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Abstract: To the best of our knowledge, this is the very first time that a thorough study of the
synthetic procedures, molecular and thermal characterization, followed by structure/properties
relationship for symmetric and non-symmetric second generation (2-G) dendritic terpolymers is
reported. Actually, the synthesis of the non-symmetric materials is reported for the first time in
the literature. Anionic polymerization enables the synthesis of well-defined polymers that, despite
the architecture complexity, absolute control over the average molecular weight, as well as block
composition, is achieved. The dendritic type macromolecular architecture affects the microphase
separation, because different morphologies are obtained, which do not exhibit long range order, and
various defects or dislocations are evident attributed to the increased number of junction points of
the final material despite the satisfactory thermal annealing at temperatures above the highest glass
transition temperature of all blocks. For comparison reasons, the initial dendrons (miktoarm star
terpolymer precursors) which are connected to each other in order to synthesize the final dendritic
terpolymers are characterized in solution and in bulk and their self-assembly is also studied. A major
conclusion is that specific structures are adopted which depend on the type of the core connection
between the ligand and the active sites of the dendrons.

Keywords: miktoarm stars; terpolymers; dendrons; dendritic terpolymers; characterization in
solution; microphase separation; TEM; SAXS

1. Introduction

Living polymerization techniques provide the opportunity to synthesize polymers with predictable
molecular characteristics and monodisperse distributions. The aforementioned methodologies,
due to the living nature of the propagating chain-ends, allow the synthesis of well-defined
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non-linear polymers, with precise molecular architectures such as star- [1–13], H- [14–23],
and dendritic-shaped materials [24–30], respectively. For the synthesis of dendritic polymers,
anionic [31–34], click-chemistry [35] and organometal-catalyzed [36] techniques have already been
employed and are reported in the literature. Due to their distinctive structures, dendritic polymers
and/or dendrimers exhibit unique properties, rendering them suitable to be widely used in various
applications [37,38], such as: drug delivery [39–42], catalytic systems [43,44], membranes [45],
bioimaging [46,47], etc.

The combination of anionic polymerization and chlorosilane chemistry [23,48–50] may lead to
the successful synthesis of both symmetric and asymmetric dendritic terpolymers consisting of three
chemically different polymeric chains.

The definition of symmetric and asymmetric dendritic terpolymers is used, in order to point out
the difference in the species of polymeric chains which constitute the first generation of the complex
final architecture. In the case of symmetric dendritic terpolymers, the same type of segments is
combined into the core (first generation), while two types of chemically different chains configure
the outer generation as already reported in the literature by the Avgeropoulos group [34]. In this
manuscript, it is the first time that asymmetric dendritic terpolymers are synthesized. The inner core
is an A2B or A3B type miktoarm star copolymer and the outer generation consists of the remaining
segments of the three or four initial dendrons, which when linked lead to the synthesis of the desired
final material.

A very thorough and analytical study of the synthesis, molecular characterization and theoretical
results of second generation dendritic homopolymers exhibiting compositional, as well as molecular
homogeneity, and consisting of either poly(butadiene) (PB1,4) (with ~92% 1,4-microstructure) or
poly(isoprene) (PI3,4) (with increased 3,4-microstructure, ~60%) have been reported by the Avgeropoulos
group [32]. The same group has studied relevant symmetric copolymers [33] and terpolymers [34] for
the first time. In the case of the dendritic copolymers comprising two chemically immiscible polydiene
blocks (PB1,4 and PI3,4), well-organized hexagonally close-packed cylinders of PI in the PB matrix for
different molecular characteristics of the two blocks were observed. This result verified the microphase
separation potential of the two polydienes with specific microstructures as already mentioned in the
literature by Avgeropoulos et al. for simpler linear triblock terpolymers of the PB1,4-b-PS-b-PI3,4 and
PS-b-PB1,4-b-PI3,4 sequences [51].

Symmetric dendritic terpolymers have been mentioned in the literature, which were synthesized
by using click-chemistry and ATRP techniques [52]. In addition, Hirao et al. synthesized a series
of symmetric and asymmetric dendritic homopolymers of methyl methacrylate up to the seventh
generation, by precisely controlling both the architecture and the length of the polymer chain [53,54].

