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Abstract 

     Chiral 1,3,5-tricarboxamide (BTA)-functionalized copolymers with gradient, bidirectional 

gradient, and random sequence distributions were synthesized via tandem living radical 

polymerization (LRP) with in-situ monomer transesterification to investigate the effects of the BTA 

sequence on self-folding/aggregation properties in organic media.  Here, 2-ethylhexyl methacrylate 

(EHMA) as a starting monomer was polymerized with a ruthenium catalytic system in the presence 

of a chiral BTA-bearing alcohol (BTA-OH) and Ti(Oi-Pr)4.  By tuning the concentration and time 

of addition of the Ti catalyst, the transesterification rate of EHMA into a chiral BTA-functionalized 

methacrylate (BTAMA) was synchronized with LRP to produce EHMA/BTAMA gradient or 

bidirectional gradient copolymers.  In contrast, faster transesterification than LRP gave the 

corresponding random copolymer.  Circular dichroism spectroscopy and dynamic light scattering 

performed on solutions of all BTA-functionalized copolymers indicated that the chiral BTA pendants 

helically self-assemble via hydrogen-bonding interaction in 1,2-dichloroethane, methylcyclohexane 

(MCH), and their mixtures to form single-chain or multi-chain polymeric nanoparticles.  The 

temperature-dependent self-assembly behavior of the BTA pendants was virtually independent of the 

sequence distribution, whereas the size of the resultant nanoparticles depended on the sequence as 

follows: random < bidirectional random < gradient in MCH. 
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Introduction 

 

     The marriage of precision polymerization and supramolecular self-assembly opens up new 

avenues which permit to obtain functional polymeric materials with well-defined three-dimensional 

architectures.  Single-chain polymeric nanoparticles (SCPNs) and related unimer micelles and 

nanoaggregates1-27 are now attracting increasing attention as these compartmentalized polymers show 

promise in mimicking functions of natural biopolymers such as proteins and enzymes.13,18 SCPNs are 

often constructed by the self-folding of functional and/or amphiphilic “random” copolymers via 

physical interaction. Hereby, they dynamically and reversibly form globular structures that are 

responsive to stimuli or environmental changes.10-21 The intramolecular folding process is triggered 

by the site-specific self-assembly of the functional pendants via non-covalent interactions (e.g. 

hydrogen-bond, coordination, host-guest)10-19 and/or autonomous self-assembly of the amphiphilic 

main chains or pendants in water or specific solvents.12,13,20,21  Thus, selective formation of desired 

SCPNs requires the precision control of the primary structure (e.g., molecular weight: chain length, 

composition, monomer sequence) by living polymerization,12,20,21 in addition to the design of the 

functional pendants. 

     Among them, chiral benzene-1,3,5-tricarboxamide (BTA)-functionalized random copolymers 

are promising scaffolds to self-fold or self-assemble into SCPNs in organic or aqueous media.11-13 

Similar to “free” BTA derivatives,28-34 the chiral BTA pendants induce helical self-assembly via 

strong three-fold hydrogen bonding interaction.  Resultant SCPNs contain helical secondary 

structures within their globular tertiary structure; this feature has encouraged us to design enzyme-

like polymer catalysts with well-defined nanospaces.13  To understand the internal structure of BTA-

based SCPNs, the BTA helical stacking process in chain folding was investigated by temperature-

dependent circular dichroism (CD) spectroscopy.11-13  The elongation temperature of the pendant 

