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ABSTRACT: Elaborate biocompatible block copolymer architectures are achievable via controlled ring opening
polymerization (ROP). Selective incorporation of donor groups results in macroligands that can coordinate metals
to form site-isolated metallopolymers. A hydroxyl-functionalized bipyridine, bpy(CH,OH),, was employed as an
initiator for the ROP of ethylene oxide, producing bpyPEG,. Subsequent reaction with e-caprolactone followed
by lactide (D,L- and L-) results in well-defined bpy-centered triblock PCL-PEG-bpy-PEG-PCL and pentablock
PLA-PCL-PEG-bpy-PEG-PCL-PLA and PLLA-PCL-PEG-bpy-PEG-PCL-PLLA macroligands, respectively, with
low polydispersity indices (PLA = D,L-polylactide, PCL = poly(e-caprolactone), PEG = poly(ethylene glycol),
PLLA = L-polylactide). These systems were combined with FeCl, to produce iron-centered star blocks
[Fe{bpy(PEG-PCL),}3]Cl,, [Fe{bpy(PEG-PCL-PLA),}]Cl,, and [Fe{bpy(PEG-PCL-PLLA),}s]Cl, with six diblock
and triblock arms. Materials were characterized by gel permeation chromatography (GPC), 'H NMR, and UV —vis
spectroscopy, verifying that synthetic targets were achieved. Thermal gravimetric analysis shows decomposition
temperatures corresponding to PEG, PCL, and PLA blocks, and melting temperatures are typical for these materials.

Introduction

Sophisticated macromolecular architectures can be generated
by living polymerization methods. Compositional segments may
be introduced at reactive chain ends in a stepwise fashion to
generate a wide range of block copolymer structures capable
of self-assembly into higher order solution' * and film mor-
phologies.*”” Functional elements, such as metal complexes,
can be incorporated into specific sites to introduce responsive
features into materials.> '® For example, luminescent metal-
loblock copolymer assemblies are known for europium het-
eroarm star films'* and ruthenium terpyridine systems as films'”
and micelles.'®'® In some cases, demetalation of ruthenium
metallo-supramolecular micelles is possible via introduction of
a competitive ligand, resulting in the dissociation of terpyridine
macroligands from the metal center.' Patterned block copoly-
mer films have also served as templates for mineralization and
iron oxide nanoparticle formation upon macroligand dissocia-
tion.?® Ligand-functionalized block copolymers have also been
used for the arrangement and stabilization of inorganic nano-
particles.>' %

Here, we employ hydroxyl-functionalized bipyridine initiators
for the sequential living/controlled ring opening polymerization
(ROP) of ethylene oxide, e-caprolactone, and D,L- or L-lactide
and show that the resulting PLA-PCL-PEG-bpy-PEG-PCL-PLA
and PLLA-PCL-PEG-bpy-PEG-PCL-PLLA pentablock macro-
ligands are competent for iron(II) binding, producing iron-
centered six arm, star block copolymers with PEG-PCL-PLA
triblock arms (PLA = D,L-polylactide, PLLA = L-polylactide)
(Figure 1). Hydrophilic poly(ethylene glycol) (PEG) and
hydrophobic polyesters, such as poly(lactic acid) (PLA) and
poly(e-caprolactone) (PCL), are biocompatible polymers that
find wide application in medicine. Amphiphilic block copoly-
mers based on PEG-PCL and PEG-PLA can form solu-
tion,*?°~28 film,*?° and hydrogel assemblies.’*3! For example,
PEG-PLA and PEG-PCL polymerosomes form vesicles and
wormlike micelles that have been used for drug delivery both
in vitro*®3? and in vivo.>>** Furthermore, degradation rates of
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Figure 1. Schematic representation of iron(II) tris(bipyridine)-centered
star block copolymer with PEG-PCL-PLA triblock copolymer arms.

PCL are modulated by the introduction of faster degrading
PLA*>"*" or hydrophilic PEG,?* 28 the latter of which facilitates
diffusion of water into the polymer matrix and thus hydrolysis
of the polyester chain. The introduction of metal complexes into
polymers imparts color and chemically responsive cross-links.
For example, polymeric iron tris(bipyridine) (tris(bpy)) com-
plexes are sensitive to acid, base, or oxidants such as peroxides
or dioxygen.*® % Associated bleaching of the red-violet iron
tris(bpy) chromophores serves as a sensitive indicator of star
polymer fragmentation and thus biomaterials degradation. Metals
and polymers can mutually affect each other in these hybrid
materials. Metals may influence rates of polymer degradation,
while the surrounding polymer environment, both chemical
composition and assembly morphology, can affect metal
reactivity. The synthesis of state-of-the-art iron tris(bpy)-centered
star block copolymers and their molecular weight, spectroscopic,
and thermal analyses are described below.

