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ABSTRACT: Tadpole polymers are excellent candidates to
explore how architecture can influence self-assembly because
they combine two topologies in the same molecule (ring
polymer as the head and linear polymer as the tail). In this
work, we synthesize well-defined tadpole homo-/co-/terpol-
ymers derived from the appropriate chemical modification
reactions of the corresponding 3-miktoarm star homo-/co-/
terpolymers via anionic polymerization, high vacuum
techniques, and chlorosilane chemistry in combination with
the Glaser coupling reaction. The 3-miktoarm star homo-/
co-/terpolymers bear two arms with t-butyl dimethylsiloxypropyl functional end-groups, whereas after deprotection, the ω-
hydroxyl chain-ends were modified to alkyne moieties. The dialkyne star polymers in the presence of Cu(I)Br and
N,N,N′,N″,N″-pentamethyldiethylenetriamine were then transformed to well-defined tadpole homo-/co-/terpolymers. We
employed strongly immiscible blocks to enable characterization using electron microscopy and X-ray scattering to explore how
the molecular topology influences the self-assembled bulk-state microdomain morphologies.

■ INTRODUCTION

The advent of “living” anionic polymerization1 in the 1950’s
enabled the synthesis of a broad portfolio of polymers with
complex macromolecular architectures2 such as star,3−6

branched,7−11 cyclic,12−14 dendritic,15,16 and graft17−19 poly-
mers and so forth. Considerable attention has been paid to the
cyclic polymers because of their unique properties derived
from the absence of chain-ends. It is well known that cyclic
polymers possess smaller hydrodynamic volumes, higher glass
transition temperatures, and lower intrinsic viscosities and
consequently exhibit different properties compared to their
linear/star analogues.20 Among the two general strategies for
synthesizing cyclic polymers, the ring expansion technique21,22

affords the synthesis of high-purity, high molecular weight
cyclic polymers but faces severe limitations concerning the
variety of monomers that can be used, poor control over
molecular weight, and broad polydispersity. On the other
hand, the ring closure technique23,24 is applicable to a great
number of monomers and offers higher tolerance to different
functional end-groups but has to overcome the entropic
penalties associated with having the two chain-ends approach
closely enough to bond.
Despite the above-mentioned limitations, the ring closure

strategy has been widely used for the synthesis of a plethora of

ring polymers such as cyclic homopolymers,25,26 cyclic diblock
copolymers,27,28 and cyclic triblock terpolymers.29,30 Most
importantly, via the ring closure methodology, the synthesis of
even more complex cyclic-based macromolecular architectures
such as tadpole,31−33 dicyclic,34,35 multicycle,36,37 eight-
shaped,38,39 and spiro-bicyclic polymers40,41 was feasible. The
lack of experimental data on the self-assembly of tadpole co-/
terpolymers, arises from the inherent difficulties in synthesizing
such chain architectures composed of blocks with large
segment−segment interaction parameters and appropriate
molecular weights to induce microphase separation. In our
previous work,29 the combination of anionic polymerization
with the Glaser coupling reaction afforded the synthesis of
well-defined cyclic triblock terpolymers consisting of poly-
isoprene (PI), polystyrene (PS), and poly(2-vinylpyridine)
(P2VP). It was found out that the Glaser coupling reaction
between terminal alkynes in the presence of Cu(I)Br and
N,N,N′,N″,N″-pentamethyldiethylenetriamine (PMDETA),
under high dilution, promotes the formation of 1,3-diyne
rings in high yield, without the presence of polycondensation

Received: May 16, 2019
Revised: July 1, 2019
Published: July 17, 2019

Article

pubs.acs.org/MacromoleculesCite This: Macromolecules 2019, 52, 5583−5589

© 2019 American Chemical Society 5583 DOI: 10.1021/acs.macromol.9b01013
Macromolecules 2019, 52, 5583−5589

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 O

F 
C

IN
C

IN
N

A
T

I 
on

 A
pr

il 
3,

 2
02

0 
at

 0
2:

06
:3

5 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

pubs.acs.org/Macromolecules
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.macromol.9b01013
http://dx.doi.org/10.1021/acs.macromol.9b01013


byproducts. We compared the morphology of pairs of
miktoarm star terpolymers and their corresponding cyclic
terpolymers and compared the sample morphology using
transmission electron microscopy (TEM).29

Here, we exploit our prior synthetic approaches to make
well-defined star and tadpole homo-/co-/terpolymers. The
molecular characterization of all intermediate and final
products was accomplished via size-exclusion chromatography
(SEC) and proton nuclear magnetic resonance (1H NMR)
spectroscopy. Small-angle X-ray scattering (SAXS) and TEM
were employed to examine the solution cast and thermal-
annealed bulk samples in order to gain insight into the role of
the complex star and cyclic macromolecular architecture on the
self-assembled microdomain morphologies.

■ EXPERIMENTAL SECTION
Materials. Benzene (Sigma-Aldrich, 99%) was purified over CaH2

and distilled under a high vacuum in a round bottom flask containing
polystyrylithium oligomers [PS(−)Li(+)], exhibiting the characteristic
orange color. Tetrahydrofuran (THF, Sigma-Aldrich, 99.9%) was
refluxed over sodium, stirred in the presence of CaH2 overnight, and
distilled over Na/K alloy. Functionalized initiator 3-(t-butyldimethyl-
siloxy)-1-propyllithium [FMC lithium (0.64 M in cyclohexane)] was
diluted to the appropriate concentration with purified cyclohexane in
a custom-made glass apparatus. sec-Butyllithium (s-BuLi, 1.4 M in
cyclohexane, Sigma-Aldrich) was used without further purification
and diluted with dry n-hexane. Isoprene (Sigma-Aldrich, 99%) was
purified over CaH2 and subsequent double distillation over n-BuLi
under stirring for 30 min at 0 °C and stored in precalibrated
ampoules. Styrene (St, Sigma-Aldrich, 99%) was purified by
distillation over CaH2 and subsequently over dibutylmagnesium
(Sigma-Aldrich, 1 M solution in heptane) and stored in precalibrated
ampoules. 2-Vinylpyridine (2-VP, Sigma-Aldrich, 97%) was distilled
over CaH2 and sodium mirror, stirred in the presence of
trimethylaluminum (Sigma-Aldrich, 97%) at 0 °C, and used directly
for the polymerization. The linking agent methyltrichlorosilane
(CH3SiCl3, Sigma-Aldrich, 99%) was purified by fractional distillation
and stored in precalibrated ampoules. Methanol (Sigma-Aldrich,
99.8%) (terminating agent) was stored under a high vacuum and used
as received. N,N′-Dicyclohexylcarbodiimide (DCC), 4-dimethylami-
nopyridine (DMAP), and PMDETA were used as received.
Measurements. The number average molecular weight (Mn) and

the polydispersity index (Đ) were determined by SEC equipped with
an isocratic pump, Styragel HR2 and HR4 columns in series (300 × 8
mm), a refractive index detector, and THF as the eluent at a flow rate
of 1 mL/min at 30 °C. The calibration was performed using PS (Mp:
370−4 220 000 g/mol) and PI standards (Mp: 1030−1 040 000 g/

mol). 1H NMR spectroscopy measurements were carried out in
chloroform-d (CDCl3) on a Brüker AV-600 spectrometer.

Five percent w/w solutions of all samples were prepared in
chloroform (CHCl3) and left at ambient conditions for 6 days in
order to form 1 mm thick films. The films were subsequently further
annealed at 130 °C for 2 days in a vacuum oven. A Leica EM-UC7
ultra-cryomicrotome at −120 °C, equipped with a diamond knife, was
used to cut 40−50 nm thin sections. The film sections were collected
in 400 mesh copper grids and stained with osmium tetroxide (OsO4)
for 4 h in order to increase the electron density of the PI domains.
The samples containing P2VP blocks were additionally stained with
iodine (I2) vapor at room temperature for 8 h. Bright-field images of
stained sections were studied using both an FEI Tecnai electron
microscope operated at 120 kV and a JEOL 1230 TEM system
operated at 80 kV. SAXS experiments were performed at the 12-ID-C
synchrotron station with an X-ray energy of 12 keV (λ = 0.103 nm) at
the Advanced Photon Source of Argonne National Laboratory. For
SAXS experiments, the scattering vector was calibrated using a silver
behenate standard. The X-ray patterns are presented in the form of
intensity (I) versus scattering vector magnitude |q⃗| = q = 4πλ−1 sin(θ/
2), where θ is the scattering angle and λ is the radiation wavelength.