BTA units is dependent on the local concentration along a chain, i.e., BTA composition, while it is 

independent of the total concentration of the BTA in solutions.11,13a This is characteristic of the 

intramolecular self-assembly of the BTA units within a single macromolecule.  The BTA pendants 

do not undergo cooperative self-assembly, in contrast to “free” (non polymer-supported) BTA 

derivatives. Such non-cooperative self-assembly is attributed to the formation of segregated and 

multiple helical stacks of the pendant BTAs within SCPNs, as inferred from “Sergeant-and-Soldiers” 

experiments with BTA-functionalized random block copolymers.11c However, to date the folding and 

self-assembly processes have always been studied using BTA pendants “randomly” distributed along 

the polymer chain.  The question remains if the BTA-sequence distribution along a polymer chain 

has an effect on the degree of BTA self-assembly and polymer chain folding/aggregation. 
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     We herein report the precision synthesis of BTA-functionalized copolymers which differ in 

monomer sequence distributions, namely gradient, bidirectional gradient, and randomly distributed, 

and investigate the consequences of the BTA sequence on self-folding/aggregation properties in 

organic media (Scheme 1).  BTA-functionalized gradient copolymers are of particular interest 

because the local concentration of BTA pendants gradually increases from one terminal to another 

along a polymer chain.  Such a biased sequence distribution of BTA units may lead to polymer chain 

folding and/or BTA self-assembly that differs from its random counterpart. 

 

     A series of BTA sequence-controlled copolymers was prepared by tandem catalysis of 

ruthenium-catalyzed living radical polymerization (LRP)35,36 and metal alkoxide-mediated 

transesterification of methacrylates with alcohols (Scheme 2).37,38 This system is effective to design 

various gradient copolymers because the gradient sequence and composition can be catalytically 

controlled by tuning the synchronization efficiency of LRP and in-situ transesterification of 

monomers.  Thus, the controllability of sequence distribution is better than the conventional two 

methods: 1) living polymerization of two monomers with different reactivity and 2) living 

polymerization via continuous addition of a second monomer.39-42 

     2-Ethylhexyl methacrylate (EHMA) as a starting monomer was polymerized with a ruthenium 

catalytic system [Ru(Ind)Cl(PPh3)2/n-Bu3N] and a chloride initiator in the presence of a chiral BTA-

functionalized alcohol (BTA-OH), and Ti(Oi-Pr)4.  The selection of EHMA is due to the high 

solubility of resulting copolymers in organic media such as 1,2-dichroloethane (DCE) or methyl 

cyclohexane (MCH).  EHMA was concurrently transesterified with BTA-OH and the Ti catalyst 

into a chiral BTA-functionalized methacrylate (BTAMA) during LRP by modulating concentration 

and additional timing of the Ti catalyst.  As a result, a synchronized transesterification with 

polymerization occurred to give a EHMA/BTAMA gradient copolymer whose BTA composition 

 

Scheme 1. Self-folding and self-assembly of BTA-functionalized copolymers with different 

sequence distribution. 
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gradually increased from the initiating terminal to the growing counterpart.  Synchronized tandem 

catalysis using a bifunctional initiator further led to a EHMA/BTAMA bidirectional gradient 

copolymer, where BTA composition gradually increased from the center of the chain to both 

terminals.  In contrast, faster transesterification than LRP provided a EHMA/BTAMA random 

copolymer.  The self-folding and self-assembly properties of EHMA/BTAMA gradient, 

bidirectional gradient, and random copolymers were further evaluated by temperature-dependent CD 

measurement and dynamic light scattering (DLS).  All of the copolymers efficiently induce 

hydrogen-bonding helical self-assembly of the BTA pendants to form SCPNs and/or multi-chain 

nanoaggregates in DCE, MCH, and mixtures of these solvents.  The sequence distribution mainly 

affects the size distribution of resulting SCPNs and nanoaggregates. 

 

 

Results and Discussion 

 

Synthesis of EHMA/BTAMA Gradient and Random Copolymers by Tandem Polymerization 

     To begin with, the transesterification of EHMA (1000 mM) was investigated with Ti(Oi-Pr)4 

(20 mM) and N-(6-hydroxyhexyl)benzamide (250 mM) as a model alcohol of BTA-OH in 1,4-

 

Scheme 2. EHMA/BTAMA gradient, random, and bidirectional gradient copolymers via concurrent 

tandem catalysis of ruthenium-catalyzed living radical polymerization and in-situ monomer 

transesterification. 

