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ABSTRACT: Two RAFT-capable PEO macro-CTAs, 2 and 5 kDa, were prepared and used for the
polymerization of isoprene which yielded well-defined block copolymers of varied lengths and compositions.
GPC analysis of the PEO macro-CTAs and block copolymers showed remaining unreacted PEO macro-
CTA. Mathematical deconvolution of the GPC chromatograms allowed for the estimation of the blocking
efficiency, about 50% for the 5 kDa PEO macro-CTA and 64% for the 2 kDa CTA. Self-assembly of the
block copolymers in both water and decane was investigated and the resulting regular and inverse assemblies,
respectively, were analyzed with DLS, AFM, and TEM to ascertain their dimensions and properties.
Assembly of PEO-b-PIp block copolymers in aqueous solution resulted in well-defined micelles of varying
sizes while the assembly in hydrophobic, organic solvent resulted in the formation of different morphologies
including large aggregates and well-defined cylindrical and spherical structures.

Introduction

Interesting chemical, physical, and morphological complexity
can be inherited from the self-assembly of amphiphilic block
copolymers.1-7 The generation of micelles in a solvent selective
for a portion of the overall block copolymer structure,8-10 and
transformation into their stable, cross-linked variants,11-13 have
been achieved using a wide variety of well-defined multiblock
copolymers. Block copolymers within discrete self-assembled par-
ticles adopt a range of morphologies and dimensions, giving these
micelle-based nanoobjects promise as devices to be applied to the
emerging fields of nanomedicine14-16 and nanomaterials.17-20

The properties of polymer assemblies are dependent on the
nature of the block copolymer components and their molecular-
level organization within the nanoscale framework.4,5,21 Among
the many types of amphiphilic block copolymers that have been
investigated,7,20,22 those containing poly(ethylene oxide) (PEO) as
a hydrophilic chain segment, such as PEO-b-PCL16,23,24 andPEO-
b-PS,25,26 incorporate a nonionic, antifouling shell layer, which
has been shown to be important for biological applications.27 For
instance, PEO-b-PCL filomicelle assemblies were capable of
in vivo blood circulation for several days.28 In addition to these
interesting cylindrical filomicelles, many other morphologies can
be accessed from PEO-containing block copolymers.3,29-32 How-
ever, because the PEO segment lacks reactive side chain groups,
multifunctionality is often incorporated via the other polymer
block segment(s).

The utility of polymer nanostructures, ultimately, relies on
access to polymer building blocks that possess well-defined
structures and that include functionality. The advent of controlled
radical polymerization (CRP)33-36 has allowed for significantly
greater access to functional block copolymer materials37,38 by a

broader scientific population, providing for investigations into
increased numbers and types of block copolymer assemblies in the
bulk- and solution-states. PEO-b-poly(diene) polymers are parti-
cularly attractive, because they combine the interesting properties
ofPEOwith reactive, hydrophobic chain segments,which thengives
an overall amphiphilic and functional block copolymer structure.
Although poly(ethylene oxide)-block-polybutadiene6,39-42 or poly-
(ethylene oxide)-block-polyisoprene, PEO-b-PIp,9,43-45 have long
been used for materials applications,46 their preparation by
anionic polymerization methods47 has hampered their wide-scale
availability.

The polymerization of isoprene under controlled radical poly-
merization conditions has been developed recently, and is emer-
ging as a general method for the preparation of PIp-containing
block copolymers (including PEO-b-PIp), which is allowing
access to functional nanomaterials. Controlled radical polymeriza-
tion of isoprene was initially reported using nitroxide mediated
polymerization (NMP).9,44,48,49Diblock copolymers of PEO-b-PIp
have been successfully prepared by Grubbs and coworkers via
NMP methods using a PEO macroinitiator.9,44 The solution-state
properties of nanoassemblies derived from di- and triblock copoly-
mers that include PEO and PIp segments have been investigated,
including the formation of micelles and stable vesicles with small
molecule additives,8,21,50 or the formation of unusual assemblies
with unique properties when thermoresponsive intermediate
blocks were incorporated.9 Additionally, studies have been
performed on PEO-b-PIp at various aqueous concentrations,
expanding knowledge of the physical properties of the block
copolymers as they changed from micelle to gel-like phases.51

We were interested in investigating the solution-state assem-
blies of PEO-b-PIp in either water or organic solvents, to afford
invertible, functional nanoscale objects, which could carry the
reactive PIp units either in the core or the shell. To gain access to*Corresponding author. E-mail: wooley@mail.chem.tamu.edu.
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these block copolymers, reversible addition-fragmentation chain
transfer (RAFT) polymerization was employed, because of its
tolerance of functional monomers38,52-59 and our experience with
this system.60-65Moreover, we were interested in studying in detail
the efficiency of RAFT polymerization of isoprene from macro-
molecular chain transfer agents (macro-CTAs). PEOmacro-CTAs
were, therefore, generated from simple amidation chemistry of an
amino-terminated PEO and an acid-functionalized RAFT agent
known to polymerize isoprene readily, and used to afford block
copolymers of PEO and PIp that possess interesting physical and
solution-state properties.

Previous studies using both dithioester-66-71 and trithiocarbo-
nate-based26,29,72,73 PEOmacro-CTAs have been reported for the
synthesis of well-defined block copolymers with second blocks
varying from hydrophilic67,68,70,71,73 to hydrophobic.29,66,69,72,74

Problems related to low chain extension efficiency can remain
when chain-extending from a hydrophilic polymeric CTA with a
hydrophobic monomer, potentially due to the incompatibility
between the polymer and the added monomer.67 The remaining
PEO macro-CTA can be removed, typically, using precipitation
and/or dialysis techniques, however, this depends upon the
chemical nature of the block copolymers obtained and cannot
always be achieved. Knowing the exact composition of the final
block copolymer and the amount of unreacted macroCTA
contaminant is important when preparing nanoassemblies.1 In-
complete chain extension is readily visible as a low molecular
weight component through the use of gel permeation chroma-
tography (GPC), so that mathematical treatment of the chroma-
tograms provides a tool to fully characterize blocking efficiency
and final product composition.

Herein, is reported the use of two RAFT-capable, trithiocar-
bonate-based, PEO macro-CTAs (Mn = 2 and 5 kDa), for the
polymerization of isoprene to yield well-defined block copoly-
mers of varied lengths and compositions. Analysis of the GPC
chromatograms, includingmathematical deconvolution, allowed
for estimation of chain extension efficiencies from the PEO
macro-CTAs and final product composition. The resultant
polymers were investigated for their abilities to assemble in both
water and decane, and the resulting regular and inverse micellar
nanostructures were analyzed with dynamic light scattering
(DLS), atomic force microscopy (AFM), and transmission elec-
tron microscopy (TEM).