The bulk phase separation of dendritic polymers, consisting of non-linear triblock terpolymers,
is strongly dependent on the non-linear triblock precursors, their total degree of polymerization
N, the three different Flory–Huggins interaction parameters: χAB, χBC, χCA, the volume fraction
of each segment: ϕA, ϕB (ϕC = 1 − ϕA − ϕB) and the total number of junction points. Dendritic
polymers rarely underlie to internal chain entanglements, due to intermolecular and intramolecular
interactions, contrary to corresponding linear polymers exhibiting similar total number-average
molecular weight [55].

Self-assembly on such complex terpolymers remains quite unexplored up to date. This fact may
be attributed to the complexity of the architecture in these systems and the major difficulties in their
synthesis. Asymmetric dendritic-like linear diblock copolymers or dendrimers were synthesized [56–58]
and the subsequent morphological characterization indicated that the preliminary hexagonal topology
was not evident after increasing the number of generations, moreover, a lamellar structure was
exhibited instead.

Regarding microphase separation, Mackay et al. [59] reported that hybrid dendritic block
copolymers consisting of poly(benzyl ether) dendron and linear polystyrene, self-assembled on
lamellar and cylindrical structures. By taking advantage of a similar system Pochan et al. [60] observed



Molecules 2020, 25, 6030 3 of 18

similar morphologies even in low average molecular weights. Both research groups [59,60] indicated
that despite the rarely low enthalpic parameter (χ), the obtained morphology is an outcome of
conformational asymmetry and is strongly affected by the extremely high entropic parameter (degree
of polymerization, N).

Hammond et al. [61] studied the microphase separation in bulk of poly(ethylene oxide) (PEO) final
dendritic materials where the PEO chains were appended to a polyamidoamine (PAMAM) dendron.

Bulk microphase-separation studies of relatively identical amphiphilic dendritic polymers
were studied with small-angle X-ray scattering (SAXS) leading to hexagonal and lamellar
morphologies [62,63].

Through chemically modified block copolymers consisting of dendritic PEO and linear PS chains,
hexagonal close packed cylindrical and alternating lamellar morphologies were obtained when studied
in bulk [64].

In this study, we report the synthesis, and molecular, thermal, and morphological characterization
of both symmetric and asymmetric dendritic terpolymers comprising homo-arm star polymers
and miktoarm star copolymers as the inner first generation, respectively. The route adopted for
the synthesis involves a convergent method, because the outer generation was initially prepared,
followed by the inner generation which was prepared by combining chlorosilane chemistry with
corresponding active macroinitiator sites. The leading role on the successful synthesis is attributed to
the linking agents (4-clorodimethylsililstyrene (CDMSS) [31–34] and trichloromethylsilane (CH3SiCl3)
or tertachlorosilane (SiCl4)).

By employing three chemically different segments, namely PS, PB (exhibiting increased
1,4-microstructure (~90–92%)) and PI (increased 3,4-microstructure (varying from 55 to 60%)),
two symmetric samples were synthesized of the following sequences: [(PS)(PI)(PB)]3-B3 core and
[(PS)(PI)(PB)]4-B4 core, where in each case the PB segment consisted the homo-arm core (with three
and/or four arms respectively) and the remaining two blocks constituted the outer generation.

Moreover, two asymmetric dendritic terpolymers were synthesized and due to the complexity of
the structure are denoted as [(PB)(PI)(PSc)][(PS)(PB)(PIc)]2 (SI2 core), [(PB)(PI)(PSc)][(PS)(PB)(PIc)]3

(SI3 core), where the letter “c” is used in order to demonstrate the block linked to the coupling agent
that constitutes the core.

The initiative for the synthesis of such architectures was to study their morphological behavior
due to the increase in the junction points and compare them to the corresponding initial miktoarm
terpolymers (dendrons).

All reactions leading to precursors, intermediate and final products, concerning [(PS)(PI)(PB)]3-B3

core and [(PS)(PI)(PB)]4-B4 core are illustrated in Figure 1 and [(PB)(PI)(PSc)][(PS)(PB)(PIc)]2 (SI2 core)
and [(PB)(PI)(PSc)][(PS)(PB)(PIc)]3 (SI3 core)] are illustrated in Figure 2 and were monitored as well
with SEC instrumentation which are presented in the supporting information (Figures S3 and S4).
Details concerning the fractionation procedure are given in the Supporting Information.

2. Results and Discussion

2.1. Synthesis

Synthesis of symmetric dendritic terpolymers. The detailed polymer synthesis for the symmetric
dendritic terpolymers is already thoroughly mentioned in the literature where the convergent method
was used [34]. In all cases, the polymeric chains which correspond to the second generation
(outer domains) are initially synthesized and then are linked with the CDMSS in order to create
the macroinitiator which will polymerize the third monomer and therefore create the living star
terpolymer (dendron).