 

NH

O N
H

R

O

N
H

O
R

HO
BTA-OH 10

O
O

Ti(Oi-Pr)4

NH

O N
H

R

O

N
H

O
R

O

10

O

O

O
Cl

Living Radical Polymerization

EHMA BTAMA

Ru(Ind)Cl(PPh3)2/n-Bu3N

R:

Transesterification

Initiator
(ECPA) EHMA/BTAMA

Gradient Copolymer

BTA-OH

BTAMA
EHMA

Hydrogen-Bondhydrophobic

R- -Cl

BTAMA
EHMA

BTAMA

hydrophobic

O

gradCl

O O

grad Cl

O OO

NH

O N
H

R

O

N
H

O
R

10

m n

grad Cl

O OO

NH

O N
H

R

O

N
H

O
R

10

m n

O

O

OO m

HN

O

ON
H

R

O

N
H

R
10

n

Hydrogen-BondHydrogen-Bond

EHMA/BTAMA Bidirectional
Gradient Copolymer

EHMA/BTAMA
Random Copolymer

Cl

O OO

NH

O N
H

R

O

N
H

O
R

10

m n

O

O

EHMA
BTAMA

EHMA



 5 

dioxane at 80 oC (Scheme 3).  1,4-Dioxane was employed to efficiently solubilize the amide-bearing 

alcohol.  EHMA was efficiently transesterified into a corresponding methacrylate.  The conversion 

of EHMA reached 10 % in 17 h, giving 100 mM of the product (confirmed by 1H NMR).  This 

indicates that Ti-mediated transesterification is compatible with EHMA and amide-functionalized 

alcohols and products.43,44 

     Given the model study, we examined the synthesis of EHMA/BTAMA gradient and random 

copolymers via concurrent tandem catalysis of LRP and in-situ transesterification.  The target 

BTAMA content was set at around 10 mol% because 10 mol% BTAMA-functionalized random 

copolymers have been often utilized to investigate self-folding properties in aqueous and organic 

media.11-13 The formation of gradient copolymers requires kinetic synchronization of LRP and 

transesterification.37,38 We thus carried out tandem polymerization of EHMA with BTA-OH by 

changing the concentration of Ti(Oi-Pr)4 catalyst between 8 and 20 mM, and by changing the time of 

catalyst addition (immediately, after 2 h or after 4 h) (Figure 1, Table 1). 

 

 

Scheme 3.  Transesterification of EHMA with N-(6-hydroxyhexyl)benzamide in 1,4-dioxane. 

 

Table 1. Synthesis of MMA/BTAMA Copolymers via Concurrent Tandem Living Radical 

Polymerizationa 

Code [Ti(Oi-Pr)4] 

(mM) 

Time 

(h) 

Convb 

(%) 

Mn
c 

(GPC) 

Mw/Mn
c Mn

d 

(NMR) 

EHMA/BTAMA/i-PrMAe 

(%) 

P1 8 23 74 45000 1.34 52700 92.1/7.5/0.4 

P2 15 24 80 36800 1.52 48800 88.6/8.8/2.6 

P3 20 23 76 36200 1.43 47600 86.6/9.3/4.1 

P4 8 28 83 43700 1.35 49400 91.8/7.7/0.5 

a[EHMA]/[ECPA (P1-P3) or DCAP (P4)]/[Ru(Ind)Cl(PPh3)2]/[Ti(Oi-Pr)4]/[n-Bu3N]/[BTA-OH] = 

1000/5/1/8, 15, and 20/20/120 mM in 1,4-dioxane at 80 oC.  Ti(Oi-Pr)4 catalyst was pre-loaded before 

polymerization (P3) or added to the polymerization solutions after 2 h (P2) or 4 h (P1, P4).  bTotal monomer 

conversion determined by 1H NMR using an internal standard (tetralin).  cDetermined by SEC in THF with 

