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ABSTRACT: Inspired by the tunability of coordination mode of natural zinc proteins, this paper describes
a new type of polymer micelle, whose coordination mode may be finely tuned simply via adjusting the solu-
tion media. To this end, a well-defined poly[N-(6-(3,5-di-tert-butyl-2-hydroxybenzylideneamino)hexyl)-
methacrylamide]-block-poly(2-hydroxyethyl methacrylate) (PDBHHMA-b-PHEMA) amphiphilic block
copolymer was synthesized via rapid and well-controlled visible light activating RAFT polymerization
at 25 °C and subsequently directly reacted with 3,5-di-rers-butyl-2-hydroxybenzaldehyde. 'H NMR and
GPC analyses indicate the intact structure, well-defined molecular weight, and narrow distribution of
PDBHHMA;,-b-PHEMA |5o. PDBHHMA,-6-PHEMA |5, may self-assembles into small PDBHHMA-
core micelles in methanol or large inversed PDBHHMA-shell micelles in dichloromethane. Cobalt ions
coordinate with the functionalities of PDBHHMA blocks in whole micellar shells or cores. The coordination
of DBHHMA units in micellar shells proceeds much more rapidly than in micellar cores. The addition
of small amount of DMF may significantly accelerate the coordination process in micellar cores. Although
this coordination has a negligible effect on the sizes of both types of spherical micelles, coordination in
micellar cores leads to a linear increase of light scattering intensity up to a critical feed molar ratio of
[Co>T]o/[DBHHMA], = 0.4, whereas coordination in micellar shells does not influence light scatter-
ing intensity, even large excess of cobalt ions added, e.g., [Co*"]o/[DBHHMA], = 0.7. In micellar cores,
cobalt ions tend to coordinate with DBHHMA units in interchain mode; N,N-dimethylformamide (DMF)
cosolvent may accelerate this coordination process but increase the tendency of intrachain coordination. On
the contrary, coordination in micellar shells occurs predominantly in intrachain mode. These media-tunable

coordination modes finely tune the stability of micelles in their nonselective good solvent DMF.

Introduction

The incorporation of noncovalent interactions, e.g. hydrogen
bonding,'* ionic complexation,** or metal—ligand coordination,®’
into polymer micelles have opened a pathway toward supra-
molecular functional polymer nanomaterials. We® and other
groups™!'® demonstrated that noncovalent interactions gave rise
to some reversible structure and properties of polymer micelles
that may be tuned by external stimuli. Among these noncovalent
interactions, the metal—ligand coordination is of particular
interest because it is highly directional, a wide range of ligands
are available, and the interaction strength can be well tuned by
choosing appropriate metal ions, ligands, or solvents. More
importantly, the metal—ligand coordination facilitates the for-
mation of metal-functionalized polymer micelles, e.g., MoS -filled
polymer micelles'’ or the continuous and segmented polymer/
metal oxide micellar nanowires."

In recent years, Schubert, Gohy, and co-workers did some
pioneering work on metal-coordinated polymer micelles.'* ™'

*Corresponding author: phone +86-731-58298876; Fax +86-731-
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They utilized these metallo-supramolecular interactions to modu-
late the size, conformation, and functionality of coronal chains of
polymer micelles,'”° convert spherical micelles into the switch-
able vesicles,?! prepare spherical or wormlike amphiphilic brush
micelles* and multicompartment micelles,® and fabricate the
coordination-crosslinked micellar network.**

The polymer micelles may be functionalized as powerful
nanocarriers through metal—ligand coordination for a variety
of applications. For example, Weberskirch and co-workers® =’
described the highly active nanoreactors based on the coordi-
nated polymer micelles. Wooley and co-workers™? utilized the
coordinated polymer micelles as the ima3ging and therapeutic
agent nanocarriers. Gates and co-workers™ utilized the coordi-
nated polymer micelles to control the size and shape of gold
nanostructures.

Indeed, the metal—ligand coordination is a versatile tool for
the formation of functionalized polymer micelles. Stuart and co-
workers®! described the formation of complex-coacervate-core
micelles. Recently, O’Reilly and co-workers reported the cova-
lently shell-crosslinked copolymer micelles with metal-coordi-
nated cores®”? and metal-functionalized polymer nanocages with
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interior functionality.*® Harruna and co-workers®* reported
amphiphilic tris(2,2'-bipyridine)ruthenium-cored star-shaped co-
polymer micelles. Recently, Liang and co-workers®® reported the
formation of Al"-coordination-stabilized polymer micelles.

Nature uses metal—ligand coordination to construct a variety
of elegant supramolecular architectures, which is commonly seen
in biological systems. As an archetype of natural supramolecular
architectures based on coordination, metalloproteins assemble
into well-defined dynamic architectures. These metalloproteins
are highly sensitive to their surrounding physiological media in a
timely and spatially coordinated manner.*® For example, accord-
ing to the surrounding residues of polypeptides and physiological
media, zinc ions may bind to the sites within a single polypeptide
chain in the intrachain coordination mode or at the interfaces of
several polypeptide chains to establish homologous or hetero-
logous protein—protein interactions in the interchain coordina-
tion mode.*’ In coordinating sites of zinc enzymes, there are steric
constraints in providing space for media substrate, but in the sites
of structural zinc protein, there is rarely space for the coordina-
tion of an additional ligand.3 7 In addition, in zinc sensors, the
binding energetics is expected to be linked to conformational
changes of the protein for transmission of a signal, while in the
sites involved in zinc transport, the ligand environment is
expected to generate a site, in which the zinc ion is mobile.?”