Experimental Section

Instrumentation. Infrared spectra were obtained on a Perkin-
Elmer SpectrumBXFTIR systemas neat films onNaCl plates. 1H
NMR (300 and 500 MHz) and 13C NMR (75 and 125 MHz)
spectra were recorded on either a Varian Mercury 300 MHz or
Inova 500 MHz spectrometer using the solvent as internal refer-
ence. Glass transition (Tg), melting (Tm), and crystallization (Tc)
temperatures were measured by differential scanning calorimetry
on a Mettler Toledo DSC822e (Mettler Toledo Inc., Columbus,
OH), with a heating rate of 10 �C/min. Measurements were
analyzed using Mettler Toledo Star SW 7.01 software. The Tg

was taken as the midpoint of the inflection tangent, upon the third
heating scan. Thermogravimetric analysis was performed under
N2 atmosphere using a Mettler Toledo model TGA/SDTA851e,
with a heating rate of 10 �C/min. Measurements were analyzed
using Mettler Toledo Star SW 7.01 software. Gel permeation
chromatography was conducted on a system equipped with a
Waters Chromatography, Inc. (Milford, MA) model 1515 iso-
cratic pump, a model 2414 differential refractometer, and a Preci-
sionDetectors, Inc. (Bellingham,MA) model PD-2026 dual-angle
(15� and 90�) light scattering detector and a three-column set of
Polymer Laboratories, Inc. (Amherst, MA) Styragel columns
(PLgel 5 μmMixed C, 500 Å, and 104 Å, 300� 7.5 mm columns).
The system was equilibrated at 35 �C in tetrahydrofuran (THF),

which served as the polymer solvent and eluent (flow rate set to
1.00 mL/min). Polymer solutions were prepared at a known
concentration (ca. 3 mg/mL) and an injection volume of 200 μL
was used.Data collectionwas performedwith PrecisionDetectors,
Inc. PrecisionAcquire software.Data analysis was performedwith
Precision Detectors, Inc. Discovery 32 software. The differential
refractometer was calibrated with standard polystyrene material
(SRM 706 NIST), of known refractive index increment dn/dc
(0.184 mL/g). The dn/dc values of the analyzed polymers were
determined using refractive index detector data. Tapping-mode
AFM measurements were conducted in air with a Nanoscope III
BioScope system (Digital Instruments, Santa Barbara, CA) oper-
ated under ambient conditions with standard silicon tips [type,
OTEPSA-70; length (L), 160 lm; normal spring constant, 50 N/m;
resonant frequency, 246-282kHz].Hydrodynamicdiameters (Dh)
and distributions for the micelles in aqueous or decane solutions
were determined byDLS. TheDLS instrumentation consisted of a
Brookhaven Instruments Limited (Worcestershire, U.K.) system,
including a model BI-200SM goniometer, a model BI-9000AT
digital correlator, amodelEMI-9865photomultiplier, andamodel
95-2 Ar ion laser (Lexel, Corp., Farmindale, NY) operated at
514.5 nm.Measurementsweremade at 25( 1 �C.Prior to analysis,
solutions were filtered through a 0.45 μm Nylon filter (aqueous
samples) or not filtered at all (decane). Samples were then cen-
trifuged in a model 5414 microfuge (Brinkman Instruments, Inc.,
Westbury, NY) for 4 min to remove dust particles. Scattered light
was collected at a fixed angle of 90�. The digital correlator was
operated with 522 ratio spaced channels and initial delay of 0.5 μs,
a final delayof 800ms, andadurationof 10min.Aphotomulitplier
aperture of 400 μm was used, and the incident laser intensity was
adjusted to obtain a photon counting of 300 kcps. Only measure-
ments in which the measured and calculated baselines of the
intensity autocorrelation function agreed to within 0.1% were
used to calculate particle size. Particle size distributions were
performed with the ISDA software package (Brookhaven Instru-
ments Company), which employed single-exponential fitting, cu-
mulants analysis, and non-negatively constrained least-squares
particle size distribution analysis routines. Transmission electron
microscopy (TEM) bright-field imaging was conducted on a
Hitachi H-7500microscope, operating at 80 kV. The samples were
prepared as follows: 4 μL of a dilute sample solution (with a
polymer concentration of ca. 0.2 - 0.5 mg/mL) was deposited onto
a carbon-coated copper grid. After 5 min, excess solution was
wicked away with a piece of filter paper. The samples were either
negatively stainedwith4μLof 1wt%phosphotungstic acid (PTA)
aqueous solution or positively stained with 4 μL of 1% osmium
tetroxide aqueous solution. After 1 min, the excess staining solu-
tion was wicked away using a piece of filter paper and the samples
were left to dry at room temperature overnight prior to imaging.

Materials. Isoprene (Ip) (99%) was obtained from Sigma-
Aldrich, Inc. (St. Louis,MO) andwas purified by passage over a
column of neutral alumina prior to use. Amine-terminated
poly(ethylene oxide), 5 kDa and 2 kDa, (Intezyne Laboratories)
were used as received. 1-[Dimethylamino)propyl]-3-ethylcarbo-
diimide methiodide (EDCI) (Aldrich), and hydroxybenzotria-
zole monohydrate (HOBt) (Novabiochem) were used as
received. 1,4-Dioxane (99%), N,N-dimethylformamide (DMF,
99.8% anhydrous), tetrahydrofuran (THF, 99.9%), dichloro-
methane (g99%), diethyl ether, (g99%, anhydrous), methanol
(g99.9%), di-tert-butyl peroxide (98%), were used as received
from Sigma-Aldrich. Chloroform-d (Cambridge Isotope
Laboratories) was used as received. Argon ultrahigh purity
grade gas (99.999%) was used as received from Praxair (St.
Louis, MO). The RAFT agent, S-1-dodecyl-S0-(R, R0-dimethyl-
R0 0-acetic acid)trithiocarbonate, 1, was prepared as previously
reported.75 Because of the high volatility of isoprene and the
high temperatures employed in the polymerization thereof, only
thick-walled glass flasks, free of visible defects, were used for
these experiments, each conducted with at least 50% of the
volume of the flask remaining free.61,62 As further precaution,
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all polymerizations were performed in a fume hood with addi-
tional shielding. Percent conversions of the isoprene polymer-
izations were determined using the method of Grubbs and
co-workers,44 where the molecular weight of the isolated poly-
mer was determined with high field 1H NMR spectroscopy
(500MHz) and then set equal to the theoreticalmolecularweight.
While this method does introduce some error (assuming
Mn

Theory = Mn
Actual), it is not excessive when compared with

the error associated with attempting to determine conversion of
isoprene directly.61