■ RESULTS AND DISCUSSION

All tadpole homo-/co-/terpolymers were synthesized in four
general steps: (i) synthesis of the corresponding 3-miktoarm
star polymer using anionic polymerization and chlorosilane
chemistry. The essential requirement is that two out of the
three arms must bear t-butyl-dimethylsiloxypropyl functional
end-groups. (ii) Deprotection of the t-butyldimethyl silyl
groups with tetra-n-butylammonium fluoride (TBAF) to
introduce hydroxypropyl chain-ends. (iii) Esterification of the
−OH groups with 4-pentynoic acid in the presence of DCC
and DMAP to introduce alkynyl end-groups, and (iv)
intramolecular Glaser coupling reaction between the two
alkynyl groups in the presence of Cu(I)Br/PMDETA in
pyridine, at room temperature, to produce the final tadpole
polymers. The synthetic procedure of the novel 3-miktoarm
star terpolymer consisting of PI, PS, and P2VP is given in
Scheme 1.
All manipulations were performed using anionic polymer-

ization by high-vacuum techniques and carried out in
evacuated, n-BuLi-washed, and solvent-rinsed glass reactors
equipped with break-seals for the addition of reagents and
constrictions for the removal of aliquots.42 In general, the
synthetic approach for the preparation of the (PI)2-b-PS-b-
P2VP 3-miktoarm star terpolymer involves the selective

Scheme 1. Synthetic Route of 3-Miktoarm Star Terpolymer Consisting of PI, PS, and P2VP
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substitution of the two chlorine atoms of DCMSDPE by
titration with (pg-PI−Li+) (pg: protected group, t-butyl-
dimethylsiloxypropyl), addition of s-BuLi to the in-chain
double bond, polymerization of St from the newly created
anionic site to produce the third “living” arm and finally
polymerization of 2VP, to afford the 3-miktoarm star
terpolymer. The initial step of the synthetic procedure involves
the complete replacement of the two chlorine atoms of
DCMSDPE by the (pg-PI−Li+) (Figure S1). Then, the
required amount of s-BuLi was added, and the color of the
solution immediately changed from pale yellow to orange,
indicating the formation of the intermediate (pg-PI)2DPE

−Li+.
Stoichiometry is a crucial parameter in order to avoid
byproducts, and as can be seen in Figure 1C, after the
addition of s-BuLi, the SEC trace of the “living” star is identical
to the one given in Figure 1B.

For the synthesis of the third block (PS), the desired
amount of St was added to the in-chain “living” polymer [(pg-
PI)2DPE

−Li+] solution and the polymerization was left to
completion at room temperature. After 16 h, a small aliquot
was taken for SEC analysis. As seen in Figure 1D, the SEC
trace shifted to a lower elution volume, indicating the
formation of the (pg-PI)2-b-PS

−Li+ “living” 3-miktoarm star
copolymer. In the final step of the synthetic procedure,
benzene was removed under vacuum, freshly distilled THF was
added, followed by introduction of an appropriate amount of
2-VP, under vigorous stirring, at −78 °C. The polymerization
was left to completion for 1 h, followed by addition of degassed
methanol to quench the polymerization. As can be seen in
Figure 1E, after polymerization of 2-VP, the SEC trace shifted
to an even lower elution volume, indicating the formation of
the 3-miktoarm star terpolymer. The small shoulder at the
higher elution volume was eliminated by consecutive
fractionations in a solvent/nonsolvent system. The SEC traces
of all intermediate products, as well as of the final 3-miktoarm
star terpolymer, exhibit narrow molecular weight distribution,
indicating a high degree of homogeneity. The molecular
characteristics of all intermediates, determined by SEC and 1H
NMR, are shown in Table S1.
The next step for the preparation of the tadpole terpolymer

was the removal of the t-butyldimethyl-silyl protective groups
in order to produce 3-miktoarm star terpolymer with
hydroxypropyl chain-ends. Since treatment with concentrated