Experimental Section

Materials. The difunctional initiator 4,4'-bis(hydroxymethyl)-
2,2'-bipyridine (bpy(CH,OH),) was prepared as previously re-
ported.*" e-Caprolactone was dried over CaH, and distilled under
reduced pressure prior to use. 3,6-Dimethyl-1,4-dioxane-2,5-dione
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(D,L-lactide, Aldrich) and (35)-cis-3,6-dimethyl-1,4-dioxane-2,5-
dione (L-lactide) were recrystallized from ethyl acetate (2x) and
stored in a drybox under a nitrogen atmosphere. Ethylene oxide
(EO) (CAUTION, Aldrich) was dried over dibutyl magnesium
(Aldrich), distilled under reduced pressure (2x), and stored in an
air-free buret. Potassium naphthalenide was prepared by reaction
of potassium and naphthalene in tetrahydrofuran (THF) and titrated
(3x) with a standardized HCI solution.** Tron(IT) chloride (Strem)
was titrated with 2,2'-bipyridine (Aldrich) in 3:1 CH,Cl,/MeOH
prior to use to verify the iron concentration. Tetrahydrofuran and
methylene chloride (Fisher) were purified by passage through
alumina columns.** Methanol (Fisher) was purged with argon prior
to use in titrations, chelation reactions, and UV —vis spectroscopy.
Chloroform-d (CDCl;) was passed through a short plug of dry,
activated (Brockman I) basic alumina prior to use in 'H NMR
analysis of polymeric iron complexes. Tin(II) 2-ethylhexanoate
(Sn(oct),, Spectrum) and all other reagents were used as received.

Methods. 'H NMR (300 MHz) spectra were recorded on a
Varian Unitylnova spectrometer in CDCls unless otherwise indi-
cated. Resonances were referenced to the signal for residual
protiochloroform at 7.260 ppm. 'H NMR coupling constants are
given in hertz. UV—vis spectra were recorded on a Hewlett-Packard
8452A diode-array spectrophotometer in CH,Cl,/CH;OH (3:1).
Molecular weights were determined by gel permeation chroma-
tography (GPC) (THF, 25 °C, 1.0 mL/min) using multiangle laser
light scattering (MALLS) (A = 633 nm, 25 °C) and refractive index
(RI) (A = 633 nm, 40 °C) detection. A Polymer Laboratories 5 um
mixed-C guard column and two GPC columns along with Wyatt
Technology Corp. (Optilab DSP interferometric refractometer,
DAWN DSP laser photometer) and Agilent Technologies instru-
mentation (series 1100 HPLC) and Wyatt Technology software
(ASTRA) were used in GPC analysis. The incremental refractive
indices (dn/dc values) for polymer samples were determined by a
single injection method that assumed 100% mass recovery from
the columns. Thermal gravimetric analysis (TGA) was conducted
using a TA Instruments TGA 2050 thermogravimetric analyzer from
30 to 500 °C with a heating/cooling rate of 10 °C/min under Np.
Differential scanning calorimetry (DSC) measurements were per-
formed using a TA Instruments DSC 2920 modulated differential
scanning calorimeter. Analyses were carried out in modulated mode
under a nitrogen atmosphere (amplitude = £1 °C; period = 60 s;
heating rate = 5 °C/min; range —10 to 200 °C or —10 to 170 °C).
Reported values of thermal events are from the second heating cycle
and the reversing heat flow curve unless indicated otherwise (74 =
onset point of decomposition; 7}, reported as the peak maximum).