The synthesis of [(PS)(PI)(PB)]3-B3 core and [(PS)(PI)(PB)]4-B4 core samples was accomplished
according to the aforementioned approach and the synthetic details including the amount of used
chemicals, yields, fractionation conditions, reaction temperature, reaction time are thoroughly described
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in our previous work [34]. The living dendrons were combined using methyltrichlorosilane (CH3SiCl3)
or tetrachlorosilane (SiCl4) resulting in the final dendritic polymers. Chlorosilane chemistry was
exploited in order to achieve the symmetric dendritic polymers. All reactions leading to precursors,
intermediate and final products (Figure 1) were monitored via SEC instrumentation and are depicted
in the supporting information (Figures S1–S2).
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Figure 1. Schematic illustration of: (a) the synthetic procedure for the living dendron of the (PS)(PI)(PB−)
type; and (b) the coupling reaction for the formation of the final symmetric dendritic terpolymers of
the [(PS)(PI)(PB)]3 or B3 core and [(PS)(PI)(PB)]4 or B4 core respectively.

Synthesis of non-symmetric dendritic terpolymers. In order to synthesize the non-symmetric
dendritic terpolymers, the following procedure was adopted, which is different from the one we used
for the symmetric type dendritic terpolymers [34] and is reported for the first time. Initially, a living
polymer chain [PB(−)Li(+)] was reacted selectively with the chlorosilane group of 4-(chlorodimethylsilyl)
styrene (0.40 mmol in 10 mL of benzene) and the equivalent macromonomer was prepared. The PB living
chain was prepared by using 5 g of butadiene (0.092 mol) and initiator (0.40 mmol sec-BuLi) in 150 mL
of benzene, which were left to react for 24 h. The synthetic strategy of the macromonomers requires the
addition of stoichiometric amounts of the living chain in the solution of the coupling agent. The active
macromolecular segments are terminated by the reaction of the living end with the chlorosilyl group
and LiCl is produced. Afterwards, the slow addition of the previously synthesized macromonomer
into the solution of the second living chain [PS(−)Li(+)] was conducted, whose functionality leads to the
addition of the initial macromonomer through the vinyl bond. The PS living chain was synthesized
by mixing 5 g of styrene (0.048 mol) with sec-BuLi (0.40 mmol) in 150 mL of benzene and left to react
overnight. The substitution of the chlorosilyl group is faster and sterically preferred than the addition
towards the vinyl bond, therefore, the second addition is much slower. The necessary amount of
the third monomer (isoprene, 5 g or 0.073 mol) is then polymerized leading to the first generation
terpolymer dendron. The addition of living chains onto the CDMSS leading to the macromonomer
was achieved through an end coupling reaction, where 2–3 monomeric units of styrene were added.
Through this approach, the living ends were altered to PS(−)Li(+) leading to better control of the linking
reaction. In order to improve the kinetics of the coupling reaction, a very small quantity of polar
solvent was added (THF < 1 mL) in all cases.
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Figure 2. Schematic illustration of: (a) the synthetic procedure for the three different PS, PB and PI
segments used in the intermediate steps for the synthesis of the two different living dendrons, (b) the
preparation for the two different living dendrons of the (PB)(PS)(PI−) and the (PB)(PI)(PS−) types
respectively and (c) the coupling reaction for the formation of the [(PB)(PI)(PSc)][(PS)(PB)(PIc)]2 or SI2

core type and [(PB)(PI)(PSc)][(PS)(PB)(PIc)]3 or SI3 core type non-symmetric dendritic terpolymers.

Through the aforementioned synthesis procedure, the (PB)(PS)(PI)(−)Li(+) living dendron was
prepared. Correspondingly, the synthesis of the living dendron of (PB)(PI)(PS)(−)Li(+) type is completed,
by altering the sequence between PS and PI chains, leading eventually to the opportunity of combining
different type of living dendrons into the final dendritic terpolymer through chlorosilane chemistry by
using either CH3SiCl3 or SiCl4.