PMMA standard calibration.  dNumber-average molecular weight determined by 1H NMR.  eCopolymer 

composition (mol %) determined by 1H NMR. 
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     EHMA was polymerized with Ru(Ind)Cl(PPh3)2 catalyst and a chloride initiator (ECPA) in the 

presence of n-Bu3N cocatalyst (for LRP), Ti(Oi-Pr)4 catalyst (for transesterification), and BTA-OH 

as alcohol in 1,4-dioxane at 80 oC (Figure 1c).  Aiming at the formation of about 10 mol% BTAMA, 

we used a relatively small amount of BTA-OH (120 mM) with EHMA (1000 mM).  The in-situ 

generation of BTAMA was monitored by 1H NMR measurement of the polymerization solutions that 

were sampled at predetermined periods (Figure S1).  The conversion of total monomers (all 

methacrylate bonds: EHMA and generating BTAMA) and the BTAMA content in the monomer 

[BTAMA/(EHMA+BTAMA)] are plotted as a function of reaction time (Figure 1c). 

     To synchronize in-situ transesterification with LRP for gradient copolymers, we added Ti(Oi-

Pr)4 into polymerization solutions after starting LRP of EHMA.  The Ti catalyst concentration was 

 

Figure 1. Synthesis of EHMA/BTAMA copolymers (P1 – P3) via concurrent tandem catalysis of 

LRP and in-situ transesterification: [EHMA]/[ECPA]/[Ru(Ind)Cl(PPh3)2]/[Ti(Oi-Pr)4]/[n-Bu3N]/ 

[BTA-OH] = 1000/5/2/8 (P1), 15 (P2), and 20 (P3)/20/120 mM in 1,4-dioxane at 80 oC.  (a-c) Total 

monomer conversion and BTAMA content in monomer; (a, b) 1,4-dioxane solutions of Ti(Oi-Pr)4 

catalyst were added to polymerization solutions at (a) 4 h or (b) 2 h under argon.  (d) BTAMA 

content in monomer as a function of total conversion.  (e) Instantaneous BTAMA composition in 

copolymers as a function of normalized chain length.  (f) SEC curves of products obtained with 8 or 

20 mM Ti. 
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set as 8 or 15 mM (Figure 1a,b).  A delay in the addition of Ti(Oi-Pr)4 allows skipping the induction 

period of LRP.  In fact, synchronized transesterification with LRP was successfully achieved by 

adding 8 mM Ti catalyst at 4 h after starting LRP (Figure 1a).  The BTAMA content in the monomer 

linearly increased with increasing monomer conversion (Figure 1d, black line).  The synchronized 

catalysis efficiently produced well-controlled EHMA/BTAMA gradient copolymers with narrow 

molecular weight distribution (P1: Mn = 45000, Mw/Mn = 1.34).  Instantaneous BTAMA content in 

polymer (Finst,BTAMA) was estimated with BTAMA composition in monomer (Figure 1d), assuming 

that EHMA and BTAMA have simlar reactivities in the copolymerization.  Finst,BTAMA gradually 

increased from 0% to 16% along the polymer chain (Figure 1e, black line).  Delayed addition of 15 

mM Ti catalyst at 2 h also gave a EHMA/BTAMA gradient copolymer (P2), whereas Finst,BTAMA 

quickly increased from 0 to 10 % after addition of Ti and then slowly increased to 16% (Figure 1e, 

blue line).  This is because the fast transesterification takes place even if the addition of the Ti 

catalyst is delayed. 