HCl of silicon containing star polymers produces arm
cleavage,43 TBAF was used for the deprotection of the −OH
groups. The progress of the reaction was monitored by 1H
NMR using the chemical shift of t-butylsilyl group at 0.9 ppm
(Figure S2A). Treatment of the protected 3-miktoarm star
terpolymer for 24 h with TBAF produces 100% hydroxypropyl
chain-ends as proved by the disappearance of the chemical
shift at 0.9 ppm (Figure S2B). To assure that there are no
byproducts after removal of the t-butyldimethylsilyl end-
groups, SEC analysis was performed again and showed
identical SEC traces before and after deprotection. The
deprotection details of the t-butylsilyl groups of the 3-
miktoarm star homo-/copolymers are given in the Supporting
Information with 1H NMR spectra in Figures S4B and S7B.
After the successful deprotection, the hydroxyl end-groups

were esterified using an excess of 4-pentynoic acid in the
presence of DCC and DMAP. Quantitative esterification was
confirmed by the appearance of new chemical shifts at 2.2 and
2.5 ppm, which are attributed to the terminal proton of the
alkyne groups and to the methylene protons adjacent to the
triple bond, respectively. In addition, the chemical shifts
corresponding to the proton near the hydroxyl group (proton
b in the figure) after esterification indicate that all the hydroxyl
groups have reacted (Figure S2C). The esterification details of
the terminal hydroxyl end-groups of the 3-miktoarm star
homo-/copolymers are given in the Supporting Information
along with 1H NMR spectra in Figures S4C and S7C. The
homodifunctional unimolecular ring closure between the two
alkyne moieties was accomplished via the Glaser coupling
reaction under high dilution, in the presence of Cu(I)Br/
PMDETA as catalyst and pyridine as solvent.44,45 In order to
minimize intermolecular polycondensation byproducts, a dilute
solution of the dialkyne 3-miktoarm star terpolymer (7.5 mg/
mL) was added dropwise slowly to the CuBr/PMDETA
solution in pyridine. The oxidative alkyne dimerization was
promoted by oxygen and led to the well-defined tadpole
terpolymer with less than 5% polycondensation byproducts
(the small shoulder at the lower elution volume), as seen in
Figure 2B.

Unambiguously, the SEC trace of the tadpole terpolymer
after cyclization shifted to a higher elution volume, indicating
smaller hydrodynamic volume compared to the corresponding
3-miktoarm star terpolymer. The R value (ratio of the apparent
hydrodynamic molecular weight of the tadpole polymer to that
of the corresponding star) is 0.77, indicating successful
cyclization.46 The difference of the apparent Mn between the
tadpole terpolymer and the corresponding star, as calculated by
SEC analysis, is evident in Table 1. The SEC traces of the

Figure 1. Monitoring the synthesis of the 3-miktoarm star terpolymer
by SEC.

Figure 2. SEC traces of the (A) 3-miktoarm star terpolymer and (B)
tadpole terpolymer.
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corresponding homo-/copolymers tadpoles can be seen in
Figures S5 and S8. The molecular characteristics of the
corresponding tadpoles are given in Tables S3 and S5.
Furthermore, the successful cyclization was also confirmed

through the 1H NMR analysis of the final tadpole terpolymer
(Figure S2D). As a result of the Glaser coupling reaction and
the formation of the 1,3-diyne, the chemical shift at 2.2 ppm
(HCC−) completely disappeared in the spectrum of the
tadpole terpolymer. The synthesis of the 3-miktoarm star
homo-/copolymers is very well documented in the liter-
ature;47,48 thus, the detailed analysis is given in Supporting
Information (Figures S3 and S6).
The microdomain morphology of block polymers is sensitive