Significant control of the synthesis and minimal termination reactions leading to undesired
products was evident, due to the capping reaction, wherever needed, as it is evident from the molecular
characterization results. In Tables 1 and 2, respectively, the number-average molecular weight (Mn) of
each segment is separately given. Furthermore, in addition to the SEC chromatographs (Figures S1–S4)
the 1H-NMR spectra are also presented in the supporting information (Figures S5–S8). The molecular
characterization results (SEC, MO, 1H-NMR) indicated that all initial blocks, intermediate products and
final symmetric and non-syvmmetric dendritic terpolymers exhibited narrow distributions (below 1.1)
with relatively good yields for the final dendritic structures, ranging from 60% up to 70%, despite their
complex architecture. The successful syntheses of all dendritic terpolymers was confirmed through the
calculation of the weight fractions per segment from the 1H-NMR spectra, together with the relevant
microstructures’ estimation of the polydiene chains. It should be noted that, due to the stepwise
reactions, which demand numerous protection and linking reactions, the finally produced samples
are a mixture of the wanted synthesized asymmetric dendritic terpolymers, along with the unreacted
dendrons and all other byproducts, leading to the necessity of extracting all the unnecessary products.
This was accomplished by adopting the fractionation technique in order to purify the final dendritic
terpolymers. Repeated fractionations were performed until only one peak was evident, corresponding
exclusively to the desired final dendritic terpolymers (Figures S1–S4).
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Table 1. Molecular characteristics of the symmetric dendritic terpolymers calculated by membrane
osmometry/ vapor pressure osmometry (MO/VPO) and size exclusion chromatography SEC.

Symmetric Terpolymers

Dendritic
Sample

M
PS
n

kg/mol a
M

PB
n

kg/mol a
M

PI
n

kg/mol a,b
M

dendron
n

kg/mol b
M

dendritic
n

kg/mol b Ð c

B3-core 13.0 13.4 11.3 37.7 113.1 1.05

B4-core 14.4 18.0 15.7 48.1 192.4 1.08
a Calculated from the results from VPO in toluene at 45 ◦C and SEC. b MO membrane osmometry in toluene at
35 ◦C. c SEC in THF at 30 ◦C with PS standards.

Table 2. Molecular Characteristics of the asymmetric dendritic terpolymers calculated by MO/VPO
and SEC.

Asymmetric Terpolymers

Dendritic
Sample “Living Dendron” M

PS
n

kg/mol a
M

PB
n

kg/mol a
M

PI
n

kg/mol a
M

star
n

kg/mol a
M

tot
n

kg/mol b Ð c

(SI2)-core 1 × (PB)(PI)(PS−) 50.0 11.6 15.6 77.2
141.2 1.07

2 × (PS)(PB)(PI−) 12.0 10.0 10.0 32.0

(SI3)-core 1 × (PB)(PI)(PS−) 40.0 13.3 14.5 67.8
214.0 1.06

3 × (PS)(PB)(PI−) 12.5 12.2 25.0 48.7
a Calculated from the results from VPO in toluene at 45 ◦C and SEC. b MO membrane osmometry in toluene at
35 ◦C. c SEC in THF at 30 ◦C with PS standards.

2.2. Thermal Characterization

As can be observed from the DSC thermographs, the samples exhibited three and/or four distinctive
glass transition temperatures (Tg), corresponding to all blocks in each sample, suggesting either a
three-phase structure during morphological characterization and/or a two-phase system which is
attributed to mixed polydienes, respectively. In the case of polydienes (PI and PB), the existence of a
methyl group on the monomeric units of the PI blocks leads to an increase in Tg, and as a result PB1,4

(high isomerism 1,4 ~90%) displays a Tg ~ −90 ◦C, while PI1,4 (high isomerism 1,4 ~92%) displays a
Tg ~ −67 ◦C. The microstructure variations per polydiene block, as well as their contribution in the
macromolecular chain, have a great impact on the glass transition temperature, due to differentiations
in chain stereochemistry and in flexibility. Specifically, PI1,4 (high isomerism 1,4 ~ 100%) has a Tg value
equal to −70 ◦C, in contrary to the PI3,4 (high isomerism 3,4 ~55–60%), which is more stereochemically
hindered and the Tg value is equal to −30 ◦C [65,66]. The same behavior is adopted for the PB block,
where the linear PB1,4 (high isomerism 1,4 ~90%) has a Tg value equal to −90 ◦C, while branched
PB1,2 (high isomerism 1,2 ~100%) has a Tg value at approximately 0 ◦C. DSC thermographs for the
most of the miktoarm precursors and the final dendritic terpolymers are presented in the supporting
information (Figures S9–S12). Specifically, for the samples (B3-core and B4-core) exhibiting higher
percentage of the PB1,2 microstructure, an additional distinct Tg approximately at −10 ◦C is observed,
possibly indicating the mixing of the polydiene blocks.