     Isolated EHMA/BTAMA gradient copolymers, P1 and the intermediate (conv. = 39%), were 

further analyzed by 1H NMR (Figure 2).  Both samples exhibited methylene protons adjacent to 

BTA amide group (c: 3.6 – 3.0 ppm), aromatic protons of BTA units (d: 8.3 ppm), and methylene 

protons adjacent to ester pendants (a, b: 4.1 – 3.6 ppm), in addition to aromatic protons of the initiator 

fragment (e: 7.3 – 7.1 ppm), methylene and methyl protons of methacrylate backbone and BTAMA 

alkyl pendants.  Cumulative BTAMA content in polymer (Fcum. BTAMA) was estimated from the area 

ratio of peak c and peak a+b [c/3(a + b)].  Fcum,BTAMA of P1 and the intermediate was determined to 

be 7.5 % and 4%, respectively.  Fcum,BTAMA actually increased with conversion, i.e., chain length, in 

sharp contrast to that of P3.  This result supports that P1 is a gradient copolymer whose BTAMA 

composition gradually increased from the initiating terminal to growing counterpart. 

     We further conducted the tandem polymerization with Ti(Oi-Pr)4 of 20 mM without the 

delayed addition of the Ti catalyst; all reagents including the Ti catalyst were charged before the 

reaction.  EHMA was immediately transesterified into BTAMA much faster than copolymerization 

of EHMA and the generating BTAMA.  The content of BTAMA in monomer already saturated at 

10% during the induction period of LRP (Figure 1c,d).  As a result, this condition provided a 

EHMA/BTAMA random copolymer (P3: Mn = 36200, Mw/Mn = 1.43, by size exclusion 

chromatography (SEC), Figure 1f); Finst,BTAMA was virtually constant along a chain (Figure 1e).  As 

shown by 1H NMR measurement of isolated P3 and the intermediate (Figure S2), the cumulative 

BTA content in the copolymers was almost constant (Fcum,BTAMA = 8 – 9 mol%), and independent of 

the chain length. 
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Synthesis of Bidirectional EHMA/BTAMA Gradient Copolymers 

     Performing the tandem catalysis with a bifunctional initiator, dichloroacetophenone (DCAP), 

instead of monofunctional ECPA is an effective way to obtain bidirectional gradient copolymers, in 

which the monomer composition gradually changes from the central part of the polymer chains to 

both terminals.38b  The synthesis of a EHMA/BTAMA bidirectional gradient copolymer was thus 

examined by tandem living radical polymerization of EHMA with DCAP and BTA-OH in 1,4-

dioxane at 80 oC (Figure 3).  We applied the same conditions and Ti(Oi-Pr)4 addition technique as 

those optimized for P1: Ti(Oi-Pr)4 (8 mM) was added into LRP solution of EHMA 4 h after starting 

the polymerization.  Synchronized tandem catalysis of transesterification and LRP again took place 

(Figure 3a), and the BTAMA content in the monomer linearly increased with the total monomer 

conversion (Figure 3b).  SEC and 1H NMR indicated that a well-controlled EHMA/BTAMA 

bifunctional gradient copolymer was obtained (P4: Mn = 43700, Mw/Mn = 1.35, Figures 3cd and S3).  

These results demonstrate that our tandem catalysis of LRP and transesterification efficiently affords 

the sequence control of hydrogen-bonding BTAMA units in copolymers by tuning Ti catalyst 

concentration, additional timing of Ti catalyst, and initiators. 

 

 

Figure 2. 1H NMR spectra of EHMA/BTAMA copolymers in CD2Cl2 at 25 oC: (b) P1 (74% 

conversion, 23 h); (a) the intermediate at 39% conversion (11 h). 
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Self-Assembly and Self-Folding of EHMA/BTAMA Sequence-Controlled Copolymers 

     BTAMA-based copolymers often intramolecularly fold or intermolecularly self-assemble to 

form single-chain polymeric nanoparticles or multi-chain aggregates, respectively, via the helical 

self-assembly of the chiral BTA pendants by hydrogen-bonding interaction in halogenated or 

hydrocarbon solvents.11  It was previously shown that the local BTA content (BTA composition) in 

the polymers strongly affects the BTA self-assembly and chain-folding/aggregation properties.11-13 