to chain architecture, and our topological macromolecular
isomers feature the additional packing constraints in
determining the self-assembled morphologies. For example,
by designing 4-miktoarm copolymers having two pairs of the
asymmetric but inverse arm block sequence, it was possible to
access a tricontinuous (i.e., double gyroid) morphology at an
overall symmetric 50/50 volume fraction composition, where
the linear diblock domain morphology is normally deep within
the lamellar phase window.49 The synthesis of miktoarm star
terpolymers revealed unique 2D periodic highly non-constant
mean curvature structures due to the requirement that the
single junction connecting all three types of blocks must reside
on lines, where domains of all three types of block meet, rather
than be distributed over the intermaterial dividing surfaces
between domains as is normally the case for linear blocks.50

In order to elucidate the bulk-state microdomain morphol-
ogies of the star and tadpole copolymer and terpolymer pairs,
we employed SAXS and TEM. Samples of the star and tadpole
copolymers (PI)2-b-PS and (PI)c-b-PS were cast from
chloroform and annealed at 130 °C for 2 days and examined
by SAXS (see Figure 3A). For both the star and tadpole
architectures, the q/q1 ratios for the set of observed peaks (1,
√4,√6,√12) correspond to allowed reflections from a body-
centered cubic (bcc) lattice, suggesting that the minority PS
component has formed spherical domains in the majority PI
matrix. Bright-field TEM images using OsO4 to stain the PI
chains are given in Figure 3B,C. Light, unstained spherical PS
domains are ordered in the darker stained PI matrix. The
lowest order SAXS reflection for bcc lattice is the (110) peak
leading to a cubic lattice parameter of 43.6 nm for the star
copolymer and 45.5 nm for the tadpole polymer. The center-
to-center sphere distances along the body diagonal direction,
⟨111⟩, are 37.8 nm and 39.4 nm, respectively, consistent with
the distances observed between columns of spheres in the
TEM images where the projected image symmetry is
approximately 6-fold (i.e. along the [111] projection). A
schematic of the suggested chain packing is shown in Figure
3D. Because the two polymers have identical composition and
volume fraction, the larger unit cell for the tadpole polymer
means that the spherical domains are also larger, indicating a
higher aggregation number for the tadpole over the star. The
average number of star molecules forming a spherical domain
is approximately 407, whereas for the tadpole polymer, the

Table 1. Molecular Characteristics of the 3-Miktoarm Star Terpolymer and the Corresponding Tadpole Terpolymer

sample
(M̅n)SEC

a

(g/mol) Đa
f(PI)

b (1H NMR)
% (w/w)

f(PS)
b (1H NMR)
% (w/w)

f(P2VP)
b (1H NMR)
% (w/w)

f(PI)
c

% (v/v)
f(PS)

c

% (v/v)
f(P2VP)

c

% (v/v)

3-μ star
terpolymer

61 000 1.06 0.36 0.27 0.37 0.40 0.27 0.33

tadpole
terpolymer

47 400* 1.06 0.35 0.28 0.37 0.40 0.27 0.33

aSEC in THF at 35 °C using PS standards. bMass fraction was calculated by 1H NMR spectroscopy in CDCl3 at 25 °C. cDensities used for
calculation are of PI (0.92 g/cm3), PS (1.04 g/cm3), and P2VP(1.14 g/cm3). * Apparent MW from GPC.

Figure 3. (A) SAXS patterns of the star and tadpole copolymers with the positions of the well-resolved Bragg peaks from a body-centered cubic
(bcc) lattice indicated. The tadpole polymer has a larger lattice as evident from the slightly lower q position of the first (110) Bragg peak. (B)
Bright-field TEM images of osmium-stained 3-miktoarm (PI)2-b-PS star copolymer and (C) (PI)c-b-PS tadpole copolymer showing the lighter
spherical PS domains in the darker osmium-stained PI matrix. (D) Schematics of the bcc unit cell and chain packing for the star and tadpole
spherical domains.
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average spherical domain has 12% more molecules (∼456).
Based on the size and aggregation number for each type of PS
spherical domain, the area/junction for the star molecule is 4.2
nm2 while that of the tadpole molecule is 4.0 nm2.
Samples of the star and tadpole terpolymers (PI)2-b-PS-b-