Inspired by this fascinating tunability of coordination mode of
natural zinc proteins, this paper explores the tunability of coordi-
nation mode in polymer micelles. Accordingly, the tunable coordi-
nation in polymer micelles may manipulate stability, permeability,
or even catalytic reactivity of functionalized micelles. Clearly, these
tunable properties are desirable not only in the chemical related
fields such as catalysts or nanoreactors but also for the biomedical-
related applications as biosensors or drug carriers. However, to the
best of our awareness, the study on tunability of coordination mode
in polymer micelles is unprecedented.

This paper describes a new type of polymer micelle, in which
the coordination mode may be well tuned simply via adjusting the
solution media. To this end, poly[ N-(6-(3,5-di-tert-butyl-2-hydroxy-
benzylideneamino)hexyl)methacrylamide]-block-poly(2-hydroxy-
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Figure 1. Schemetic illustration of the mode of interchain or intrachain
coordination of the functionalities in poly[N-(6-(3,5-di-tert-butyl-2-
hydroxybenzylideneamino)hexyl)methacrylamide] (PDBHHMA) with
cobaltions, where R is hexylene spapcer, tBu is tert-butyl group, and Co
is the cobalt ion.
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ethyl methacrylate) (PDBHHMA-b-PHEMA) was synthesized
for the fabrication of PDBHHMA-core micelles and the inversed
PDBHHMA-shell micelles. As shown in Figure 1, because the
functionalities of PDBHHMA chains have the semistructural
character of the widely studied salen ligands,* one portion of
cobalt ions may coordinate with two portions of the functional-
ities of PDBHHMA chains, in either inter- or intrachain mode.

The reversible addition—fragmentation chain transfer radical
polymerization or RAFT polymerization® is a powerful tool for
the synthesis of well-defined water-soluble or stimuli-responsive
polymers.**~*" In recent years, our group exploited an environ-
mentally friendly, rapid, and well-controlled visible light acti-
vating ambient temperature RAFT polymerization.”' >* This
approach was utilized for the facile synthesis of well-defined
water-soluble polymers in alcohol’> or aqueous solution.’”
Moreover, this polymerization can immediately start or cease
upon light switching on or off and thus may precisely control the
molecular weight and distribution of targeted polymers.>®

As shown in Scheme 1, PDBHHMA-b-PHEMA copolymer
was synthesized via a sequential visible light activating RAFT poly-
merization of HEMA monomer and 6-aminohexyl methacryl-
amide hydrochloride (AHMA) monomer at 25 °C, followed by
directly reacting with 3,5-di-ferz-butyl-2-hydroxybenzaldehyde.
This block copolymer was characterized using "H NMR and gel
permeation chromatography (GPC). The coordination kinetics
and efficiency of DBHHMA units with cobalt ions in either
micellar cores or inversed micellar shells were studied using
UV—vis spectroscopy. The effects of coordination on morpho-
logy of micelles and the possible coordination mode were investi-
gated using transmission electron microscopy (TEM), dynamic
light scattering (DLS), and GPC mesurements.

Experimental Section

Materials. Hexylenediamine was purchased from Yuanji
Chemical Co. Hexylenediamine dihydrochloride salt was pre-
pared via adjusting hexylenediamine to pH 1.0 using a 35%
hydrochloric acid solution, precipitating from large excess of the
mixed solvent of isopropanol and ethyl ether at a volume ratio of
2:1. Methacrylic anhydride (98%, Acros) was used as received.
Hydroxyethyl methacrylate (HEMA, Acros, 96%) was distilled
under vacuum and stored at —30 °C prior to use. 2-Cyanopro-
pan-2-yl-4-fluorobenzodithioate (CPFDB) was synthesized ac-
cording to the literature procedures.”® (2,4,6-Trimethylbenzoyl)-
diphenylphosphine oxide (TPO, 97%) was purchased from
Runtec Chem. Co. and used as received. Cobalt acetate (Co(OAc),-
4H,0), sodium hydroxide, hydrochloric acid, methanol, di-
chloromethane (DCM), and N,N-dimethylformamide (DMF)
were purchased from Shanghai Reagent Co. and used as received.
Highly pure deionized water at resistivity over I8 MQ cm ™' was
utilized. JB400 filters were purchased from Yaguang Sci. Edu.
Equip. Co.

Scheme 1. Synthetic Pathway for 6-Aminohexylmethacrylamide Hydrochloride (AHMA) Monomer Salt and the Targeted Poly[/V-(6-(3,5-di-tert-
butyl-2-hydroxybenzylideneamino)hexyl)methacrylamide]-block-poly(2-hydroxyethyl methacrylate) (PDBHHMA-b-PHEMA) Copolymer*
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“CPFDB is 2-cyanopropan-2-yl-4-fluorobenzodithioate chain transfer agent, and TPO is (2.4,6-trimethylbenzoyl) diphenylphosphine oxide

photoinitiator.
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Visible Light Source. The light of mercury vapor lamp emit-
ting separately at 254, 302, 313, 365, 405, 436, 545, and 577 nm
was filtered by JB400 filters to cut off the shorter wave UV light
below 400 nm and adjust the light intensity. Thus, the visible
light, emitting separately at 405, 436, 545, and 577 nm, at intensity
of 150 uW ecm™~at A = 420 nm, was obtained for the activation
of RAFT polymerization at 25 °C.