In contrast, the effects of the sequence distribution of the BTA units along a polymer chain on the 

properties have not yet been explored.  We thus evaluated self-folding/aggregation properties of P1 

– P4 by using circular dichroism (CD) spectroscopy and dynamic light scattering (DLS) in 1,2-

dichloroethane (DCE), methylcyclohexane (MCH), and its mixtures.  Importantly, the four polymer 

samples consist of different monomer sequence distribution (gradient, random, and bidirectional 

gradient) but have almost identical BTAMA content (Fcum,BTAMA = ~10%) and degree of 

 

Figure 3. Synthesis of a EHMA/BTAMA bifunctional gradient copolymer (P4) via concurrent 

tandem catalysis: [EHMA]/[DCAP]/[Ru(Ind)Cl(PPh3)2]/[Ti(Oi-Pr)4]/[n-Bu3N]/[BTA-OH] = 

1000/5/2/8/20/120 mM in 1,4-dioxane at 80 oC.  (a) Total monomer conversion and BTAMA 

content in monomer; a 1,4-dioxane solution of Ti(Oi-Pr)4 was added to the polymerization solution 

at 4 h under argon.  (b) BTAMA content in monomer as a function of total conversion.  (c) 

Instantaneous BTAMA composition of P4 or P1 as a function of normalized chain length.  (d) 

SEC curves of the products 
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polymerization.  Here, helical self-assembly behavior of the chiral BTA pendants was evaluated by 

CD spectroscopy, while the size of the resulting single-chain or multi-chain polymeric nanoparticles 

was determined by DLS. 

     BTA Self-assembly.  P1 – P4 were analyzed by CD spectroscopy in DCE or MCH at 25 oC 

([BTA] = 50 M).  Prior to analysis, the polymers were homogeneously solubilized in their solvents 

by sonication for 5 hours at room temperature.  As typically shown in Figure 4 (sample: P1), all of 

the samples clearly showed negative Cotton effect originating from helical self-assembly of the chiral 

BTA pendants (max = 223 nm) in both DCE and MCH.  In all cases, the CD intensity in MCH was 

larger than that in DCE, indicating that MCH enhanced the self-assembly of the pendant BTA more 

than DCE. 

 

     To investigate the effects of solvents and temperature on self-assembly of the BTA pendants, 

temperature-dependent CD measurements of P1 were conducted in DCE, MCH, and DCE/MCH 

mixed solvents (75/25, 50/50, 25/75, v/v) by cooling from 80 oC to 0 oC (Figure 5a).  In DCE, the 

solution was CD silent at 80 oC but the CD effect gradually appeared starting from around 60 oC by 

cooling and finally reached a value of -24 mdeg at 0 oC.  Similarly, P1 showed a gradual increase 

of negative Cotton effect by cooling in DCE/MCH mixtures and MCH alone.  The intensity 

increased with increasing MCH content in the temperature range between 0 and 80 oC.  Interestingly, 

P1 still exhibited large negative Cotton effect (-22 mdeg) at 80 oC in MCH, indicating that P1 can 

effectively maintain self-assembly of the BTA pendants even at such a high temperature.  The molar 

ellipticity (∆) for P1 in DCE, DCE/MCH (75/25, v/v), and MCH at 20 oC was -22, -22, and -32 L 

mol-1cm-1, respectively.  These values are relatively close to those for ABA or ABC random triblock 

 

Figure 4.  CD spectra of P1 in 1,2-dichloroethane (blue) or methylcyclohexane (black) at 25 oC: 

(λ = 200-400 nm, [BTA] = 50 μM, l = 0.5 cm). 
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copolymers functionalized with BTA in the B segment and other hydrogen-bonding units in the A 

segment in similar organic media (∆ = - 23 - -30 L mol-1cm-1).11b,11d 

     We further conducted temperature-dependent CD measurement of P2, P3, and P4 in DCE, 

MCH, and a DCE/MCH mixture (75/25, v/v) to clarify the effects of BTA-sequence distribution on 

self-assembly of the BTA pendants.  P1 (linear gradient), P3 (random), and P4 (bidirectional 

gradient) showed similar shapes of the CD cooling curves and CD intensity in DCE (Figure 5b).  