BpyPEG,, 1. The polymerization was performed in a 250 mL
glass reactor equipped with three internal Ace-Threds threaded glass
connectors and a glass covered stir bar. Using Teflon ferrules, nylon
bushings, and FETFE O-rings, the reactor was fitted with a glass
plug, a Teflon valve, and a glass Y-connector. The Y-connector
was equipped with a Teflon valve, purge valve, compound gauge,
and port capped with a Teflon-coated septum. The valve on the
Y-connector was connected to a vacuum/nitrogen manifold. The
apparatus was evacuated to ~1073 Torr, flame-dried, and backfilled
with N, (3x). An air-free pretared buret containing EO was then
attached to the Teflon valve on the reaction flask with flexible metal
tubing equipped with Swagelok unions and Teflon ferrules. The
buret was kept cold in an ice H,O bath. The apparatus and metal
tubing were evacuated and backfilled with N, (4x). A solution of
bpy(CH,OH), (0.451 g, 0.209 mmol) in THF (40 mL) was added
to the reaction flask through the Teflon coated septum using a N»
flushed syringe. Additional THF (54 mL) was added to establish
an initiator concentration of 18—20 mM. Potassium naphthalenide
(10.4 mL of a 0.20 M solution, 2.08 mmol) was then added
dropwise. The reaction apparatus was isolated from the manifold
under a N, atmosphere and then cooled to —78 °C. The EO (5.20
g, 118 mmol) was added to the reaction mixture. The Teflon valves
to the buret and reaction flask were then sealed, and the metal tubing
and EO buret were removed. The reaction mixture was removed
from the ice bath and warmed to room temperature, immersed in
an oil bath at room temperature, and then slowly warmed to 40
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°C, upon which the pressure increased significantly. The reaction
pressure (i.e., EO monomer consumption) was monitored via the
attached compound gauge (below ~10 psi deemed safe; above ~10
psi, the pressure is released via the preset purge valve). When the
pressure dropped to ~2 psi, the reaction flask was cooled to room
temperature. An acidic methanol solution (1 mL of a stock solution
of 1.5 mL of concentrated HCI in 25 mL of methanol) was added
to the dark green solution through the glass plug port. The resulting
golden yellow-brown mixture was stirred at room temperature for
2 h, passed through a neutral alumina plug, concentrated in vacuo,
and precipitated from a minimal amount of CH,Cl, into cold diethyl
ether (~250 mL, —78 °C). The resulting white solid was collected
by filtration, washed with cold diethyl ether, and dried in vacuo:
3.12 g (55%). 'H NMR (300 MHz, CDCl5): 6 8.64 (d, J = 4.9 Hz,
H-6, H-6"), 8.32 (s, H-3, H-3'), 7.37 (dd, / = 5.0 Hz, / = 1.4 Hz,
H-5, H-5"), 4.67 (s, bpyCH>), 3.64 (m, PEG CH,CH>), 2.57 (t,J =
6.2 Hz, RCH,0H). M,, (MALLS) = 3800, PDI = 1.05, dn/dc =
0.066 mL/g.

Bpy(PEG-PCL),, 2. A representative procedure is provided. A
dry Kontes flask was charged with bpyPEG, (0.250 g, 0.066 mmol,
3800 Da) and e-caprolactone (0.940 g, 8.23 mmol) under a nitrogen
atmosphere. The flask was sealed and placed in an oil bath at 110
°C to create a homogeneous melt. Under a flow of nitrogen, a 29.6
mM solution of Sn(oct), in hexanes (89 uL, 2.6 umol) was added
to the reaction mixture. The reaction vessel was resealed and heated
at 110 °C until an extremely viscous mixture resulted (~5.5 h).
The reaction mixture was cooled to room temperature, dissolved
in a minimal amount of CH,Cl,, and precipitated by dropwise
addition to cold stirring hexanes (—78 °C). The supernatant was
decanted, and the solid residue was washed with cold hexanes and
dried in vacuo to afford bpy(PEG-PCL), as a white solid: 1.15 g
(97%). '"H NMR (300 MHz, CDCl,): 0 8.64 (d, J = 4.6 Hz, H-6,
H-6"), 8.36 (s, H-3, H-3"), 7.37 (m, H-5, H-5"), 4.67 (s, bpyCH.),
4.06 (t, J = 6.7 Hz, RCO,CH,), 3.64 (m, PEG CH,CH,), 2.30 (t,
J=1.5Hz, CH,COyR), 1.70—1.56 (m, CH,), 1.43—1.32 (m, CH,).
M,, (MALLS) = 19 800, PDI = 1.11, dn/dc = 0.072 mL/g.