Synthesis of 6-Aminohexyl Methacrylamide (AHMA) Mono-
mer Hydrochloride Ammonium Salt. Hexylenediamine dihydro-
chloride salt (14.17 g, 75 mmol), hexylenediamine (18.56 g,
160 mmol), and 200 mL of water were added in a 1000 mL
round-bottom flask. After stirring at 25 °C for 1 h, 230 mL of
methanol was charged in this flask. The solution was cooled
down to —30 °C in an ethanol thermostatic bath. Methacrylic
anhydride (23.10 g, 150 mmol) and traces of hydroquinone
inhibitor were charged in this flask. The solution was stirred
at —30 °C for 1.5 h. Thereafter, the solution was adjusted to pH
1.0 using 35% hydrochloric acid. The solvent was removed by
rotary evaporation at 40 °C. The crude creamy product was recry-
stallized from isopropanol for 3 times to give the final white
AHMA amonium salt. Weight: 10.97 g; yield: 33%. '"H NMR
(6, ppm): 5.51 and 5.74 (2H, CH,=CCH3), 3.33 (2H, CONHCH),),
3.07 (2H, HCI-NH,CH,CH,), 2.00 (3H, CH,=CHCH3), 1.74
(2H, CONHCH,CH,), 1.63 (2H, HCI-NH,CH,CH,), 1.46 (4H,
CONHCH,CH,CH,CH,CH,CH,NH,-HCI).

Visible Light Activating RAFT Polymerization of HEMA Mono-
mer at 25 °C. HEMA (19.5 g, 150.0 mmol), CPFDB (179.2 mg,
0.75 mmol), TPO (65 mg, 0.187 mmol), and 15.5 g of DMF were
charged in a 100 mL round-bottomed flask. This flask was
capped with rubber septa and immersed in a thermostatic water
bath at 25 °C. After bubbling with argon gas for 60 min, the
solution was irradiated with the visible light for 3.5 h. 52.5%
HEMA monomer was polymerized according to '"H NMR anal-
ysis. PHEMA was precipitated from large excess of diethyl ether
and dried in vacuum overnight. Weight: 7.86 g; yield: 77%.
"HNMR: DP = 120. GPC: M,, = 37.2kgmol ', My/M, = 1.09.

Synthesis of PDBHHMA-b-PHEMA Copolymer. This co-
polymer was synthesized via the visible light activating RAFT
polymerization of AHMA monomer salt, using the above-
synthesized PHEMA as a macromolecular chain transfer agent
(macro-CTA) in aqueous solution at 25 °C. The polymerized
solution was directly reacted with 3,5-di-zerz-butyl-2-hydroxy-
benzaldehyde to give the targeted copolymer.

PHEMA (1.56 g, 0.1 mmol), TPO (6.96 mg, 0.02 mmol), and
4.5 g of DMF were charged in a 50 mL round-bottom flask and
stirred until PHEMA was completely dissolved. AHMA (2.205 g,
10 mmol) and 4.5 g of water were added in this flask. The
solution was adjusted to pH 1.5—2.0, using 35% hydrochloric
acid. This flask was capped with rubber septa and immersed in a
thermostatic water bath at 25 °C. After bubbling with argon gas
for 60 min, the solution was irradiated with the visible light for
35 min. After this visible light irradiation, 3,5-di-zert-butyl-
2-hydroxybenzaldehyde (3.10 g, 13.3 mmol) and 30 g of DMF
were directly charged in this flask. The solution was adjusted to
pH 10, using a 2.5 mol L' NaOH aqueous solution, stirred at
25 °C for 16 h. The polymer was precipitated from large excess
of water. The solids were dissolved in the mixed solvent of 30 g of
DMF and 30 g of acetone and further precipitated from large
excess of petroleum ether. The solids were dried in vacuum
overnight to afford the final PDBHHMA-b-PHEMA copoly-
mer. Weight: 2.11 g; yield: 74%. '"H NMR: PDBHHMA 3,-b-
PHEMA 5. GPC: M,, = 43.5 kgmol ™', My,/M, = 1.13.

Micellization of PDBHHMA 3,-b-PHEMA |, Copolymer. A
typical micellization procedure was as follows: 0.10 g of
PDBHHMA ;,-b-PHEMA |, copolymer was dissolved in 10.0 g
of DMF in a flask. 90.0 g of methanol was added dropwise in
this flask under stirring at 20 °C. This flask was capped with
glass stopper, stirred at 20 °C for 12 h, and kept still for 4 h
to afford 1.0 mg g~ ! methanol solution of PDBHHMA-core
micelles. The procedure for the preparation of PDBHHMA-
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shell micelles in DCM solution was the same except for micelli-
zation in DCM.

Coordination of Cobalt Ions in PDBHHMA 3,-b-PHEMA ;5
Micellar Solution. Cobalt acetate was dissolved in mixed solvent at
the ratio same as micellar solution to [Co® "]y = 1.13 x 10 ®mol g~ .
This cobalt acetate solution was added dropwise into 1.0 mg g~
micellar solution under stirring. The mixture was stirred in air at
20 °C for 12 h and kept still for 4 h to ensure the fulfillment of
coordination.

One portion of solution was diluted to a copolymer concen-
tration of 0.125 mg g ! at the same solvent ratio as initial
solution and kept still for 4 h prior to UV—vis spectroscopic
measurements; one portion of solution was diluted to 0.5 mg g~
at the same solvent ratio as initial solution and kept still for 4 h
prior to DLS measurements; and another portion of solution was
diluted to 0.25 mg g~ ! copolymer concentration at predetermined
DMF percentages for coordination mode studies by DLS.