The molar ellipticity (∆) for P1, P3, and P4 in DCE at 20 oC was -22, -21, and -19 L mol-1cm-1, 

respectively.  The elongation temperature of the BTA pendants into helical self-assembly was about 

60 oC, and was independent of the BTA sequence distribution.  A similar trend in CD intensity was 

also observed in MCH or DCE/MCH (75/25) mixture; the intensity in MCH was largest (Figure 5c,d).  

These results importantly suggest that the total BTA unit number capable of helical self-assembly is 

in fact independent of the random or gradient sequence of 10 mol% BTAMA.  In gradient 

copolymers (P1 and P4), a BTAMA-rich segment in polymer chain can efficiently induce helical 

 

Figure 5. Temperature-dependent CD cooling curves of EHMA/BTAMA copolymers (P1-P4) in 

organic solvents ([BTA] = 50 μM, l = 0.5 cm) at a cooling rate of 60 K h-1 on probed at λ = 223 nm.  

(a) P1 in 1,2-dichloroethane (DCE), methylcyclohexane (MCH), and mixed solvents (DCE/MCH = 

100/0, 75/25, 50/50, 25/75, 0/100, v/v).  (b, d) P1, P3, and P4 in (b) DCE or (d) MCH.  (c) P1, P2, 

P3, and P4 in DCE/MCH (75/25, v/v). 
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self-assembly of the pendants, while a BTAMA-poor segment in turn can hardly contribute the self-

assembly.  Additionally, P1 and P4 have the instantaneous BTAMA content (Finst,BTAMA) of 16 and 

19%, respectively, at the most.  They further consist of relatively long polymer chain of 200 DP.  

As a result, P1 and P4 of such a BTA-gradient distribution would have almost identical efficiency of 

BTA-pendant self-assembly to P3 of homogeneous (random) counterpart.  The self-assembly of 

BTA pendants for gradient copolymers (P1 and P4) did not undergo a cooperative process, similar to 

that for a random counterpart (P3) and several BTA-functionalized random copolymers as already 

reported.11-13 In DCE/MCH mixture (75/25, v/v), P2 maintained negative Cotton effects at higher 

temperature than P3 (Figure 5c).  This is because the local BTA concentration in P2 is higher than 

that in P3.11,12,13a  The negative Cotton effect of P2 at 0 oC was, however, almost identical to that of 

P1, P3, and P4 (Figure 5c).  Thus, in relatively long polymer chains of 200 DP comprising 10 mol% 

BTA units, the sequence distribution, random or gradient, does not significantly affect the self-

assembly behavior of the BTA pendants. 

     Aggregation Properties.  EHMA/BTAMA gradient, random, and bidirectional gradient 

copolymers (P1, P3, and P4) were further analyzed by DLS in DCE, MCH, and a DCE/MCH (75/25, 

v/v) mixed solvent at 25 oC (Figure 6, Table 2).  In DCE, P1 and P3 showed bimodal size 

distributions comprising particles with a small size (Rh = ~10 nm) and with a larger size (Rh = ~100 

nm) (Figure 6a).  The former originate from SCPNs or nanoaggregates comprising a small number 

of polymers, while the latter are attributed to multi-chain aggregates.  The small size portion of P1 

(Rh = ~10 nm) increased upon heating to 60 oC.  This demonstrates that aggregated polymer chains 

are dynamically isolated into single polymer chains by disruption of hydrogen-bonding self-assembly 

 