2.3. TEM and SAXS Results

In order to examine the obtained morphologies of symmetric and non-symmetric dendritic
terpolymers, transmission electron microscopy (TEM) and small angle X-ray scattering (SAXS) were
employed. The necessary procedures for the preparation of the necessary thin sections for TEM studies
have already been reported in the literature [33,65]. Casting in toluene (4% w/v), which is almost
a non-selective solvent for all segments, was performed for all samples (miktoarm precursors and
final dendritic terpolymers) [65,67]. Prior to TEM studies, staining with vapors of OsO4 diluted in
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aqueous solution (2% w/v) was employed for all sections for specific times, in order to differentiate the
electron density between the polydienes, as described elsewhere [33,65]. It should be mentioned that
the obtained morphologies were examined for unannealed samples, and after thermal annealing at
120 ◦C for five days. In Table 3, the estimated values for the Flory–Huggins interaction parameters of
all possible combinations are presented at 20 ◦C and 120 ◦C based on specific calculated equations
reported already in the literature [68].

Table 3. Flory–Huggins interaction parameters for all block combinations.

χ PS 1,4-PB 1,4-PI 3,4-PI

1,4-PB 0.0483 a 0

1,4-PI 0.0706 a 0.0012 b 0

3,4-PI 0.1109 a 0.0105 b 0.0052 b 0
a 120 ◦C and b 20 ◦C.

2.3.1. [(PS)(PI)(PB)]3-B3 core

The morphological characterization results for the symmetric dendritic terpolymer of

[(PS)(PI)(PB)]3-B3 core type, with M
dendritic
n = 113 kg/mol and block weight fraction ratio (w/w %)

equal to 37, 31 and 32 for PS, PB and PI, respectively, are presented in comparison to the corresponding
miktoarm terpolymer dendron (Figure 3). It should be mentioned that for the completion of the
specific sequence, the presence of a polar environment (THF) is necessary in order to obtain the
specific PI3,4, while for the PB1,4, a completely non-polar environment is needed (the two polydienes
microphase separate at specific microstructures and percentages as already reported in the literature
by Avgeropoulos et al.) [33,65]. Due to the existence of traces of THF during the synthesis of the
third segment, an increased percentage of PB1,2 microstructure (~26%) is inevitable (as evident from
the 1H-NMR spectrum, Figure S5 in the supporting information) [69–72]. Therefore, in this case, the
differentiation on the usual 1,4-microstructure percentage for the PB block leads to evident mixing
with the PI3,4 segments, as can clearly be seen in the TEM images (Figure 3a). Actually, a two-phase
morphology, instead of three-phase, exhibiting alternating lamellar domains, is obtained, where the PS
bright colored regions occupy approximately one-third of the overall unit cell, while the polydiene
domains appear dark and conceive the remaining space of the unit cell. Different grain boundaries are
evident in the TEM images and can be assigned to the increased chain flexibility of the polydienes
when compared to the PS domains. Further annealing was employed, inducing no severe variations in
the aforementioned morphology.

The relevant SAXS plot (Figure 3b) was in agreement with the TEM results, indicating a substantial
number of peaks (five), which conclude in a significantly well-organized film. In the TEM images, it is
evident that the adopted lamellae morphology exhibits long range order, which in the SAXS plots will
be verified by the observation of an increased number of peaks. Peak positions in the SAXS plot were
associated towards the position of the first peak, and the corresponding ratios of q1/q2/q3/q4/q5 led to
a relevant ratio of approximately 1:2:3:4:5, which is in agreement with the theoretical prediction for
alternating lamellar domains (pn space group), and the domain spacing for this dendritic sample is
approximately 42 nm.

The morphological results for the initial dendron (star terpolymer precursor of the (PS)(PI)(PB)
type) were similar to those of the dendritic terpolymer [(PS)(PI)(PB)]3. TEM images (Figure 3c)
indicating lamellar morphology of alternating PS (bright color) and miscible PI/PB (dark) layers,
exhibited significant long-range order. In accordance with the dendritic terpolymer results, the
layer thickness of the mixed polydienes is almost twice the size of the PS, further confirming the
sample composition. The values of the observed peaks in the SAXS plot (Figure 3d) correspond to
a ratio of 1:2:3:4:5, and the d-spacing is approximately equal to 43 nm. It is straightforward from
the TEM and SAXS plots for the dendron and the dendritic terpolymer that the enhancement of
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junction points (one for the dendron vs. four for the dendritic final terpolymer) and the increase in
the number-average molecular weight by a factor of three (in the dendritic sample) did not affect the
domain spacing dimensions.