P2VP and (PI)c-b-PS-P2VP were also cast from chloroform
and annealed at 130 °C for 2 days and examined by SAXS (see
Figure 4A). The star terpolymer exhibits a well-defined, strong,
low angle peak (d = 72.6 nm) with several broader peaks at
higher q with a q/q1 ratio of 1, 2, 3, 4 with a weak shoulder
beyond the primary peak, near a position corresponding to
√3. However, the scattering pattern from the tadpole shows
only a single broad peak with a d-spacing of approximately 53
nm.
Bright-field TEM images of microtomed sections of the

terpolymers were acquired using different staining protocols so
as to visualize the individual types of domains to help decipher
the morphologies. Figure S9A shows the star terpolymer
stained with I2, a stain specific to the P2VP domains. The field
of view includes dark, hexagonally packed circular-shape
domains as well as parallel dark striped domains that together
indicate that the P2VP domains are cylindrical and packed on a
2D hexagonal lattice. Next, by using OsO4 as the stain, the PI
block is targeted (Figure S9B). The PI block is the largest
component block, and at 40 vol %, it likely forms the matrix.
Some image regions show a 2D hexagonally packed array of
light domains in a dark PI honeycomb pattern. As well, in
other orientations, the PI phase appears as alternating dark
parallel stripe regions having fine corrugations extending
outward from the domain edges. When both the I2 and
OsO4 stains are used, the TEM images show three distinct
levels of contrast. A typical section displays features with
hexagonal packing as well as parallel linear features (Figure
4B,C). The regions with hexagonal symmetry have a circular
gray core region, surrounded by a thin, bright concentric ring
embedded in the dark honeycomb matrix. The parallel features

appear as gray layers with alternating staggered and closely
spaced, bright regions within an outer dark region. Taking all
these features into account leads to the schematic model in
Figure 4D, where hexagonally packed P2VP cylinders are
wrapped by thinner, helically twisting PS belts embedded in a
PI matrix. The PS domains appear to wrap around the P2VP
cylinder as a single helical domain. The helical pitch of the
belt-like PS domains is approximately 45 nm. Tomographic
analysis is necessary to determine the handedness of the helical
PS domains and to determine if there is axial registry between
neighboring PS−P2VP domains. We note that helices with a
single sense of twist would be frustrated when arranged on a
hexagonal lattice. Because the electron density contrast is
largest between the P2VP and PI components and these two
blocks constitute the two largest volume fractions, the SAXS
will be dominated by the hexagonally packed P2VP cylinders
in the PI matrix, in agreement with the peaks identified in the
SAXS pattern (Figure 4A).
Figures 4E and S10 show the (PI)c-b-PS-P2VP tadpole

terpolymer stained with either I2 or OsO4 or with both stains.
All bright-field TEM images show rather poorly ordered
undulating layer-like structures with essentially two levels of
contrast. No end-on views suggestive of cylinder-like domain
packing were found. The large variation of the domain
thicknesses is unexpected, and the basic 1D period (from
SAXS) is considerably smaller than for the corresponding 2D
periodic star terpolymer. Unlike the star and tadpole
copolymer samples, both of which exhibit the same micro-
domain structure, the star and tadpole terpolymer samples
exhibit dramatically different microdomain morphologies.
Sample morphology depends on many factors, especially

composition, molecular weight, chain architecture, and the
segregation strength between the various pairs of blocks. The
segregation strength can be estimated from the respective
molecular weights of the blocks and the χ parameter or
solubility parameter difference between the various pairs of