Bpy(PEG-PCL-PLA),, 3. A dry Kontes flask was charged with
bpy(PEG-PCL), (0.251 g, 0.015 mmol, 17 800 Da) and D,L-lactide
(0.207 g, 1.44 mmol). The flask was evacuated, backfilled with
nitrogen, sealed, and immersed in an oil bath at 130 °C to create a
homogeneous melt. Under a flow of nitrogen, a 46.4 mM solution
of Sn(oct); in hexanes (12 uL, 0.6 umol) was added to the reaction
mixture. The reaction vessel was resealed and heated at 130 °C
until an extremely viscous mixture resulted (~3.5 h). The reaction
mixture was cooled to room temperature, dissolved in a minimal
amount of CH,Cl,, and precipitated by dropwise addition to cold
stirring hexanes (—78 °C). The supernatant was decanted, and the
solid residue was reprecipitated (2x) from CH,Cly/hexanes (—78
°C), washed with cold hexanes, and dried in vacuo to afford
bpy(PEG-PCL-PLA), as a white solid: 0.288 g (63% uncorrected
for monomer conversion). 'H NMR (300 MHz, CDCl;): 6
5.25-5.11 (m, CH), 4.06 (t, / = 6.7 Hz, RCO,CH,), 3.64 (m, PEG
CH,CH,), 2.30 (t, J = 7.5 Hz, CH,CO;R), 1.70—1.49 (m, CH,,
CH3), 1.43—1.32 (m, CH,). M, (MALLS) = 19 300, PDI = 1.11,
dn/dc = 0.053 mL/g.

Bpy(PEG-PCL-PLLA),, 4. The PLLA pentablock macroligand
was synthesized as described for 3 with the following reagent
loadings: bpy(PEG-PCL), (0.261 g, 0.014 mmol, 19 000 Da),
L-lactide (0.204 g, 1.42 mmol), and a solution of Sn(oct), in hexanes
(12 uL, 46.4 mM, 0.6 umol). Bpy(PEG-PCL-PLLA), was obtained
as a white solid: 0.277 g (59% uncorrected for monomer conver-
sion). 'H NMR (300 MHz, CDCls): 6 5.16 (q, J = 7.0 Hz, CH),
4.06 (t, J = 6.7 Hz, RCO,CH,), 3.64 (m, PEG CH,CH,), 2.31 (t,
J="17.5Hz, CH,CO3R), 1.70—1.52 (m, CH,, CH3), 1.43—1.32 (m,
CH,). M,  MALLS) = 21 300, PDI = 1.12, dn/dc = 0.056 mL/g.

[Fe{bpy(PEG-PCL-PLA);}3]Cl,, 5. A methanol stock solution
of iron(Il) chloride hydrate (FeCl,:4H,O) was prepared and
spectrophotometrically titrated with 2,2'-bipyridine prior to use. A
portion of the FeCl,*4H,0 methanol stock solution (309 uL, 5.09
mM, 0.002 mmol) was diluted in CH,Cl, (2.5 mL) and MeOH (1.2
mL), followed by dropwise addition of a solution of bpy(PEG-
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PCL-PLA), (0.124 g, 0.005 mmol, M, = 25 600) in CH,Cl, (2
mL). The resulting red-violet mixture (CH,Cl,/MeOH, 3:1) was
stirred at room temperature under Ar for ~15—20 min and
concentrated in vacuo. The crude product was precipitated from
CH,Cl,/cold Et,0O (—78 °C) and dried in vacuo to provide the iron-
centered polymeric complex as a pink solid: 0.089 g (71%). 'H
NMR (300 MHz, CDCls): 6 5.25—5.11 (m, CH), 4.05 (t, J = 6.7
Hz, RCO,CH,), 3.64 (m, PEG CH,CH,), 2.30 (t, J = 7.5 Hz,
CH,CO,R), 1.70—1.52 (m, CH,, CH;), 1.42—1.32 (m, CH,).
UV—vis (CH,Cl,/MeOH, 3:1) Apax (¢) = 531 nm (10 500 M™!
cm™h).

[Fe{bpy(PEG-PCL-PLLA),}3]Cl,, 6. The iron triblock complex
6 was synthesized as described for 5 with the following reagent
loadings: FeCl,*4H,O (319 uL, 5.09 mM, 0.002 mmol), MeOH
(1.1 mL), CH,Cl, (4.5 mL), and bpy(PEG-PCL-PLLA), (0.129 g,
0.005 mmol, M, = 25900). A pink solid was obtained: 0.106 g
(82%). '"H NMR (300 MHz, CDCl3): 6 5.15 (g, J = 7.0 Hz, CH),
4.05 (t, J = 6.7 Hz, RCO,CH,), 3.64 (m, PEG CH,CH,), 2.30 (t,
J=17.5Hz, CH,COyR), 1.70—1.56 (m, CH,, CH3), 1.42—1.32 (m,
CH,). UV—vis (CH,Cl,/MeOH, 3:1) Ainax (€) = 531 nm (8000 M ™!
cm™).