1 
 

 

 

 

 

Figure 3. Bright-field transmission electron microscopy (TEM) images of the dendritic final terpolymer
[(PS)(PI)(PB)]3-B3 core and the corresponding dendron where in both cases 2-phase contrast is clearly
indicated (a,c) after staining with vapors of OsO4 aqueous solution and their relevant 1D small-angle
X-ray scattering (SAXS) plots (b,d). In both cases, alternating lamellae domains are clearly observed in
the TEM images and are verified by the observed peaks ratio at the 1D SAXS plots. In all TEM images,
white areas correspond to PS and dark correspond to mixed PI and PB segments.

The complex architecture did not substantially change the d-spacing, despite the adopted different
conformational entropy. A schematic of the segments’ arrangement for the specific dendritic sample is
illustrated in Figure 4, where the PB core is actually either looping at the interface and the two chains
evidently conform an entropic penalty, whereas the one PB chain which may be bridged between
two different interfaces also leads to entropic effects due to topology constraints. The result of this
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behavior is the lateral expansion of the intermediate dividing surface (IMDS), where all the junction
points are located, and the adaptation of significant order in the complex architecture is evident (from
the TEM images and the five peaks from the 1D SAXS plot) but unfortunately the two polydienes are
miscible due to the differentiation of the geometric isomerisms compared to those reported already in
the literature [51,67].Molecules 2020, 25, x 9 of 18 
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2.3.2. [(PS)(PI)(PB)]4-B4 core

[(PS)(PI)(PB)]4-B4 core type, with M
dendritic
n = 192 kg/mol and block volume fraction ratio (%)

equal to 28, 34 and 38 for PB, PS and PI, respectively, and their corresponding dendrons (different
from that used for the B3 core sample above) were characterized through TEM and SAXS. Similar
to what has been mentioned for the previous sample, due to the synthetic procedure, an increased
percentage of PB1,2 microstructure (~20%) is evident at the 1H-NMR spectrum (Figure S6 in the
supporting information). A two-phase system is observed from the TEM images (Figure 5a), where
alternating lamellae are again evident with PS white domains and mixed polydienes dark segments.
Due to the increased stereochemical hindrance, induced by the introduction of an extra dendron to
the system, a larger number of macromolecular chains must be arranged, therefore increasing the
grain boundaries as evident from the TEM studies. Thermal annealing at 120 ◦C for five days did not
alter the obtained morphology, indicating that the adopted lamellar structure constitutes equilibrium
morphology. The increased number of grain boundaries led to only two permitted peaks from the
SAXS plot (Figure 5b), corresponding to a ratio of 1:2:-:4:5, further confirming the lamellar morphology
with a calculated d-spacing equal to 54 nm. The corresponding (PS)(PI)(PB) miktoarm terpolymer
(dendron) showed a similar behavior during the morphological studies with the dendritic terpolymer
consisting only one-quarter of the overall dendritic composition. In the dendron, the PB also exhibited
an increased percentage of the PB1,2 microstructure (~20%), causing again the miscibility among
the two polydienes forming a two-phase system as in the case of the complex dendritic terpolymer
(Figure 5c). The permitted peaks extracted from the SAXS plot (Figure 5d), correspond to a ratio of
1:2:3, further confirming the lamellar morphology with d-spacing estimated equal to 45 nm. As already
mentioned above, for the B3 core dendritic sample and its corresponding dendron, in the case of the B4

final complex sample from the TEM and SAXS plots, the enhancement of junction points (one for the
dendron vs. five for the dendritic final terpolymer) and the increase in the number-average molecular
weight by a factor of four (in the dendritic sample) did not affect the domain spacing dimensions. A
similar explanation to that mentioned above based on entropy constrains can be also adopted.
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Figure 5. Bright-field TEM images of the dendritic final terpolymer [(PS)(PI)(PB)]4-B4 core and the
corresponding dendron where in both cases 2-phase contrast is clearly indicated (a,c) after staining
with vapors of OsO4 aqueous solution and their relevant 1D SAXS plots (b,d). In both cases, alternating
lamellae domains are clearly observed in the TEM images and are verified by the observed peaks
ratio at the 1D SAXS plots. In all TEM images white areas correspond to PS and dark to mixed PI and
PB segments.