Figure 6. DLS intensity size distribution of EHMA/BTAMA copolymers (P1, P3, and P4) in (a) 

DCE or (b) MCH at 25 oC: [Polymer] = 1 mg/mL. 
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of BTA-pendants upon heating.  This is consistent with the lack of a Cotton effect of P1 in DCE at 

60 oC (Figure 5b).  In a DCE/MCH (75/25, v/v) mixed solvent, P1 showed a bimodal size 

distribution, and the volume fraction of the small size portion (Rh = 6.2 nm: 40 %) was larger than 

that in DCE alone (Table 2).  In contrast to the results in DCE, P1, P3, and P4 showed a single, 

monomodal size distribution (Rh = 26 – 55 nm) in MCH at 25 oC, indicating the presence of multi-

chain aggregates (Figure 6b).  P1 and P4 with gradient sequence (P1: Rh = 40 nm, P4: Rh = 55 nm) 

formed nanoaggregates larger than those of the corresponding random copolymer (P3: Rh = 26 nm).  

This is probably because locally concentrated BTA pendants of P1 and P4 promote intermolecular 

self-assembly of the polymer chains to provide relatively large aggregates.  Therefore, the sequence 

distribution of BTA units mainly affects the aggregation behavior of the polymer chains and the total 

size of resulting aggregates. 

 

 

 

 

 

 

 

 

 

 

 

 

Conclusion 

     Sequence-controlled copolymers with hydrogen-bonding chiral BTA pendants were 

successfully synthesized by tandem catalysis of Ru-catalyzed LRP and Ti-mediated 

transesterification with BTA-OH.  Transesterification using Ti(Oi-Pr)4 was compatible with an 

amide-functionalized alcohol to afford the catalytic control of introducing a hydrogen-bonding 

monomer sequence in copolymers.  Ti-mediated transesterification of EHMA with BTA-OH was 

efficiently synchronized with LRP of EHMA and a generating BTAMA by tuning the concentration 

and addition time of the Ti catalyst, giving a well-controlled EHMA/BTAMA gradient copolymer.  

Additionally, synchronized tandem catalysis with a bifunctional initiator provided a EHMA/BTAMA 

bidirectional gradient copolymer, while transesterification faster than LRP resulted in a 

EHMA/BTAMA random copolymer.  A series of BTA sequence-controlled copolymers efficiently 

formed single-chain polymeric nanoparticles or multi-chain aggregates via the helical self-assembly 

Table 2. Hydrodynamic Radius of EHMA/BTAMA Copolymersa 

entry polymer solvent Rh 

(nm) 

1 P1 DCE 13 (25%), 111 (75%) 

2 P1 DCE/MCH (75/25, v/v) 6.2 (40%), 128 (60%) 

3 P1 MCH 40 

4 P3 DCE 7.4 (9%), 97 (91%) 

5 P3 MCH 26 

6 P4 MCH 55 

aDetermined by DLS in DCE, MCH, and a DCE/MCH (75/25, v/v) mixed 

solvent at 25 oC: [polymer] = 1 mg/mL. 
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of the chiral BTA pendants in DCE, MCH, and their mixtures.  In all cases, the self-assembly of 

BTA pendants was enhanced in MCH and maintained up to high temperatures (80 oC).  Importantly, 

the total size and/or size distribution of single-chain or multi-chain nanoparticles was dependent on 

BTAMA sequence distribution, although temperature-dependent self-assembly behavior of the chiral 

BTA pendants was independent of the sequence.  Typically, BTAMA gradient or bidirectional 

gradient copolymers formed nanoaggregates larger than the corresponding random copolymer in 

MCH, indicating that gradient sequence of BTA pendants would efficiently promote the 

intermolecular self-assembly of polymer chains.  Thus, we revealed that gradient incorporation of 

hydrogen-bonding self-assembly units along chains is also one option to control the structure and size 

of nanoaggregates in organic media. 
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