Results and Discussion

Pentablock Macroligands. The synthesis of pentablock
bpy(PEG-PCL-PLA), macroligands was achieved in three
controlled ring opening polymerization steps with each block
serving as an initiator for the next. Specifically, bpy(CH,OH),
was used as a difunctional initiator for the anionic ring opening
polymerization of ethylene oxide to produce a bpyPEG;
macroligand (1) (M, = 3800, PDI = 1.05). The polymerization
was quenched with acidic methanol to afford PEG chains with
hydroxyl termini. This method offers an advantage over common
coupling methods that produce materials with a terminal
methoxy or other functional groups.**~*® Here, the polymer
product can be precipitated from solution and readily separated
from unreacted starting materials, and the terminal hydroxyl
group can be further modified.

The resulting bpy-centered polymer HO-PEG-bpy-PEG-OH
serves as a difunctional macroinitiator for the polymerization
of PCL blocks. Specifically, bpyPEG,, e-caprolactone, and
Sn(oct), catalyst were combined and stirred at 110 °C for ~5.5
h until an extremely viscous reaction mixture was obtained. The
triblock macroligands were purified by precipitation from
CH,Cl, into cold stirring hexanes. This procedure afforded well-
defined bpy(PEG-PCL), macroligands (2) (M, = 17 800, PDI
=1.11; M, = 19 000, PDI = 1.18) with terminal OH groups.

As with PEG, the hydroxyl end groups in PCL can also serve
as initiator sites for subsequent polymerization. Using controlled
ring opening polymerization (ROP) of e-caprolactone followed
by lactide, PCL-PLA block copolymers are readily pro-
duced.***7*773% This order of addition minimizes tranesteri-
fication by taking advantage of the stronger nucleophilicity of
ring opened e-caprolactone (1° ROH) versus lactide (more
sterically hindered 2° ROH).”' Even sophisticated CBABC
pentablock materials with three compositional segments are
possible with this approach. Previously, PLA-PCL-PEG-PCL-
PLA materials have been produced from PEG macroinitiators
using anionic? or zinc catalyzed*® ROP of D,L-lactide in one-
pot or stepwise procedures. In this study, we extend this concept
to bpy(PEG-PCL), macroinitiators and both D,L- and L-lactide
with Sn(oct); as the catalyst yielding PLA-PCL-PEG-bpy-PEG-
PCL-PLA products (3, D,L-polymer; 4, L-polymer) (Table 1 and
Scheme 1). Here, a bipyridine ligand serves as the junction
between two PEG-PCL-PLA triblocks. Compared to work by
Deng et al.>> and Huang et al.,*® PDIs are lower for bpy-centered
polymers (1.2 vs >1.4) and reaction times are shorter (3.5 h
versus 8 days) with tin catalysts compared to zinc.

The resulting pentablock macroligands were characterized by
GPC and '"H NMR spectroscopy. GPC overlays of the bpyPEG,
starting material as well as the bpy(PEG-PCL), triblock and
bpy(PEG-PCL-PLA), pentablock copolymers are shown in
Figures 2 and 3. A shift to smaller elution volume (i.e., higher
M,,) for the pentablock compared to macroligand precursors and
the absence of low molecular weight shoulders suggest that the
hydroxyl chain ends on the bpyPEG, and bpy(PEG-PCL),
macroinitiators are active in the polymerization of D,L-lactide
(Figure 2). The expected shift to higher molecular weight is
also observed for reactions with L-lactide, indicative of active
bpy(PEG-PCL), chain ends, and the PDI remained low;
however, a slight low molecular weight shoulder is evident in
the GPC trace for the L-lactide pentablock 4 (Figure 3). In this
case, challenges associated with complete dissolution of the
macroinitiator in bulk monomer are a likely cause.