2.3.3. [(PB)(PI)(PSc)][(PS)(PB)(PIc)]2 (SI2 core)

Bulk morphological characterization of [(PB)(PI)(PSc)][(PS)(PB)(PIc)]2 (SI2 core) dendritic

terpolymer exhibiting M
dendritic
n = 151 kg/mol and block volume fraction ratio (%) equal to 35,

36 and 29 for PB, PS and PI, respectively, indicated a cubic structure (Figure 6a,c), where the PS blocks
(white areas) and PB segments (black areas) formed two continuous, three-dimensional, periodic,
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interpenetrated, but not interconnected, networks inside a PI matrix (grey areas). This is the very first
time, to the best of our knowledge, that an ordered cubic structure has been observed in such complex
asymmetric dendritic terpolymers exhibiting a high number-average molecular weight.
 

3 

 

 

 

Figure 6. Bright-field TEM images of the dendritic final terpolymer [(PB)(PI)(PSc)][(PS)(PB)(PIc)]2 (SI2

core), where 3-phase contrast is clearly indicated (a,c) after staining with vapors of OsO4 aqueous
solution and the relevant 1D SAXS plots (b). Cubic domains are observed in the TEM images (a,c)
exhibiting almost [111] and [100] high symmetry projections which are verified by the observed peaks
ratio at the 1D SAXS plots. In all TEM images, white areas correspond to PS, grey to PI, and dark to PB
segments. Bright-field TEM image of the corresponding dendron (consisting only one-third of the final
dendritic terpolymer and the relevant 1D SAXS plots are shown (d,e) where a square packing of black
(PB) and white (PS) cylinders in a grey matrix (PI) are observed in the TEM and the

√
1:
√

4:
√

7 ratio
from the SAXS plot justifies the cylindrical domains.

The 1D SAXS plot (Figure 6b) for the specific sample leads to the conclusion that the cubic structure
is more consistent with the double gyroid (DG) topology, because the first two reflections correspond
to the

√
3 :
√

4 ratio, as already reported in the literature for simpler architectures by the Avgeropoulos
group [65,73]. In Figure 6b, a significant number of permitted reflections are missing and may be
attributed to the complexity of the final dendritic material in combination with the increased total
number-average molecular weight. Actually, based on the literature [65,73] the ratio of the permitted
reflections for the DG structure is:

√
3 :
√

4 :
√

7 :
√

8 :
√

11 :
√

12 :
√

13 . . . .. From the SAXS plot for
the dendritic terpolymer, the d-spacing was calculated at approximately equal to 36 nm. It is the first
time that a second generation dendritic terpolymer has been studied in which the first generation is a
3-miktoarm star copolymer of the PS(PI)2 sequence. A major conclusion that can be extracted from
studying this material is that complexity in architecture signifies the entropic and enthalpic constrains
in order for an equilibrium structure to be derived.

TEM experiments (Figure 6d) on the one dendron of the (PB)(PI)(PS−) miktoarm star terpolymer,
which is used as a precursor for the asymmetric dendrimer, consisting of one-third of the overall
composition, indicated a cylindrical morphology after staining with OsO4 vapors. Specifically, four
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PS cylinders (white), surrounding a PB cylinder (black) inside a PI matrix (grey color) are observed,
indicating a square packing of the PS/PB cylinders, which is a morphology expected and already
observed in linear triblock terpolymers as mentioned in the literature [74,75]. The relative q values
of the observed peaks q1:q2:q3 from the SAXS plot (Figure 6e) correspond to a ratio of

√
1 :
√

4 :
√

7,
and the d-spacing is equal to 28 nm, a value not significantly smaller from that calculated for the final
complex material.

The miktoarm terpolymer, which comprised two-thirds of the overall morphology, was not
feasibly isolated, therefore, no TEM and SAXS results could be obtained for this specific dendron.

2.3.4. [(PB)(PI)(PSc)][(PS)(PB)(PIc)]3 (SI3 core)

The non-symmetric dendritic terpolymer with four dendrons (three identical and one different) of

the [(PB)(PI)(PSc)][(PS)(PB)(PIc)]3 (SI3 core) type, with M
dendritic
n = 214 kg/mol and block volume fraction

ratio (%) equal to 25, 35 and 40 for PB, PS and PI, respectively, did not conclude in a well-ordered structure
as illustrated in the TEM images (Figure 7a) when compared to the sample [(PB)(PI)(PSc)][(PS)(PB)(PIc)]2

(SI2 core) described above. PS (white) microdomains are ordered on a tertiary symmetry axis, surrounded
by four PB (black) microdomains in a (grey) PI matrix. This morphology resembles the cross-section of
cylindrical morphologies predicted for star terpolymers [76,77]. The SAXS plot (Figure 7b) indicates a not
well-ordered structure; only two reflections are evident, leading to a ratio of 1:2. From the first reflection,
it was possible to calculate the d-spacing of the dendritic material as equal to 46 nm.