Gel Permeation Chromatography (GPC) was performed on a
PL-GPC120 setup being equipped with a column set consisting
of two PL gel 5 um MIXED-D columns (7.5 x 300 mm, effective
molecular weight range of 0.2—400.0 kg mol "), using a DMF
eluent that contained 0.01 mol L' LiBr at 80 °C at a flow rate
of 1.0 mL min~'. Narrowly distributed polystyrene standards
in the molecular weight range of 0.5—7500.0 kg mol~' (PSS,
Mainz, Germany) were utilized for calibration.

Samples from polymerization were directly measured using
diluted DMF solutions. For the coordination mode studies, the
micelle-coordinated samples were prepared via evaporating the
solvent from micellar solution, and the solids were dissolved in
DMF under ultrasonication for 30 min and then filtered using
0.20 um filters prior to GPC measurements.

Dynamic Light Scattering (DLS) Studies. Light scattering
intensities and hydrodynamic diameters of solutions of copoly-
mer micelles were measured on a BI-200SM Brookhaven instru-
ment, equipped with a 100 mW adjustable solid-state laser
emitting at 532 nm, a BI-200SM goniometer, and a BI-9000
digital correlator. The laser was adjusted to 43 mW, and a BI-
TCD temperature controller was utilized to keep the solution
precisely at 25 °C prior to measurements. Light scattering
intensity at a fixed angle of 90° was recorded. The solu-
tions were filtered using 0.20 um filters prior to DLS measure-
ments.

"H NMR analyses were performed on a Bruker AV-400 NMR
spectrometer. Samples were scanned for 32 times at 25 °C. All
samples were fully dissolved or dispersed in deuterated solvents,
e.g., D,O, methanol-dy, acetone-ds, DMSO-dj, or chloroform-d.

Transmission electron microscopy (TEM) was performed on a
JEOL-1230 transmission electron microscope at an accelerating
voltage of 100 kV. A droplet of solution was supported on a
carbon-coated copper grid, dried in air at room temperature,
and stained with 2% phosphotungstic acid solution.

Other Measurements. UV —vis spectra were recorded on a
Perkin-Elmer lamda-25 UV—vis spectrometer at 25 °C. The
visible light intensity was measured using a UV-A radiometer
equipped with a 420 nm sensor. Solution pH was measured
using a PHS-3C digital pH meter.

Results and Discussion

Inspired by the tunability of coordination mode in natural zinc
proteins, this paper describes a new type of copolymer micelle,
whose coordination mode may be finely tuned by the solution
media. Asillustrated in Figure 1, cobalt ions may coordinate with
the functionalities of DBHHMA units in two different modes:
one is the intrachain coordination mode, i.e., cobalt ions co-
ordinate with the neighboring functionalities within a single
PDBHHMA chain, in which the coordinated copolymer may
be well dissolved in good solvent. Another is the interchain
coordination mode, in which the PDBHHMA chains are cross-
linked, and micelles are stabilized by this coordination
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Figure 2. 'H NMR spectrum of 6-aminohexylmethacrylamide hydro-
chloride (AHMA) monomer salt in D,0.

cross-linking. Thus, the coordination mode selectivity facilitates
to convert polymer micelles into noncrosslinking-coordinated
state or stabilized state through coordination crosslinking. This
leads to essentially different stability or permeability of polymer
micelles in the nonselective good solvent.

Synthesis of PDBHHMA-b-PHEMA Copolymer. As shown
in Scheme 1, the targeted PDBHHMA-b-PHEMA block co-
polymer was synthesized first via visible light activating RAFT
polymerization of HEMA monomer at 25 °C, and then chain-
extension RAFT polymerization of 6-aminohexyl methacryl-
amide hydrochloride (AHMA) monomer salt using the above-
synthesized PHEMA as a macromolecular chain transfer agent
(macro-CTA), under the same mild conditions. After chain-
extension polymerization, the solution was directly reacted with
3,5-di-tert-butyl-2-hydroxybenzaldehyde to give PDBHHMA -
b-PHEMA copolymer.

AHMA monomer was synthesized by the amidation of
hexylenediamine monohydrochloride salt with methacryloyl
chloride at —30 °C. As shown in Figure 2, the integral ratio of
proton signals of 1,:1y:1q:1i: I o 1y Iy equals 1:1:2:2:3:2:2:4,
within the analysis errors. This integral ratio is well compar-
able to the proton ratio of the targeted AHMA monomer
salt. Moreover, except the signal of HOD, no signal of other
impurities is detectable. This suggests the high purity of
AHMA monomer.

PHEMA was synthesized via RAFT polymerization of
HEMA monomer, using a CPFDB chain transfer agent and
a TPO photoinitiator, at a feed molar ratio of [HEMA]:
[CPFDB]y:[TPO]y = 200:1:0.25 in 45 wt % DMF, under the
visible light radiation at 25 °C. 52.5% HEMA monomer was
polymerized in 3.5 h, according to '"H NMR analysis.