The '"H NMR spectra of bpy(PEG-PCL-PLA), and bpy(PEG-
PCL-PLLA), are shown in Figure 4. Characteristic signals for
PEG, PCL, and PLA were observed (PEG: 3.64, m, —CH-
CH,—; PCL: 4.06, t, —RCO,CH»—, 2.30, t, —RCH,CO,—, and
1.60 and 1.38, m, —CH,—; PLA: 5.25—5.11, m, —CH—, 1.52,
m, —CH3; PLLA: 5.16, q, —CH—, 1.52, m, —CHj3). The spectra
for PLA- and PLLA-containing macroligands are nearly identi-
cal except that the —CH— signal at 5.25—5.11 ppm is a multiplet
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—&— bpy(PEG-PCL), —e— bpyPEG,
M, = 17,800 M, = 3,800
PDI = 1.11 PDI=1.05

—A— bpy(PEG-PCL-PLA),
M, = 25,600
PDI = 1.11

Elution Volume (mL)

Figure 2. GPC overlay of bpy(PEG-PCL-PLA), (A) pentablock
macroligand with bpy(PEG-PCL), (M) and bpyPEG, (@) precursors.

—m— bpy(PEG-PCL), —e— bpyPEG,
M, = 19,000 M, = 3,800
PDI=1.18 PDI =1.05

—A— bpy(PEG-PCL-PLLA),
M, = 22,000
PDI = 1.17

13 14 15 16 17

Elution Volume (mL)

Figure 3. GPC overlay of bpy(PEG-PCL-PLLA), (A) with bpy(PEG-
PCL), (W) and bpyPEG; (®) precursors in THF.

for the D,L-polymer whereas the L-polymer resonance at 5.16
ppm is a quartet. The weight fraction of PEG and molecular
weights of the tri- and pentablock macroligands were calculated
based on the relative integrations of the PCL —CH,CO;R—
triplet at 2.30 ppm and the PLA or PLLA —CH— at ~5.2 ppm
versus the PEG —CH,CH,— peak at 3.64 ppm (Table 1). Given
that the macroligand molecular weights are high, bpy resonances
were not evident in the 'H NMR spectra.

Iron(II) Star Block Copolymers. Given the metal binding
potential of bipyridine, pentablock macroligands can serve as
precursors to metal-centered block copolymers too. In this study,
bpy(PEG-PCL-PLA), and bpy(PEG-PCL-PLLA), were com-
bined with the iron(II) salt FeCl,*4H,O in a CH,Cl,/MeOH
cosolvent system under nitrogen®® to produce iron tris(bpy)-
centered stars with six triblock arms that feature a PEG core,
PCL central block, and PLA corona (Figure 1 and Scheme 1).
The resulting materials were evaluated by 'H NMR and UV —vis
spectroscopy. The 'H NMR spectra of the iron(Il) triblock star
polymers were nearly identical to those for the respective
macroligand precursors. The molar absorptivities of [Fe{bpy(PEG-
PCL-PLA),}3]Cl; (5) and [Fe{bpy(PEG-PCL-PLLA),}3]Cl, (6)
were determined to be 10 500 and 8000 M~! cm™!, respectively,
in good agreement with the nonpolymeric parent compound,
[Fe(bpy);]Cl, (¢ = 9420 M~! cm™").

Iron-Centered Star Polymers with Pentablock PEG-PCL-PLA 7895

o] g .2

9 N
b h d c I ¢ f e H
O%OX\A/YO)(\/\O SN O\/XOJ\/\/\‘)(O%OH
H pe f Some ol [ cn d h bm P
g

H
]
a

c

L 5L e S e e B B B B B 1 AL R
ppm (t1) 5.00 450 4.00 3.50 3.00 250 2.00 150

L o L o B e B 0 s s s e s
ppm (“)5.00 4.50 4.00 3.50 3.00 250 200 1.50

Figure 4. '"H NMR spectra of bpy(PEG-PCL-PLA); (top) and bpy(PEG-
PCL-PLLA);, (bottom) in CDCl;.