Synthesis of 5 kDa PEOMacro Chain-Transfer Agent, 2.To a
250 mL round-bottom flask, equipped with a Teflon-coated stir-
bar, was added chain transfer agent 1 (0.5476 g, 1.579 mmol, 1.5
equiv),EDCI(0.4447g,1.497mmol,1.5equiv), andHOBt (0.2037g,
1.507 mmol, 1.5 equiv). After addition of DMF (50 mL), the flask
was sealed with a rubber septum and its contents were allowed to
stir for 1 h at ambient temperature. In a separate 250 mL round-
bottom flask,monoamino-terminated 5 kDaPEO (5.0023 g, 1.000
mmol, 1.0 equiv,Mn

GPC=7700Da (polystyrene equivalent)) was
dissolved in dichloromethane (30 mL), to which DMF (50 mL)
was added.After the contents of the initial round-bottom flask had
stirred for 1 h, the 5 kDaPEO solutionwas added and the reaction
mixture was allowed to stir for 4 h at ambient temperature. The
product was purified via silica gel-based flash chromatography
(eluting with CH2Cl2, gradient to 10% MeOH:CH2Cl2). The
product was dried in vacuo overnight, yielding 1.5496 g as a light
yellow powder (30% yield).Mn

NMR = 7800 Da,Mw
GPC = 7900

Da,Mn
GPC =7600 Da (polystyrene equivalent),Mw/Mn = 1.04.

Tm = 61.0 �C, Tc = 31.5 �C. Tdecomp = 395.3 �C. IR (cm-1):
3000-2760, 1672, 1467, 1360, 1343, 1280, 1242, 1148, 1112, 1061,
963, 842, 529. 1HNMR(500MHz, chloroform-d, ppm):δ 3.7-3.5
(br,-CH2-CH2-O-), 3.5 (s,-O-CH3), 3.4 (br, m,-SC(S)S-
CH2-(CH2)10-CH3), 1.9 (s, O-C(O)-C(CH3)2-S-), 1.3-1.2
(br, -SC(S)S-CH2-(CH2)10-CH3), 0.9 (br t, -SC(S)S-CH2-
(CH2)10-CH3).

13CNMR(75MHz, chloroform-d, ppm):δ 173.1,
70.8, 65.3, 58.3, 56.2, 37.1, 32.1, 29.8, 25.6, 22.9, 14.4.

Synthesis of 2 kDa PEOMacro Chain-Transfer Agent, 3. The
2 kDa PEOmacro chain-transfer agent, 3, was prepared following
the same procedure as for 5 kDa PEOmacro chain-transfer agent,
2, using chain transfer agent 1 (1.3699 g, 3.757 mmol, 1.5 equiv),
EDCI (1.1166 g, 3.759 mmol, 1.5 equiv), HOBt (0.5075 g, 3.756
mmol, 1.5 equiv), monoamino-terminated 2 kDa PEO (5.0019 g,
2.500 mmol, 1.0 eq, Mn

GPC = 2500 Da (polystyrene equivalent)),
DMF (100 mL) and dichloromethane (30 mL). The reaction
yielded 2.7791 g of 3 as a yellowish-white powder (47% yield).
1H NMR spectroscopy confirmed complete functionalization.
Mn

NMR=2400Da,Mw
GPC=3270Da,Mn

GPC=3200Da (poly-
styrene equivalent), Mw/Mn = 1.03. Tm = 50.4 �C, Tc = 9.9 �C.
Tdecomp=377.5 �C. IR (cm-1): 2990-2770, 1671, 1467, 1360, 1344,
1280, 1242, 1148, 1114, 1061, 946, 843, 530. 1H NMR (500 MHz,
chloroform-d, ppm): δ 3.6-3.3 (br, -CH2-CH2-O-), 3.4 (s,
-O-CH3), 3.2 (br, m, -SC(S)S-CH2-(CH2)10-CH3), 1.6 (s,
O-C(O)-C(CH3)2-S-), 1.3-1.2 (br,-SC(S)S-CH2-(CH2)10-
CH3), 0.8 (br t, -SC(S)S-CH2-(CH2)10-CH3).

13C NMR (75
MHz, chloroform-d, ppm): δ 172.6, 70.8, 59.3, 57.3, 40.1, 37.2, 32.1,
29.9, 26.1, 22.9, 14.4.

General Procedure for Synthesis of PEO112-b-PIp187 (4). To a
50 mL bomb-type Schlenk flask equipped with a Teflon coated
magnetic stir barwas added Ip (2.5396 g, 37.28mmol, 373.0 equiv),
macro chain transfer agent 2, (0.5002 g, 0.100mmol, 1.0 equiv), and
di-tert-butyl peroxide (0.0070 g, 4.8 � 10-5 mol, 0.4 equiv), along
with 1,4-dioxane (15 mL). The mixture was degassed via three
freeze-pump-thaw cycles. Upon the final thaw the Schlenk flask
was backfilled with Ar and placed in a temperature-regulated
mineral oil bath set at 125 �C and left to react for 24 h. After
cooling the residual solvent and monomer were removed in vacuo.
Leftover contents of the flask were dissolved in a minimal amount
of dichloromethane and precipitated 3 times into 500mLmethanol
producinga transparent yellowoil. The excess solventwasdecanted
off and the product was dried in vacuo, yielding 1.035 g (87% yield

based on 27% conversion) of sticky yellow powder. Mn
NMR =

18000 Da,Mw
GPC = 23200 Da,Mn

GPC = 18000 Da (polystyrene
equivalent),Mw/Mn=1.28. (Tg)PIp=-60.0 �C, (Tm)PEO=56.0 �C,
(Tc)PEO=31.4 �C.Tdecomp:=401.8 �C.IR(cm-1): 3020-2760,1726,
1665, 1644, 1466, 1449, 1343, 1280, 1242, 1148, 1114, 1061, 964, 842,
530. 1H NMR (500 MHz, chloroform-d, ppm): δ 5.8-5.7 (br, 1,2
CH=CH2), 5.2-5.1 (br, 1,4 -CH2-C(CH3)-CH-CH2-),
5.0-4.8 (br, 1,2 CHdCH2), 4.8-4.6 (br, 4,3 C(CH3)-CH2),
3.7-3.5 (br, -CH2-CH2-O-), 3.4 (s, -O-CH3), 3.2 (br, m,
-SC(S)S-CH2-(CH2)10-CH3), 2.2-1.8 (br, CH2 isoprene back-
bone), 1.7-1.5 (br, isoprene backbone CH3), 1.6 (s, O-C(O)-
C(CH3)2-S-), 1.4-1.2 (br, -SC(S)S-CH2-(CH2)10-CH3), 0.9 (br
t, -SC(S)S-CH2-(CH2)10-CH3).

13C NMR (75 MHz, chloro-
form-d, ppm): δ 147.8, 135.1, 125.2, 124.5, 111.5, 72.2, 70.8, 69.3,
63.7, 62.2, 59.3, 52.2, 44.8, 40.0, 38.7, 32.2, 31.0, 28.5, 26.9, 23.7, 19.0,
16.3, 14.4.