Figure 4. (A) SAXS patterns of the star and tadpole terpolymers with the positions of the lowest q peak and corresponding d spacing indicated.
(B,C) Bright-field TEM images of osmium and iodine-stained 3-miktoarm (PI)2-b-PS-b-P2VP star terpolymer showing axial and transverse
projections of the three-phase morphology. The unstained PS domains are the brightest, the OsO4-stained PI matrix is the darkest, and the iodine-
stained P2VP domains appear gray. (D) Schematics of the unit cell and chain packing in the star domains. The pitch of the PS helices is given by P.
(E) (PI)c-b-PS-b-P2VP tadpole terpolymer. The unstained PS domains are bright while the darker domains are stained by osmium and iodine. (F)
Schematics of the unit cell and chain packing in the tadpole domains. Transverse views of the three-component four-layer structure.
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blocks. Using the solubility parameter differences for PI−PS
1.8 MPa1/2, PS−P2VP 2.3 MPa1/2, and PI−P2VP 4.1 MPa1/2

and the degree of polymerization for each pair of blocks gives
the segregation strengths as PI−PS 866 MPa1/2, PS−P2VP 858
MPa1/2, and PI−P2VP 2206 MPa1/2. Clearly, the strongest
segregation is for the PI−P2VP pair. Thus, in the 2D periodic
star terpolymer, the wrapped PS helices serve to partially shield
direct contact of the P2VP and PI domains with some contact
between the nonconnected end blocks of PI and P2VP in the
regions between the PS helical domains. For higher PS content
or perhaps for a linear terpolymer (a topological isomer), the
PS may form a concentric cylindrical shell surrounding the
central P2VP cylinder to prevent contact between the PI and
P2VP blocks. In the tadpole, the terpolymer may prefer to
adopt a four-layered −(P2VP−PS−PI−PS−P2VP)− repeat in
order to eliminate the high interfacial energy contact between
the PI and P2VP domains. Such a 1D periodic structure would
have two thinner PS domains per repeat and the relative
domain thicknesses P2VP−PS−PI−PS−P2VP would be in the
ratio of ∼0.33:0.27:0.8:0.27:0.33. Thus, for a osmium-stained
sample, the expected layer repeat would be (P2VP−PS)light−
PIdark−(P2VP−PS)light... and the layers would have relative
thicknesses of 0.8 and 1.2, whereas for a iodine-stained sample,
the layer repeat would be P2VPdark−(PS−PI−PS)light−
P2VPdark... and the relative layer thicknesses would be 0.66
and 1.34 (approximately a 1:2 thickness ratio). The samples do
not have a sufficient order in order to check these quantitative
predictions, and further work is required.
Novel well-defined star and tadpole homo-/co-/terpolymers

were synthesized by the combination of anionic polymer-
ization, chlorosilane chemistry, and the Glaser coupling
reaction. The synthesized 3-miktoarm star homo-/co-/
terpolymers bear two arms with t-butyl-dimethylsiloxypropyl
functional end-groups, which after deprotection with TBAF
and esterification with 4-pentynoic acid, were successfully
transformed to alkyne end-groups. The cyclization between the
two alkynyl moieties was feasible using the Glaser coupling
reaction, under high dilution, in the presence of Cu(I)Br/
PMDETA, using pyridine as solvent. As expected, the SEC
traces of the tadpole polymers shifted to a higher elution
volume compared to the corresponding 3-miktoarm star,
indicating the successful cyclization. Furthermore, the detailed
molecular characterization revealed the formation of tadpole
polymers, in high yield without the existence of polycondensa-
tion byproducts. The self-assembled structures of the star
copolymer and the star terpolymer as well as the tadpole
copolymer and tadpole terpolymer were investigated by SAXS
and TEM. Both the star and tadpole PI-b-PS copolymers
displayed the same morphology, namely well-ordered spherical
PS domains on a bcc lattice. Interestingly, the size of the
spherical domains and the lattice constant of the tadpole
polymer were larger than for the star copolymer, implying that
the aggregation number depends on the chain architecture
because the molecular weight, composition, and segregation
strength of the two copolymer materials are essentially
identical and the samples were prepared under the same
processing protocol. However, in the case of the star and
tadpole terpolymers, a structural phase transition was apparent.
The PI−PS−P2VP star terpolymer assembled into a complex
2D periodic pattern composed of hexagonally packed P2VP
cylinders, wrapped by PS helical domains in a PI matrix, while
the tadpole terblock architecture resulted in a less well-ordered
layered phase.
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