As shown in the bottom spectrum of Figure 3a, no signal at
0 = 5.5-6.5 ppm (CH,=CCH; of HEMA monomer) is
detectable. This indicates that HEMA monomer was com-
pletely removed from this PHEMA sample. The integral
ratio of proton signals of I:[y:1.:[: Iq = 1:2:2:2:3, which is
comparable to the proton ratio of PHEMA. Except the
signal of HOD, no signal of other impurities is detectable,
indicating the high purity of this PHEMA sample. More-
over, as shown in the inset of Figure 3a, the signals at =
7.2—8.0 ppm (FC¢H4CSS of CPFDB residues at PHEMA
chain ends) are detectable. Thus, its degree of polymerization
(DP) was assessed to be 120 according to eq 1:

o 1b+lc

1
T 1)

As shown in Figure 3b, GPC trace of this PHEMA sample is
quite narrow and symmetrical, suggesting the well-controlled
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Figure 3. (a) "H NMR spectra and (b) GPC traces of poly(2-hydro-
xyethyl methacrylate) and its chain-extended poly[N-(6-(3,5-di-tert-
butyl-2-hydroxybenzylideneamino)hexyl)methacrylamide]-block-poly-
(2-hydroxyethyl methacrylate) (PDBHHMA-h-PHEMA) copolymer.

behavior of this RAFT polymerization. Thus, it is a suitable
macro-CTA for the chain extension RAFT polymerization of
AHMA monomer salt.

To avoid the amonolysis of the chain-end dithioester
CPFDB residues, the polymerization of AHMA monomer
salt was performed in acidic water/DMF at solution pH 1.5—
2.0, which was slightly lower than pK, of 2.51 as assessed by
titration analysis, at which the ammonium salt of AHMA
starts to deionize. After this chain extension polymerization,
3,5-di-tert-butyl-2-hydroxybenzaldehyde was directly added
in this solution. The pink solution changed to yellow upon
adjusting to pH 10 at 25 °C. This mixture was stirred at 25 °C
for 16 h to ensure the fulfillment of this reaction.

As shown in the upper spectrum of Figure 3a, the integral
ratio of I,:1. is 1:2, suggesting the essentially complete reac-
tion of primary amine functionalities of PAHMA blocks
with 3,5-di-tert-butyl-2-hydroxybenzaldehyde. Except the
signal of acetone-d, impurities, no signal of other impurities
is detectable, indicating the high purity of this copolymer.
Therefore, this copolymer was assessed to be PDBHHMA 5,-
b-PHEMA |5, according to eq 2:

[1+g+h+d o 5 X 120+2DP (2)

1, DP

where DP is the degree of polymerization of PDBHHMA
blocks, 7, is the integral of proton signal at 6 = 8.34 ppm
(CH,N=CH of PDBHHMA blocks), I} ¢ nd1s the integral
of proton signal at 6 = 3.27—4.49 ppm (CH,CH,OH of
PHEMA blocks and CONHCH, of PDBHHMA blocks).
120 is the above-assessed degree of polymerization of PHEMA
blocks. Moreover, GPC trace of PDBHHMA 3,-b-PHEMA |5
copolymer is narrow and symmetrical (see Figure 3b), with a
low My,/M,, of 1.13.
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Table 1. Dynamic Light Scattering Results of 1.0 mg g '
PDBHHMA ;,-b-PHEMA (5, Micellar Solutions in Mixed Solvents

intensity Dy, polydispersity
solvent ratio (keps) (nm) (,uz/l“z)
WoME: Wmethanol = 10:90 23.7 27 0.035
WDMF: Wmclhanol = 595 33.9 24 0.092
WDMF:WDCM = 595 161 81 0.113

b,iijLk

acetone-d,

PDBHHMA-core micelles in methanol-d,

Vb oM oM

o 8 7 6 5 4 3 2 1 0
Chemical Shift (ppm)

Figure 4. '"HNMR spectra of PDBHHM A 3,-b-PHEMA | copolymer
separately (upper) in acetone-ds, (middle) in chloroform-d, and (bottom)
in methanol-dy. Arrows indicate the attenuated signals.

Micellization of PDBHHMA 3,-b-PHEMA ;,( Copolymer.
As shown in Table 1, in methanol solution at 5 wt % DMF,
this block copolymer self-assembled into small micelles of
hydrodynamic diameter Dy, = 24 nm and low polydispersity
us/T? = 0.092; increasing DMF content to 10 wt % led to the
swollen micelles with ca. 3 nm larger Dy, and ca. 10 kcps lower
intensity than the former. In contrast, in dichloromethame
(DCM) solution at 5 wt % DMF, this copolymer self-
assembled into larger inversed micelles of D, = 81 nm and
remarkably higher intensity of 161 kcps of solution.

As shown in Figure 4, as compared with "H NMR spectrum
of fully dissolved copolymer in acetone-ds (nonselective sol-
vent, upper spectrum), the proton signals of PHEMA blocks
are fully detectable, but those of PDBHHMA blocks are
attenuated in methanol-dj (selective solvent, bottom spectrum).
This suggests the formation of PDBHHMA-core micelles in
methanol. In contrast, the proton signals of PDBHHMA blocks
are fully detectable but those of PHEMA blocks are attenu-
ated in chloroform-d (selective solvent, middle spectrum).
This suggests the formation of PDBHHM A-shell micelles in
DCM.

Coordination of Cobalt Ions with PDBHHMA Blocks in
Micellar Cores. It is well-known that the Co*"—salen com-
plexes rapidly oxidize to Co®"—salen complexes on exposure
in air.®” Rossbach et al.?” demonstrated that Co*"—salen
functionalities of block copolymers in micellar cores imme-
diately converted to Co>*—salen functionalities on exposure
to air at room temperature. However, this oxidation leads to
more ligand number but does not cleave the coordination
bonds of Co—O or Co—N of salen functionalities. Thus, in
the case of coordination of cobalt ions with the functional-
ities of PDBHHMA blocks, this oxidation does not change
the inter- or intrachain coordination mode. Accordingly, the
coordination experiments were carried out directly in air
atmosphere.