General Procedure for Synthesis of PEO112-b-PIp47 (5).PEO112-b-
PIp47,5,wasprepared following the sameprocedureas forpolymer4
using the following amounts Ip (1.1927 g, 17.50mmol, 186.5 equiv),
macro transfer agent 2 (0.5016 g, 9.381� 10-5 mol, 1.0 equiv), and
di-tert-butyl peroxide (0.0041 g, 2.8 � 10-5 mol, 0.3 equiv), along
with 1,4-dioxane (ca. 5 mL). Purification was attempted repeatedly
using precipitation in a variety of hydrophobic and hydrophilic
solvents with no success, however a mixture of 400 mL deionized
water and 350 mL methanol worked well, yielding a yellow oil.
Solvent was removed via rotary evaporation and the remaining
polymer was dried in vacuo. The final product consisted of 0.4500
gof stickypaleyellowpowder (56%yieldbasedon25%conversion).
Mn

NMR=8500Da,Mw
GPC=11500Da,Mn

GPC=8600Da (poly-
styrene equivalent),Mw/Mn=1.34. (Tg)PIp=-61.0 �C, (Tm)PEO=
55.3 �C, (Tc)PEO = 23.0 �C. Tdecomp = 399.2 �C. IR (cm-1):
2990-2770, 1649, 1466, 1360, 1343, 1280, 1148, 1114, 1061, 946,
842, 668, 530. 1H NMR (500 MHz, dichloromethane-d2, ppm): δ
5.9-5.8 (br, 1,2 CHdCH2), 5.3-5.1 (br, 1,4-CH2-C(CH3)-CH-
CH2-), 5.1-4.9 (br, 1,2 CHdCH2), 4.9-4.7 (br, 4,3 C-
(CH3)-CH2), 3.9-3.7 (br, -CH2-CH2-O-), 3.5 (s, -O-CH3),
3.2 (br, m, -SC(S)S-CH2-(CH2)10-CH3), 2.3-2.0 (br, CH2

isoprene backbone), 1.8-1.6 (br, isoprene backbone CH3), 1.6 (s,
O-C(O)-C(CH3)2-S-), 1.4-1.2 (br,-SC(S)S-CH2-(CH2)10-
CH3), 1.0 (br t, -SC(S)S-CH2-(CH2)10-CH3).

13C NMR
(75 MHz, dichloromethane-d2, ppm): δ 148.0, 135.1, 111.6, 70.8,
59.3, 52.1, 44.9, 40.0, 38.8, 37.2, 32.3, 31.1, 29.9, 28.6, 27.0, 26.0, 23.7,
22.9, 22.3, 16.3, 14.4.

General Procedure for Synthesis of PEO44-b-PIp60 (6). PEO44-b-
PIp60, 6, was prepared following the sameprocedure as for polymer
4using the following amounts Ip (0.5089 g, 7.471mmol, 150 equiv),
macro transfer agent 3 (0.1158 g, 4.936� 10-5 mol, 1.0 equiv), and
di-tert-butyl peroxide (0.0027 g, 1.8 � 10-5 mol, 0.3 equiv), along
with 1,4-dioxane (ca. 5 mL). The crude product was dissolved in
THF and precipitated into ice cold diethyl ether, which yielded a
cloudy precipitate. The final product consisted of 0.1990 g of sticky
yellow powder (97% yield based on 18% conversion). Mn

NMR =
6400 Da, Mw

GPC = 8300 Da, Mn
GPC = 6500 Da (polystyrene

equivalent),Mw/Mn=1.29. (Tg)PIp=-62.7 �C, (Tm)PEO=47.3 �C,
(Tc)PEO = 12.7 �C. Tdecomp: = 397.0 �C. IR (cm-1): 3040-2720,
1732, 1660, 1644, 1520, 1466, 1360, 1344, 1280, 1242, 1147, 1114,
1061, 964, 843, 734, 646, 532. 1H NMR (500 MHz, chloroform-d,
ppm): δ 5.8-5.7 (br, 1,2 CHdCH2), 5.2-5.0 (br, 1,4 -CH2-C-
(CH3)-CH-CH2-), 5.0-4.8 (br, 1,2 CHdCH2), 4.8-4.6 (br, 4,3
C(CH3)-CH2), 3.7-3.5 (br, -CH2-CH2-O-), 3.4 (s, -O-
CH3), 3.2 (br, m, -SC(S)S-CH2-(CH2)10-CH3), 2.2-1.8 (br,
CH2 isoprenebackbone), 1.7-1.5 (br, isoprenebackboneCH3), 1.6
(s, O-C(O)-C(CH3)2-S-), 1.4-1.2 (br, -SC(S)S-CH2-
(CH2)10-CH3), 0.9 (br t, -SC(S)S-CH2-(CH2)10-CH3).

13C
NMR (75 MHz, chloroform-d, ppm): δ 148.0, 135.3, 125.3,
124.5, 111.6, 70.8, 59.3, 52.0, 51.0, 44.9, 42.3, 40.0, 38.8, 37.1,
34.5, 32.2, 30.6, 28.6, 27.0, 26.0, 23.7, 23.0, 16.3, 14.4.

General Procedure for Synthesis of PEO44-b-PIp43 (7). PEO44-b-
PIp43, 7, was prepared following the same procedure as for poly-
mer 4 using the following amounts Ip (0.5224 g, 7.660 mmol,
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77.0 equiv), macro transfer agent 3 (0.2251 g, 9.595 � 10-5 mol,
1.0 equiv), and di-tert-butyl peroxide (0.0050 g, 3.4 � 10-5 mol,
0.3 equiv), along with 1,4-dioxane (ca. 5 mL). The crude product
was dissolved in THF and precipitated into ice cold diethyl ether
which yielded a cloudy precipitate. The final product consisted of
0.3302 g of sticky yellow powder (88% yield based on 27% con-
version).Mn

NMR=5500Da,Mw
GPC=6900Da,Mn

GPC=5300
Da (polystyrene equivalent),Mw/Mn=1.30. (Tg)PIp=-64.5 �C,
(Tm)PEO = 49.0 �C, (Tc)PEO = 42.5 �C. Tdecomp: = 399.5 �C. IR
(cm-1): 2990-2770, 1733, 1644, 1523, 1466, 1360, 1344, 1280,
1242, 1147, 1112, 1061, 946, 842, 530. 1H NMR (500 MHz,
chloroform-d, ppm): δ 5.8-5.7 (br, 1,2 CHdCH2), 5.2-5.1 (br,
1,4 -CH2-C(CH3)-CH-CH2-), 5.0-4.8 (br, 1,2 CHdCH2),
4.8-4.6 (br, 4,3 C(CH3)-CH2), 3.7-3.5 (br,-CH2-CH2-O-),
3.4 (s, -O-CH3), 3.2 (br, m, -SC(S)S-CH2-(CH2)10-CH3),
2.2-1.8 (br, CH2 isoprene backbone), 1.7-1.5 (br, isoprene
backbone CH3), 1.6 (s, O-C(O)-C(CH3)2-S-), 1.4-1.2 (br,
-SC(S)S-CH2-(CH2)10-CH3), 0.9 (br t, -SC(S)S-CH2-
(CH2)10-CH3).

