecule (T4) was suc-

cessfully loaded and unloaded using the assembly. On the surface, reversible assem-

bling and de-assembling (crosslinking and decrosslinking) of QAI-containing poly-

mer brushes were attained using the XB linker. The wettability of the polymer

brushes was finely tuned by changing the crosslinking density. In the solid state,

QAI-containing monomer co-crystals (assemblies) with XB linkers were obtained.

The alignment of the monomers in the rigid crystal lattice facilitated the contact

of the monomers in the vicinity, resulting in the successful SPPs of the monomer
Cell Reports Physical Science 2, 100469, June 23, 2021 17



Figure 6. Reversible embedding of different XB linker guests in PC6MAI polymer matrix host

(A) Schematic illustration of reversible embedding of I�C6F4�I and DBTPA in PC6MAI polymer sheet and confocal microscope images under FITC

(green, left) and DAPI (blue, right) laser filters (1) before and (2) after I�C6F4�I removal and (3) after embedding of DBTPA. Scale bar, 20 mm.

(B) Fluorescence intensities (relative fluorescence unit [RFU]) under FITC (left) and DAPI (right) laser filters in I�C6F4�I/DBTPA embedding-removal

cycles.
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co-crystals. A QAI-containing polymer sheet was created and served as an efficient

host matrix for embedding XB-coordinating (halogen-containing) guest molecules.

Thus, XB-driven assemblies of QAI-containing polymers provided useful materials

that are uniquely accessible by this approach.
EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources and reagents should be directed to

and will be fulfilled by the lead contact, Prof. Atsushi Goto (agoto@ntu.edu.sg).

Materials availability

QAI-containing monomers can be produced according to the procedures outlined

below from standard reagents and procedures. Full experimental and spectroscopy

measurement details can be found in the Supplemental information.

Data and code availability

All single-crystal data have been deposited in the Cambridge Crystallographic Data

Centre (CCDC) and may be downloaded free of charge from https://www.ccdc.cam.

ac.uk/structures/. The reference numbers of the monomer co-crystals 1$4, 1$6, 1$7,

2$4, and 3$4 are CCDC 2052607, 2052608, 2052611, 2052606, and 2052609,
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respectively. All other data are available from the lead contact upon reasonable

request.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.xcrp.

2021.100469.
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Gröschel, A.H. (2020). Self-assembly of block
copolymers into internally ordered
microparticles. Prog. Polym. Sci. 102, 101211.

47. Matoori, S., and Leroux, J.-C. (2020). Twenty-
five years of polymersomes: lost in translation?
Mater. Horiz. 7, 1297–1309.

48. Li, C., Li, Q., Kaneti, Y.V., Hou, D., Yamauchi, Y.,
and Mai, Y. (2020). Self-assembly of block
copolymers towards mesoporous materials for
energy storage and conversion systems. Chem.
Soc. Rev. 49, 4681–4736.

49. Wang, R.Y., and Jeong Park, M. (2020). Self-
Assembly of Block Copolymers with Tailored
Functionality: From the Perspective of
Intermolecular Interactions. Annu. Rev. Mater.
Res. 50, 521–549.

50. Cummins, C., Lundy, R., Walsh, J.J., Ponsinet,
V., Fleury, G., and Morris, M.A. (2020). Enabling
23, 2021
future nanomanufacturing through block
copolymer self-assembly: a review. Nano
Today 35, 100936.

51. Krieg, E., Bastings, M.M., Besenius, P., and
Rybtchinski, B. (2016). Supramolecular
polymers in aqueous media. Chem. Rev. 116,
2414–2477.

52. Wehner, M., and Wuerthner, F. (2020).
Supramolecular polymerization through kinetic
pathway control and living chain growth. Nat.
Rev. Chem. 4, 38–53.

53. Li, X., Gao, Y., Boott, C.E., Hayward, D.W.,
Harniman, R., Whittell, G.R., Richardson, R.M.,
Winnik, M.A., and Manners, I. (2016). ‘‘Cross’’
supermicelles via the hierarchical assembly of
amphiphilic cylindrical triblock comicelles.
J. Am. Chem. Soc. 138, 4087–4095.

54. Solomons, T., Fryhle, C., and Snyder, S. (2016).
Organic Chemistry (John Wiley & Sons).

55. Wheeler, S.E. (2013). Understanding
substituent effects in noncovalent interactions
involving aromatic rings. Acc. Chem. Res. 46,
1029–1038.

56. Wheeler, S.E. (2011). Local nature of
substituent effects in stacking interactions.
J. Am. Chem. Soc. 133, 10262–10274.

57. Savastano, M., Bazzicalupi, C., Garcı́a, C.,
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