As shown in Figure 5a, in methanol solution (5 wt %
DMF), addition of cobalt acetate leads to the colorless
solution gradually changes to brown. A typical coordination
absorption at A, =375 nm appears and gradually increases.
As shown in the inset of Figure 5a, the absorption curve
levels off in ca. 4800 s. This absorbance attributes to
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Figure 5. UV—vis spectroscopic evolution of a 0.125 mg g~'
PDBHHMA-core micellar solution of PDBHHMA3,-b-PHEMA |5
upon coordination with cobalt ions at a [Co>']o/[DBHHMA], =
0.60, (a) in methanol (5 wt % DMF) or (b) in methanol (10 wt % DMF).
Inset: the absorbance at A,,,, = 375 nm as a function of reaction time
and solution photos at predetermined intervals.

Co’>"—DBHHMA, and Co**—DBHHMA, functionalities.
Clearly, the coordination was controlled by the diffusion
process of cobalt ions into hydrophobic micellar cores of
PDBHHMA blocks. Considering the slower diffusion pro-
cess and more rapid oxidation, the critical time of ca. 4800 s
may be regarded as the time needed for fulfillment of
coordination.

As shown in Figure 5b, coordination in methanol solution
at 10 wt % DMF proceeds much more rapidly than at 5 wt %
DMF; the solution changes to brown shortly in 570 s.
As assessed from the inset of Figure Sb, this coordination
carried out in ca. 490 s. Clearly, increasing DMF content
inevitably leads to the swelling of PDBHHMA micellar
cores. In addition, DMF may also well interact with cobalt
ions, thus improves the compatibility of cobalt ions with
hydrophobic PDBHHMA blocks. Both effects facilitate the
diffusion of cobalt ions into hydrophobic micellar cores.

The coordination efficiency was further investigated by
UV—vis spectroscopy. The coordinated solution was stirred
in air at 20 °C for 12 h and kept still for 4 h to ensure complete
oxidation. Thus, the absorbance at A, = 375 nm predo-
minantly attributes to the absorption of Co>*—DBHHMA,
complexes. As shown in Figure 6, increasing the feed molar
ratio of [Co®"]o/[DBHHMA], leads to the linear increase of
this absorbance at the low ratios and levels off at [Co®']y/
[DBHMMA], of 0.37 in methanol solution at 5 wt % DMF or
0.40 in methanol solution at 10 wt % DMF. Because of the
semistructural character of salen ligands®® of PDBHHMA
functionalities, one portion of cobalt ions most presumably
coordinates with two portions of DBHHMA units. Thus,
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Figure 7. Dynamic light scattering results of 0.5 mg g~' of the co-
ordinated PDBHHMA-core micellar solution of PDBHHMA3,-b-
PHEMA 5, (a) in methanol (5 wt % DMF) or (b) in methanol
(10 wt % DMF), as a function of [Co”"]/[DBHHMA].

coordination efficiency of DBHHMA units is separately 74%
at 5wt % DMF or 80% at 10 wt % DMF. Considering the
chain nature of PDBHHMA blocks, such high efficiency
implies that this coordination occurs in the whole hydrophobic
micellar cores rather than just at the core—shell interfaces.

As shown in Figure 7a, upon coordination in methanol
solution at 5 wt % DMF, the size of micelles keeps essentially
constant at Dy, =25 nm, but the light scattering intensity of
solution increases from initially 16.8 kcps to 50 kcps at
[Co**]o/[IDBHHMA], = 0.4, at which ca. 80% DBHHMA
units was coordinated, further increasing [Co> ] [DBHHMA],
does not lead to intensity increase. This suggests that this
coordination was saturated at ca. 80% DBHHMA units
coordinated. As shown in Figure 7b, upon coordination in
methanol solution at 10 wt % DMF, Dy, also keep constant at
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a) 0.01 mg g'!

Figure 8. TEM images of the PDBHHM A-core micelles of PDBHHMA 3,-
h-PHEMA 5, copolymer coordinated at [Co*"]o/[DBHHMA], = 0.60,
from (a) 0.01 mg g~ " copolymer solution in methanol (0.01 wt % DMF)
or (b) 0.1 mg g~ ' copolymer solution in methanol (0.1 wt % DMF).
Scale bar: 100 nm.

27—28 nm. The light scattering intensity increases from the
initially 11.4 kcps to 40.5 keps at [Co? ' ]o/[DBHHMA],=0.4.
Clearly, this intensity increase is less pronounced than that at
5wt % DMF. This indicates that the coordinated micelles
are less compact at 10% DMF than at 5 wt % DMF.

As shown in Figure 8a, TEM image of negatively phos-
photungstic acid-stained samples from 0.01 mg g~ ' diluted
methanol solution exhibits narrow-distributed spherical
micelles with well-defined diameters of 24—26 nm. As shown
in Figure 8b, increasing the copolymer concentration up to
0.1 mg g~ tends to the fusion of micelles to nanorods with
diameter the same as initial spherical micelles from dilute
solution, no large spherical aggregate is detectable. This
suggests the fusion of micellar shell domains; i.e., the co-
ordination-crosslinked cores suppress the fusion of whole
micelles in the precence of DMF solvent.