13C NMR (75 MHz, chloroform-d, ppm): δ
178.1, 148.0, 135.3, 129.1, 125.3, 124.5, 111.6, 72.2, 70.8, 67.0,
63.9, 59.3, 52.1, 50.9, 44.9, 42.3, 40.0, 38.8, 37.2, 32.2, 31.1, 29.9,
28.5, 27.0, 26.0, 23.7, 23.0, 18.3, 17.5, 16.3, 14.4.

Preparation of PolymerMicelles 8. In a 100 mL, round-bottom
flask equipped with a magnetic stirring bar, diblock copolymer 4
(14.8 mg, 8.22 � 10-6 mol) was dissolved in DMF (15.0 mL),
yielding a transparent pale yellow solution. Water (15 mL) was
added dropwise via a syringe pump, complete with vigorous
stirring, over a period of 3 h, resulting in a clear solution.
The mixture was transferred to dialysis tubing (MWCO 3500
Da) and was dialyzed against DI water for 3 days to result in 37
mL of micelle solution. For TEM imaging, phosphotungstic acid
was used as a negative stain and osmium tetroxide (OsO4) as a
positive stain. Final concentration: 0.58 mg/mL. Hydrodynamic
diameter (DLS): (Dh)i = 154 ( 49 nm, (Dh)v = 93 ( 37 nm,
(Dh)n = 54 ( 38 nm. Dav(TEM) = 55 ( 18 nm. H (AFM) =
8 ( 3 nm.

Preparation of Polymer Micelles 9. The same procedure as
performed toproducemicelle solution 8was followedusing diblock
copolymer 5 (16.3 mg, 1.91� 10-5 mol), affordingmicelle solution
9. Final concentration: 1.95 mg/mL. Hydrodynamic diameter
(DLS): (Dh)i = 114 ( 9 nm, (Dh)v = 26 ( 4 nm, (Dh)n = 18 (
4 nm. Dav (TEM) = 31( 4 nm.H (AFM) = 4( 1 nm.

Preparation of Polymer Micelles 10. The same procedure as
performed to produce micelle solution 8 was followed using
diblock copolymer 6 (5.0 mg, 7.8� 10-7 mol), affording micelle
solution 10. Final concentration: 3.17 mg/mL. Hydrodynamic
diameter (DLS): (Dh)i=83( 12 nm, (Dh)v=31( 8 nm, (Dh)n=
21( 6 nm. Dav(TEM) = 30( 5 nm.H (AFM) = 4( 1 nm.

Preparation of Polymer Micelles 11. The same procedure as
performed toproducemicelle solution 8was followedusing diblock
copolymer 7 (20.0 mg, 3.6 � 10-5 mol), affording micelle solution
11. Final concentration: 1.4 mg/mL. Hydrodynamic diameter

(DLS): (Dh)i = 32 ( 9 nm, (Dh)v = 18 ( 4 nm, (Dh)n = 15 ( 4
nm. Dav(TEM) = 18( 3 nm.H (AFM) = 2( 1 nm.

Preparation of Inverse Polymer Micelles 12. In a 100 mL
round-bottom flask equipped with a magnetic stirring bar was
dissolved diblock copolymer 4 (13.8mg, 6.4� 10-6mol) in THF
(15.0 mL), yielding a transparent pale yellow solution. Decane
(25 mL) was added dropwise via a syringe pump, complete with
vigorous stirring, over a period of 2 h, resulting in an opaque
solution. Final concentration: 0.35 mg/mL. Hydrodynamic
diameter (DLS): (Dh)i = 569 ( 142 nm, (Dh)v = 515 ( 160 nm,
(Dh)n = 252 ( 167 nm. (cylindrical micelles) Dav(TEM) = 34 (
6nm, (sphericalmicelles)Dav(TEM)=25(3nm.H (AFM)=11
( 2 nm.

Preparation of Inverse Polymer Micelles 13. The same proce-
dure was performed to producemicelle solution 12was followed
using diblock copolymer 5 (13.7mg, 1.61� 10-5 mol), affording
micelle solution 13. Final concentration: 0.34 mg/mL. Hydro-
dynamic diameter (DLS): (Dh)i=556( 102 nm, (Dh)v=641(
134 nm, (Dh)n = 434 ( 76 nm. Dav(TEM) = 117 ( 42 nm. H
(AFM) = 6 ( 1 nm.

Preparation of Inverse PolymerMicelles 14.The same procedure
was performed to produce micelle solution 12 was followed using
diblock copolymer 6 (5.9 mg, 9.2 � 10-7 mol), affording micelle
solution 14. Final concentration: 0.20 mg/mL. Hydrodynamic
diameter (DLS): (Dh)i = 414 ( 122 nm, (Dh)v = 487 ( 187 nm,
(Dh)n=308(84nm.Dav(TEM)=179(54nm.H (AFM)=7(
2 nm.

Preparation of Inverse Polymer Micelles 15. The same pro-
cedure was performed to produce micelle solution 12 was
followed using diblock copolymer 7 (12.7 mg, 2.3 � 10-5 mol),
affording micelle solution 15. Final concentration: 0.32 mg/mL.
Hydrodynamic diameter:Dav(TEM)=356( 71 nm.H (AFM)=
4 ( 2 nm. DLS did not yield suitable correlation for data
analysis.

Results and Discussion

Monofunctional RAFT PEO macro-CTAs 2 and 3 were
prepared through amidation reaction between acid-functiona-
lized RAFT agent DDMAT, 1, and monoamino-functiona-
lized PEO polymers of 5 and 2 kDa molecular weight,
respectively (Scheme 1). The macro-CTAs were obtained in
modest yield, however moderate losses likely occurred during the
chromatography required to purify the final product. The chain
ends of the R-methoxy group (at ∼3.2 ppm) and the ω-dodecyl
group (at ∼0.9 ppm) were visible in the 1H NMR spectra and the
integration of their respective peaks agreed with a 1:1 theoretical
ratio (see Supporting Information). The PEOmacro-CTAs, there-
fore, showed complete trithiocarbonate functionality by 1H NMR
spectroscopy, which allowed for polymerization of isoprene for the
formation of amphiphilic block copolymers.