Table 1. Molecular Weight Data for Bpy-Centered Macroligands
polymer M, (NMR) M, My, PDI  wpgg”

bpyPEG; 3200° 38007 40004 1.05 1
bpy(PEG-PCL), 16 400° 17 800 19800° 1.11  0.19
19 200” 190007 224000 1.18 0.17
bpy(PEG-PCL-PLA), 29 300° 25600% 28500¢ 1.11 0.11
bpy(PEG-PCL-PLLA), 29 400° 22000" 25800 1.17 0.11

“ Weight percent of PEG in polymer chain as determined by 'H NMR
analysis. ” Determined from integration of PEG —CH,CH,— (3.64 ppm)
and PCL —CH>CO;R— (2.30 ppm) resonances versus the bpyCH, (4.67
ppm) peak. < Determined from the relative integration of PEG —CH,CH,—
(3.64 ppm), PCL —CH,CO>R— (2.30 ppm), and PLA —CH— (5.25—5.11
ppm) or PLLA —CH— (5.16 ppm) peaks. ¢ dn/dc = 0.066 mL/g. ¢ dn/dc
= 0.072 mL/g.” Molecular weight data estimated using the dn/dc value for
PEG (0.066 mL/g). ¢ dn/dc = 0.053 mL/g. " dn/dc = 0.056 mL/g.

Thermal Analysis. Thermal properties of pentablock mac-
roligands and associated polymeric iron complexes were
explored by thermal gravimetric analysis (TGA) and modulated
differential scanning calorimetry (DSC). The decomposition
traces of the polymers 3—6 are provided in Figure 5, and the
melting (7},) and decomposition temperatures (74) are reported
in Table 2. The thermal decomposition was clearly observed
for each block in both macroligands and iron stars. For example,
compare the onset temperatures for decomposition for bpy(PEG-
PCL-PLA), (PLA: 251 °C; PCL: 309 °C; PEG: 376 °C) with
those for [Fe{bpy(PEG-PCL-PLA),}3]Cl, (PLA: 202 °C; PCL:
314 °C; PEG: 360 °C). As is typical for PCL materials, Ty values
drop for block copolymers (~310 °C) versus homopolymers
(PCL: ~350 °C).*® Thermal properties of PEG and PLA>*
blocks are in accord with literature values.”® As can be seen in
Table 2, decomposition temperatures for PLA and PLLA
materials vary only slightly. The most dramatic changes appear
upon metal complexation, which results in a decrease of the T4
onset values for PLA and PLLA. Decomposition temperatures
for PEG and PCL also drop upon metal complexation, with the
exception of bpy(PEG-PCL-PLA); (T4 pcr, = 309 °C) compared
to [Fe{bpy(PEG—PCL—PLA)Z}3]C12 (Td,PCL =314 OC). Melting
temperatures, Ty, are nearly identical for all block copolymers
with and without iron. Though the presence of metals is known
to increase the stability of polymers, here where the metal/
polymer loading is very low, thermal properties are only slightly
affected.>® 8
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Figure 5. TGA traces of pentablock macroligands, 3 (M) and 4 (A),
and iron(IT) triblock star polymers, 5 (®) and 6 (®).

Table 2. Thermal Analysis of Pentablock Macroligands and
Triblock Iron(II) Complexes

Tapec  TapcL  TapLa

polymer Tw (°C)  (°CO)*  (CO)* (O
bpyPEG» 37 363
bpy(PEG-PCL), 51 370 298
bpy(PEG-PCL-PLA), 50 376 309 251
bpy(PEG-PCL-PLLA), 49 391 330 229
[Fe{bpy(PEG-PCL-PLA)»}3]Cl, 50 360 314 202
[Fe{bpy(PEG-PCL-PLLA),}3]Cl, 48 371 314 206

“ Determined from the onset temperature for decomposition for the
indicated block.

Conclusion

Well-defined block copolymer materials with site-isolated
ligand and metal functionalities are achieved via living polym-
erization. Using this strategy, tri- and pentablock bipyridine-
centered macroligands were generated by sequential ring
opening polymerization of ethylene oxide, e-caprolactone, and
lactide. Coordination of the resulting macroligands to metal ions
leads to star block copolymer complexes. Here, iron(II)-centered
stars with PEG-PCL-PLA triblock arms were targeted, and GPC
and '"H NMR and UV —vis spectral analyses confirm that well-
defined materials were obtained. Fine tuning of physical
properties, including biomaterials degradation, can be achieved
with multiblock polymers. The presence of a metal at the center
of the polymer architecture allows for two-stage degradation,
along the polymer backbone and at the metal center, via
macroligand dissociation. These metalloblock copolymers have
the potential to form elaborate assembly structures incorporating
either bipyridine chelating sites or iron complexes capable of
stimuli responsive metal release, serving as a model for next
generation biomaterials and delivery systems. Investigation of
the assembly properties of these block copolymer materials
serves as the subject of future reports.
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