Studies on Coordination Modes in Micellar Cores. Because
of same chemical environment and electron structural char-
acter of these coordinating sites, the spectroscopy or 'H NMR
cannot be utilized for the characterization of inter- or intra-
chain coordination mode. Fortunately, the inter- or intra-
chain coordination mode leads to different stability of
micelles in nonselective good solvent. The intrachain-
coordinated micelles may molecularly dissolve in good sol-
vent, but interchain coordination leads to the coupling and
crosslinking of polymer chains; such micelles cannot dis-
sociate in good solvent or at least enlarge molecular weight of
polymer. Thus, the stability of coordinated micelles in good
solvent; e.g., DMF may well reflect the inter- or intrachain
coordination mode.

As shown in Figure 9a, in the case of the initial methanol
solution (5 wt % DMF) at low feed molar ratio of [Co*"]y/
[DBHHMA], = 0—0.05, increasing DMF content leads to
the intensity decrease, which is close to that of the fully
dissoved noncoordinated copolymer at 50 wt % DMF,
suggesting the full dissolution of copolymer. This intensity
decrease slows down upon increasing [Co® ],/ [DBHHMA],
to 0.155, at which the intensity is larger than 10 kcps even at
50 wt % DMF, suggesting the interchain coordination. As
shown in Figure 9b, at [Co”"]o//[DBHHMA], = 0—0.10, the
micelles were dissociated at relatively high content of DMF.
However, at [C02+]0/[DBHHMA]0 > 0.155, Dy, of micelles
kept essentially constant even at 50 wt % DMF. This con-
firms the formation of interchain coordination.
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Figure 9. Dynamic light scattering results of the methanol solutions of
PDBHHM A-core-coordinated copolymer micelles upon diluted by
DMEF. From bottom to up: at [Co“]o/[DBHHMA]O =0, 0.05, 0.10,
0.155, 0.20i 0.30, 0.40, 0.50, 0.60. Sample preparation: the initial
0.50 mg g PDBHHM A-core-coordinated micellar solution (5 wt %
DMF) was separately diluted to 0.25 mg g~ ' at predetermined weight
percentages of DMF.

As comparison, as shown in Figure 10, at [Co?T]y/
[DBHHMA], = 0—0.118, rapid decrease of intensity and
Dy, suggested that micelles were dissociated and copolymer
was fully dissolved on increasing the fraction of DMF. At
[Co*]o/[DBHHMA],=0.18—0.22, micelles were dissociated
to form irregular aggregates on addition of DMF. However,
at [Co*"o/[DBHHMA], = 0.37, Dy, of micelles kept essen-
tially constanteven at S0 wt % DMF. These critical ratios are
much higher than those of coordinated micelles in methanol
solution at 5 wt % DMF ([Co”]o/[DBHHMA], = 0.155),
suggesting that the solvation effect of small amount of DMF
leads to a tendency of intrachain coordination.

In summary, in methanol solution, the functionalities of
hydrophobic PDBHHMA blocks in micellar cores tend to
coordinate with cobalt ions in the interchain mode. A small
amount of DMF remarkably accelerates this coordination
but increases the tendency of intrachain coordination.

Coordination of Cobalt Ions in PDBHHMA-Shell Micelles.
As shown in Figure 11, on the addition of cobalt ions in di-
chloromethane (DCM) solution of PDBHHM A-shell micelles,
the colorless solution rapidly changes to brown. As shown in
the inset of Figure 11, the coordination was fulfilled in ca. 50 s.
This coordination proceeded remarkably more rapidly than in
methanol solution at either 5 wt % DMF (ca. 4800 s) or 10 wt %
DMF (ca. 490 s).

As shown in Figure 12, the absorbance at A, = 375 nm
linearly increases with the feed molar ratio of [Co*']y/
[DBHHMA]y. This coordination reaches a saturated point
at [Co®"]o/[DBHHMA],=0.41, at which ca. 82% DBHHMA
units were coordinated. This efficiency is in good agreement
with the theoretical value of 81.45%, as assessed by the
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Figure 10. Dynamic light scattering results of the methanol solutions
of PDBHHMA-core-coordinated copolymer micelles upon diluted
by DMF. From bottom to up: at [Co® ]o//[DBHHMA], = 0, 0.05,
0.118, 0.18, 0.22, 0.37, 0.50, 0.61, 0.72. Sample preparation: the initial
0.50 mg g~' PDBHHM A-core-coordinated micellar solution (10 wt %
DMF) was separately diluted to 0.25 mg g~ ! at predetermined weight
percentages of DMF.
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Figure 11. UV—vis spectroscopic evolution of a 0.125 mg g !
PDBHHMA-shell micellar solution of PDBHHMA,-6-PHEMA
in DCM (5 wt % DMF) upon the coordination with cobalt ions at
a [Co**]o/[DBHHMA]J, = 0.60. Inset: absorbance at Ay, = 375 nm
as a function of reaction time and solution photos at predetermined
intervals.

computer simulation based on enumeration method assum-
ing thatall coordinations proceed in the intrachain mode (see
Supporting Information).

As shown in Figure 13a, in DCM solution, upon coordi-
nation over a wide range of [Co®"]/[DBHHMA],=0—0.70,
both the size of micelles and light scattering intensity of
solution are essentially constant. This indicates that the
coordination does not affect the aggregation behavior; i.e.,
no or negligible interchain coordination occurs. This is
totally contrary to the coordination of PDBHHMA blocks
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Figure 13. (a) Dynamic light scattering results of a 0.5 mg g~ ' of the
coordinated micellar solution of PDBHHMA3,-b-PHEMA |5, in DCM
(5wt % DMF) as a function of [Co*"]o/[DBHHMA],. (b) TEM image
of the coordinated micelles from 0.1 mg g~ copolymer solution in
DCM (1 wt % DMF). Scale bar: 100 nm.
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Figure 14. Dynamic light scattering results of the DCM solutions of
PDBHHMA-shell-coordinated copolymer micelles upon diluted by
DMEF. Sample preparation: the initial DCM solution of 0.50 mg g™
PDBHHMA -shell-coordinated micelles (5 wt % DMF) was separately
diluted to 0.25 mg g~ " at predetermined weight percentages of DMF.

in micellar cores where more compact micelles formed as
indicated by the intensity increase (see Figure 7). As shown in
Figure 13b, these aggregates are large spherical micelles,
rather than vesicles or other types of aggregates.