Scheme 1. Preparation of PEO Macro-CTAs 2 and 3

Scheme 2. Preparation of PEOn-b-PIpm Polymers
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Differing degrees of isoprene chain extension from the two
macro-CTAs gave a series of block copolymers having variation
in the hydrophilic-hydrophobic balance and overall polymer
chain lengths, by control of the relative individual block lengths.
Two lengths of poly(isoprene) were chain extended from each
PEO precursor, 2 and 3 (Scheme 2), using standard RAFT
conditions. The initial reaction mixtures of 2 or 3 in 1,4-dioxane,
towhich is added isoprene and then tert-butyl peroxide, existed as
opaque heterogeneous poorly dissolved solutions. After only ca.
1 h of heating at 125 �C, as the polymerization progressed, the
solutions became transparent, and had reached ca. 25-30%
conversion of isoprene after 24 h. The polymers were obtained
in high yields by precipitation into methanol for polymer 4,
methanol/water for polymer 5 and colddiethyl ether for polymers
6 and 7. For polymer 5, the highweight fraction of PEO rendered
methanol inadequate as a nonsolvent for the block and water
had to be added to allow for the precipitation to occur. All pre-
cipitated polymers were dried in vacuo to remove remaining
traces of monomer and solvent. Polymers 4-7 had interesting
solubility properties across a wide range of solvent polarity
showing a potential ability to spontaneously form assemblies
in different solvents. This finding triggered our consideration of
the invertible nature that the assemblies might possess in both
aqueous conditions and in a hydrophobic environment such as
decane.22,76

Both 1H and 13C NMR spectroscopy were used to determine
the compositions of the polymers (Figure 1, 13C NMR spectra
available in Supporting Information) and to confirm the removal
of nonreacted isoprene monomer. The final degree of polymer-
ization of isoprenewas determined using 1HNMRby integration
of the vinyl peaks of the polyisoprene block against the methoxy
peak of the PEO chain end. In addition, thermogravimetric
analysis (TGA) and differential scanning calorimetry (DSC)were
performed to assess thermal properties for the block copolymers.
Results are presented with molecular weight and polydispersity
data in Table 1 (TGA/DSC figures available in Supporting Infor-
mation). Longer block lengths of both PEO and PIp resulted in

higher glass transition temperatures. As would be expected,
incorporation of isoprene resulted in lower melting transition
temperatures of the PEO block.

In order tobetter understand the relationship between polymer
size/composition and structure obtained during solution assem-
bly, accurate determination of block sizesmust be obtained.GPC
analysis of the PEOmacro-CTAs and block copolymers (Figure 2)
showed that unreacted PEO macro-CTA remained present in all
block copolymer samples. The apparent agreement between
molecular weights calculated by NMR and GPC is believed to
be an artifact of polymer composition, structure and of the GPC
measurement itself for these particular samples. Multipeak
mathematical deconvolution of the peaks (Figure 4) enabled
the calculation ofMn for both the block copolymer and remain-
ing PEO macro-CTA with respect to the polystyrene calibration
curve (Table 2). The elution volume of the low molecular weight
shoulder present in the chromatogram of the block copolymers
corresponded to that of the PEO macro-CTA and the molecular
weight calculated for the shoulder corresponded to that obtained
for the PEO macro-CTA itself. It is unlikely that this remaining
PEO macro-CTA is nonfunctional as thorough 1H NMR anal-
ysis of the PEO macro-CTAs after column chromatography
showed good correlation between methoxy chain-end and dode-
cyl chain-end of the trithiocarbonate demonstrating high func-
tionality of the macro-CTAs (see Supporting Information). A
variety of factors can cause incomplete chain extension or
blocking including low functionality of the chain-transfer agent
or low chain-extension efficiency. It is believed that incompat-
ibility between the hydrophilic macro-CTA and hydrophobic
isoprene monomer could be a major contributor to low or slow
chain-transfer in this case.

In order to confirm the nature of the low molecular weight
shoulder, a fraction was collected between 23 and 25 min of the
GPC run of polymer 6, Figure 2. Analysis of the fraction by 1H
NMR spectroscopy showed peaks corresponding to the R-meth-
oxy and ω-dodecyl chain ends of the PEO macro-CTA and their
integration gave a 1:1 ratio, Figure 3. The degree of polymerization

Figure 1.
1H NMR spectra (500 MHz, CDCl3 and CD2Cl2) for 5 kDa PEO-block series, macro-CTA 2, and PEO-b-PIp block copolymers 4 and 5

(left), and 2 kDa PEO-block series, macro-CTA 3, and PEO-b-PIp block copolymers 6 and 7 (right).

Table 1. Molecular Weight, Polydispersity, and Thermal Analysis Data for PEO Macro-CTAs and PEO-b-PIp Block Copolymers

polymer Mn
NMR (Da) Mn

GPC (Da)a mol % PIp PDIa Tg (�C)b Tm (�C)c Tdecomp (�C)

2 7800 7600 n/a 1.04 n/a 61.0 395.3
3 2400 3200 n/a 1.03 n/a 50.4 377.5
4 18 000 18 000 71 1.28 -60.0 56.0 401.8
5 8500 8600 38 1.34 -61.0 55.3 399.2
6 6400 6500 64 1.29 -62.7 47.3 397.0
7 5500 5300 53 1.30 -64.7 49.0 399.5
aPredialysis value. bPolyisoprene region. cPoly(ethylene oxide) region.
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of the PEO calculated from the integration of the PEO methylene
peaks against both CTA chain ends corresponded to that of the
macro-CTA. This seemed to indicate the presence of unreacted
PEOmacro-CTA.However, from the comparison of Figures 1 and
3, it also appears that peak j, S-CH2, clearly present in the spectra
of the PEOmacro-CTAs is not as pronounced in the spectra of the
block copolymers or the extracted fraction. This reduction in signal

intensity could be an indicator of the incorporation of isoprene
monomer units on the CTA resulting in a shift and broadening of
peak j. Addition of a few units of isoprene to the CTA would also
explain the difficulty of purificationof the block copolymers even in
a good solvent for PEO homopolymer. The lack of further
extension of the isoprene block could be due to configurations
and/or conformations unfavorable to further monomer attach-
ment. The lowmolecularweight shoulder, therefore, appeared to be
either unreacted PEO or PEO with very few isoprene monomer
units added, each retaining the trithiocarbonate chain transfer unit,
or a mixture of both.

Because of the presence of unreactedPEOmacro-CTA, theDP
of isoprene as calculated by 1H NMR spectroscopy is inexact. In
order to calculate the actual DP of isoprene the unreacted PEO
macro-CTA should be removed. Dialysis was performed on each
of the copolymers against water for 5 days to attempt to remove
unreacted starting material, with mixed results. Therefore, an
estimation of the amount of unreacted PEOmacro-CTA present
and blocking efficiency was carried out through mathematical
deconvolution of GPC chromatograms.

Following the method used by Gao et al.,77 gel permeation
chromatography was used to estimate the chain extension
efficiency of the PEO macro-CTAs for each polymerization.
Mathematical deconvolution of the GPC chromatograms pro-
vided a multipeak fitting for all polymer peaks with a low
molecular weight peak corresponding to the “unreacted”
macro-CTA and one or several peaks corresponding to the
actual block copolymer, Figure 4. According to the study on
the homopolymerization of isoprene by Germack and
Wooley,61 the conditions, which were similar to those included
in this work, did not yield uncontrolled, thermally promoted
self-polymerization of isoprene and did not result in any
significant chain-chain coupling. Peak 1 of Figure 4 is, there-
fore, expected to be due in part to the higher molecular weight
component visible in the PEO-CTAs undergoing chain exten-
sion. Some chain-chain coupling or branching along the
polyisoprene backbone can also account for the high molecular

Figure 2. THF-GPC chromatograms of 5 kDa PEO-block series, macro-CTA 2, and PEO-b-PIp block copolymers 4 and 5 (left) and 2 kDa PEO-
block series, macro-CTA 3, and PEO-b-PIp block copolymers 6 and 7 (right).

Figure 3.
1H NMR spectrum (500 MHz, CDCl3) for 23 to 25 min

fraction of the GPC run of PEO-b-PIp block copolymer 6.

Figure 4. Example of multipeak mathematical deconvolution of GPC
chromatogramof polymer 7.Ablock corresponds to the area of peaks 1þ
2 and ACTA corresponds to the area of peak 3.

Table 2.Mn Values for LowandHighMolecularWeight Peaks, dn/dc
of Block Copolymers and Blocking Efficiency Calculated fromMulti-
Peak Mathematical Deconvolution of GPC Chromatograms and

Other GPC Data

polymer Mn,shoulder
GPC (Da) Mn,block

GPC (Da) dn/dc
blocking
efficiency

4 7700 22 900 0.1076 0.46
5 4200 11 800 0.0911
6 3100 8300 0.1057 0.63
7 3000 7000 0.1029 0.65
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weight component. Although 1HNMR integrations showed no
components other than PEO and PEO-b-PIp, unfortunately,
there was an unassignable low molecular weight component in
5, which prevented it from being able to be analyzed according
to this deconvolution routine. Using the polystyrene calibra-
tion of the DRI detector it was possible to calculateMn for each
component individually, MCTA the molecular weight of the
remaining PEO macro-CTA, peak 3, and Mblock the molecular
weight of the block copolymer, peaks 1 and 2. Although the
ratio of apparent to real molecular weight varies from PEO to
PIp homopolymers the difference of separation is small and we,
therefore, decided to use Mn from GPC as an estimation of
molecular weight in the following calculations. Values of dn/dc
for PEO macro-CTAs and for pure polyisoprene were deter-
mined as 0.0740 and 0.1246 respectively using response vs
concentration plots from the differential refractometer. Values
of dn/dc for the “pure” block copolymers were calculated
following eq 1 using the calculated Mn of the peaks (Table 2)
and the (dn/dc) values for PEO macro-CTAs and pure poly-
isoprene determined earlier.

dn

dc

� �
block

¼ wCTA � dn

dc

� �
CTA

þwIP � dn

dc

� �
IP

ð1Þ78

with wCTA and wIP weight fractions of PEO-CTA and poly-
isoprene in block copolymer sample, calculated usingMn of the
CTA peak and block copolymer peak (Table 2).

The instantaneous response from the DRI detector at a given
retention volume i, Ri, is given by eq 2. The area of a peak on
the GPC chromatogram, AP, can be expressed as a sum of the
response from the DRI detector over the elution volume of the
peak, eq 3.

Ri ¼ k� dn

dc

� �
i

� ci ð2Þ

with kDRI detector constant, (dn/dc)i specific refractive index of
the fraction (mL/g) and ci instantaneous mass concentration in
retention volume i (g/mL).

AP ¼
XN
i¼ 0

Ri � ΔV ¼
XN
i¼ 0

k� dn

dc

� �
i

� ci � ΔV

AP ¼ k
XN
i¼ 0

dn

dc

� �
i

�mi ð3Þ

with mi = ci � ΔV instantaneous mass of polymer in retention
volume i and ΔV volume fraction measured.

Equation 3 can be simplified to expressAP as a function of dn/
dc of the polymer, Mn of the polymer and number of moles of
polymer in the sample. The area of the peak corresponding to the
unreacted macro-CTA, ACTA, and the total area of the peak
corresponding to the block copolymer, Ablock, have been ex-
pressed in this way in eqs 4 and 5, respectively.

ACTA ¼ k
dn

dc

� �
CTA

�MCTA � nCTA ð4Þ

with nCTA being the number of moles of remaining macro-CTA.

Ablock ¼ k
dn

dc

� �
block

�Mblock � nblock ð5Þ

with nblock number of moles of block copolymer in the sample.

xb ¼
Ablock

ACTA
� dn

dc

� �
CTA

�MCTA

dn

dc

� �
block

�Mblock þAblock

ACTA
� dn

dc

� �
CTA

�MCTA

ð6Þ

Finally, the mole fraction of block copolymer or blocking effi-
ciency, xb, can be developed from eq 4 and 5 to get eq 6 in which
all terms have either been previously calculated ormeasured from
the GPC chromatogram. Using eq 6, it was possible to calculate
the blocking efficiency for polymers 4, 6 and 7 (Table 2). The
blocking efficiencywas estimated tobe around 46% for the 5 kDa
and 64% for the 2 kDa PEO macro-CTA polymer series. The
length of the PEOmacro-CTA seems to have an influence on the
blocking efficiency for the chain extension of isoprene, however,
the effect of the PEO macro-CTA chain length on the extension
of other hydrophobic monomers has not yet been reported. In

Scheme 3. Schematic Illustrations of the Aqueous Assembly of 4-7 To
GiveMicelles 8-11, Respectively, and Decane Assembly of 4-7 To Give

Inverse Micellar Assemblies 12-15, Respectively

Table 3. Micellization Data (Aqueous Solution)

micelle Dh(Int.), nm Dh(Vol.), nm Dh(Num.), nm D(TEM)a, nm Dcore(TEM),b,c nm height (AFM), nm

8 154( 49 93( 37 54( 38 55( 18 30( 6 8( 3
9 114( 9 26( 4 18( 4 31( 4 13( 3 4( 1
10 83( 12 31( 8 21( 6 30( 5 24( 5 4( 1
11 32( 9 18( 4 15( 4 18( 3 8( 2 2( 1
aPhosphotungstic acid stain. bOsO4 stain.

cSee Figure S9, Supporting Information for images.