As shown in Figure 14a, adding DMF may lead to a sharp
decrease of both light scattering intensity and D;. No
aggregate is detectable at 10.3 wt % DMF, even large excess
of cobalt ions added, e.g., [Co*"]o/[DBHHMA], = 0.70. This
confirms the intrachain coordination. This phenomenon is
totally different from what observed in the covalently shell-
crosslinked polymer micelles,”' " in which large excess of
cross-linkers inevitably leads to the shell-crosslinking due to
the highly concentrated polymer chains in micellar shells.

GPC Evidence for Coordination Modes in PDBHHMA-b-
PHEMA Micelles. Prior to GPC measurements, the solvent
of micellar solutions were first evaporated, the solids were
redissolved in DMF, and large aggregates were removed by
filtration using 0.20 um filters. For the samples from
PDBHHM A-shell-coordinated micelles, the light scattering
intensities of solution before and after filtration are essen-
tially the same as 0.7—0.9 kcps. Moreover, GPC pump keeps
normal pressure the same as initially 10.7 MPa on measure-
ments. This suggests that the coordinated micelles were
molecularly dissolved in DMF.

In contrast, for the samples from PDBHHMA-core-
coordinated micelles, particularly those at [Co’']y/
[DBHHMA], = 0.15, the filtration process leads to a dra-
matical decrease of light scattering intensity, e.g., from
initially 19 keps down to 3.2 keps. Moreover, the pressure
of GPC pump increases from initially 10.7 MPa up to
strikingly 13.8 MPa on measurement. This suggests the
formation of insoluble large aggregates.
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Figure 15. GPC traces of the coordinated PDBHHMA,;-h-PHE-
MA 50 copolymer samples: (a) from methanol solutions (5 wt % DMF)
of PDBHHMA-core-coordinated micelles; (b) from DCM solutions
(5wt % DMF) of PDBHHM A-shell-coordinated micelles. The samples
were prepared via separately evaporating solvents from micellar solu-
tions, dissolving the solids in DMF, and filtering by 0.20 um filters prior
to measurements.

As shown in Figure 15a, GPC trace of the samples from
PDBHHMA-core-coordinated micelles at [Co>"]o/
[DBHHMA], = 0.05 is essentially the same as that of non-
coordinated copolgmer. This indicates the intrachain coordination.
However, at [Co”"]o/[DBHHMA], > 0.15, new shoulders at
high molecular weight side of their GPC traces are detectable,
despite large aggregates were removed prior to mesurements.
This demonstrates significant amount of interchain coordina-
tion. On the contrary, for the samples from PDBHHMA-shell-
coordinated micelles, all GPC traces are essentially the same as
noncoordinated copolymer (Figure 15b), even at large excess of
cobalt ions, e.g. [Co”> " ]o//[DBHHMA],=0.70. This confirms the
predominant intrachain coordination.

Conclusions

This paper describes a new type of polymer micelle, whose
coordination mode may be well tuned simply via adjusting the
solution media. To this end, a well-defined PDBHHMA-b-
PHEMA copolymer was synthesized via visible light activating
RAFT polymerization of HEMA monomer at 25 °C, and chain-
extension RAFT polymerization of AHMA monomer salt, and
finally reacted directly with 3,5-di-tert-butyl-2-hydroxybenzalde-
hyde. "H NMR and GPC analyses confirmed the intact structure,
well-defined molecular weight, and narrow molecular weight
distribution of this block copolymer.

PDBHHMA;,-b-PHEMA |5, copolymer could self-assemble
into small PDBHHM A-core micelles in methanol or large inversed
PDBHHMA-shell micells in DCM. Both types of micelles could
well coordinate with cobalt ions in the whole PDBHHM A micellar
shells or cores. The coordination of PDBHHMA blocks in micellar
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shells proceeded much more rapidly than that in micellar cores.
The addition of small amount of DMF significantly accelerated
the coordination process in micellar cores. Upon coordination,
the size of micelles kept essentially constant, but the light
scattering intensity of methanol solution of PDBHHMA-core
micelles linearly increased up to a critical ratio of [Co*]y/
[DBHHMA], = 0.4; a small amount of DMF brought down this
intensity increase. However, this coordination did not change the
light scattering intensity of DCM solution of PDBHHMA-shell
micelles, even at [Co?"]o/[DBHHMA],=0.7.

Both DLS and GPC results evidenced that cobalt ions tended
to coordinate with the functionalities of PDBHHMA blocks in
micellar cores in the interchain mode; the addition of a small
amount of DMF led to the tendency of intrachain coordination.
In contrast, cobalt ions predominantly coordinated with the
functionalities of PDBHHMA blocks in micellar shells in the
intrachain mode. This media-modulated selectivity of coordina-
tion modes may not only well adjust the stability of micelles but
also finely tune the permeability of these polymer micelles. These
properties are going to be reported in a follow-up paper but are
beyond the scope of this paper.
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