Table 4. Inverse Micellization Data (Decane Solution)

micelle Dh(Int.), nm Dh(Vol.), nm Dh(Num.), nm D(TEM)a, nm height (AFM), nm

12 569 ( 142 515 ( 160 252 ( 167 34 ( 6c 11 ( 2
25 ( 3d

13 556 ( 102 641 ( 134 434 ( 76 e 6 ( 1
14 414 ( 122 487 ( 187 308 ( 84 e 7 ( 2
15 b b b e 4 ( 2
aOsO4 stain. b Insufficient correlation. c cylindrical inverse micelle. d spherical inverse micelle. e the dimensions of the assemblies could not be

accurately determined, as they are not confirmed as spherical or vesicular in nature.



Article Macromolecules, Vol. 43, No. 17, 2010 7135

order to obtain more accurate blocking efficiency values, this
method should be used for polymers of similar chemical compo-
sitions where the components have similar K and R values.

Block copolymers 4-7, respectively, were assembled into
micelles using solvent-induced micellization procedures, giving
water-stable micelles 8-11 and decane-stable inverse assemblies
12-15 (Scheme 3). Our interest in the dual assembly of these
materials was several-fold: (1) the interesting solution-state
properties for the block copolymer during attempts at precipita-

tion for purification of the materials; (2) the antifouling char-
acteristics of PEO, the reactivity and cross-linkability of PIp, and
the ability to partition those distinctly different materials into
different domains; (3) the effects also that might result from
having residual homopolymer79 present in the form of nonchain
extended PEO-macroCTA. The resulting structures were ana-
lyzed via DLS, AFM, and TEM to evaluate the type of mor-
phologies obtained and their domain sizes (Tables 3 and 4).

Aqueous-based micellization was achieved through the dis-
solution of block copolymers 4-7 into DMF followed by the
slow addition of an excess of water. Themicellar solutions, 8-11,
were then dialyzed against nanopure water for several days to
remove traces of organic solvent. All of the block copolymers
readily formed monomodal aqueous spherical micelles, whose
particle diameters followed trends relative to the parent copoly-
mer, e.g., longer block length PEO relative to PIp gave smaller
particles, and shorter overall polymer chain length afforded
smaller particle assemblies. These trends, summarized in Table 3,
can be easily observed through DLS data, located in Supporting
Information, and on both negatively and positively stained TEM
images (Figures 5 and S9, respectively).

As measured by TEM, block copolymer 4 formed large
particles of 55( 18 nmdiameter with slight irregularities, whereas
5 formed more regularly shaped particles of 31( 4 nm diameter,
with the smaller deviation reflecting the particle quality. The
particles were also analyzed by AFM to obtain an estimate of
particle height on a mica substrate (Figure 6). Although the TEM
and DLS diameter values were in good agreement, the AFM-
measured heights were substantially low, which is likely due to an
affinity of the PEO shell for the hydrophilicmica surface, perhaps
combinedwith PEOcrystallization events that occur upondrying,

Figure 5. TEM images of PEO-b-PIp diblock copolymer aqueous
micelles 8, 9, 10, and 11 using phosphotungstic acid as negative stain.

Figure 6. AFM images PEO-b-PIp diblock copolymer aqueous micelles 8, 9, 10, and 11, together with average height values.
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resulting in a spreading and reorganization of micelle structure as
has been noted before for this block copolymer system by Glynos
et al.45 The combination of these data demonstrates that the
PEO-b-PIp block copolymers can readily form well-defined
micelles of varying sizes in aqueous solution.

To determine how the polymers assemble in hydrophobic
solvent,micellization conditionswere altered to induce formation
of inverse micelles in decane. Decane provides a hydrophobic
nonreactive solvent environment with a high boiling point.
Inverse assemblies, 12-15, of block copolymers 4-7, respec-
tively, were obtained through dissolution the copolymers into
THF followed by the slow addition of an excess of decane. It
should be noted that post-assembly dialysis was not performed,
as had been done for the aqueousmicelles, due to solvent cost. All

solutions had minute amounts of precipitate that appeared
postassembly.

Each block copolymer readily formed assemblies of interesting
sizes and morphologies, yet each was heterogeneous. DLS
analysis of the assemblies 12-14 showed larger structures, in
comparison to the aqueous assemblies (see Supporting Informa-
tion for representative DLS figures or Table 4 for listing). In the
case of assembly 12, sub-100 nm structures were also present.
DLS examination of inverse micelle 15 yielded insufficient
correlation, and further attempts to inspect the solution post-
centrifugation and filtration yielded no results. TEM analysis of
assembly 12, stained using OsO4-stain, which selectively stains
PIp, showed bundled mixtures of long cylinders and sub-100 nm
spheres (Table 4) which was also confirmed by DLS and AFM
(Figures 7 and 8). AFM and DLS analysis of assemblies 13-15
showed larger aggregates (Figure 8 and Table 4), consistent with
vesicles, but the exact nature of these supramolecular structures
could not be confirmed by TEM. Because of the difficulties in
performing cryo-TEM with high boiling and crystallizable sol-
vents, such as decane, attempts to obtain cryo-TEM images were
unsuccessful. The assembly of PEO-b-PIp block copolymers in
hydrophobic, organic solvent resulted in the formation of either a
mixture of cylindrical and spherical morphologies or large
aggregates of sizes consistentwith vesicular structures, depending
on the block lengths.

Conclusions

Highly interesting, multifunctional, amphiphilic PEO-b-PIp
block copolymers were prepared via RAFT polymerization, for
which challenges were encountered, yet well-defined structures

Figure 8. AFM images of PEO-b-PIp diblock copolymer inverse assemblies 12, 13, 14, and 15.

Figure 7. TEM images of PEO-b-PIp diblock copolymer inverse as-
semblies 12 using OsO4 as positive stain.
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were obtained. In this study, two RAFT-capable PEO macro-
CTAs, havingMn values of 2 and 5 kDa, were prepared and used
for the polymerizationof isoprene, affording block copolymers of
varied lengths and compositions. GPC analysis of the PEO
macro-CTAs andblock copolymers showed remaining unreacted
PEO macro-CTA. Following analysis of the GPC chromato-
grams usingmathematical deconvolution, the blocking efficiency
was estimated to be around 50% for the 5 kDa PEOmacro-CTA
and 64% for the 2 kDa CTA. The resultant polymers were also
investigated for their abilities to self-assemble in both water and
decane, and the resulting regular and inverse assemblies, respec-
tively, were analyzed with DLS, AFM, and TEM to ascertain
their dimensions and properties. Assembly of PEO-b-PIp block
copolymers in aqueous solution resulted in uniform micelles of
varying sizes while the assembly in hydrophobic, organic solvent
resulted in the formation of heterogeneousmorphologies, includ-
ing large aggregates, cylindrical and spherical structures.
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