 

3 

 

 

 

Figure 7. Bright-field TEM images of the dendritic final terpolymer [(PB)(PI)(PSc)][(PS)(PB)(PIc)]3

(SI3 core) and the corresponding dendrons (consisting one-quarter and three-quarters of the final
dendritic terpolymer), where 3-phase contrast is clearly indicated (a,b,c) after staining with vapors
of OsO4 aqueous solution and their relevant 1D SAXS plots (d,e,f). PS (white) microdomains are
ordered on a tertiary symmetry axis, surrounded by four PB (black) microdomains in a (grey) PI matrix.
This morphology resembles the cross-section of cylindrical morphologies and the order is best on the
dendrons and worst in the dendritic terpolymer, which can be verified by the number of peaks for the
corresponding SAXS plots.
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In order to synthesize the specific non-symmetric dendritic terpolymer two different miktoarm
terpolymers were used: (PB)(PI)(PS−) that constituted one-quarter of the overall architecture and
(PS)(PB)(PI−) which constituted three-quarters of the overall structure. The miktoarm terpolymer of the
(PB)(PI)(PS−) type when studied with TEM (Figure 7c), presented a PI matrix where well-ordered PS
and PB cylinders in square lattices are evident, while the (PS)(PB)(PI−) showed a similar morphology
but not as well-ordered, as illustrated in Figure 7b.

The values of the permitted reflections from the SAXS plot (Figure 7e) for the (PB)(PI)(PS−)
precursor correspond to a ratio of

√
1 :
√

4 :
√

7 :
√

12, and the d-spacing is approximately equal to 39
nm. The absence of

√
3 :
√

9 can be probably attributed to the structure factor. For the (PS)(PB)(PI−)
precursor, the values of the observed peaks correspond to a ratio of

√
1 :
√

3 :
√

4 :
√

7 :
√

9 :
√

15,
and the d-spacing is equivalent to 33 nm. In both dendron cases, the hexagonally close packed (hcp)
cylindrical morphologies are verified by the SAXS plots, and well-ordered structures may be concluded
based on the large number of permitted reflections on the specific 1D plots.

3. Materials and Methods

Materials. Analytical information on the high vacuum technique, as well as the purification
procedures for the monomers (butadiene, isoprene, styrene), solvents (benzene, toluene,
tetrahydrofuran (THF)), initiator (sec-BuLi), coupling agents (trichloromethylsilane, tetrachlorosilane) to
the standards required for anionic polymerization are well known and are mentioned elsewhere [31–34].
The 4-(Chlrodimethylsilyl) styrene was synthesized from p-chlorostyrene and dichlorodimethylsilane
through a Grignard reaction, under high vacuum techniques as already described elsewhere in
detail [31–34].

Instrumentation. The number-average molecular weights (Mn) (higher than 15,000 g/mol) of the
precursors and the final products were measured with a membrane osmometer (MO) Gonotec-Osmomat
090 at 35 ◦C. Number-average molecular weights (Mn) (lower than 15,000 g/mol) of the precursors
were measured with a vapor pressure osmometer (VPO) Gonotec-Osmomat 070 at 45 ◦C, which was
calibrated with a benzyl solution to determine the consistency and accuracy of the instrument. For
both measurements, toluene was used after distillation over CaH2 as a solvent.

Size exclusion chromatography (SEC) employing a PL-GPC 50 Integrated GPC System from
Agilent Technologies, was calibrated with eight PS standards Mp: 4.3 kg/mol to 3000 kg/mol, and prior
to calculating the polydispersity indices of the unknown materials a series of standard PS solutions
were tested in order to also examine the accuracy of the instrumentation.

Proton nuclear magnetic resonance spectroscopy (1H-NMR) was used for the determination of
the block composition and the polydiene microstructure of the final materials and their precursors.
The experiments were carried out in CDCl3 at 30 ◦C using a Bruker AVANCE II spectrometer and the
data were processed using UXNMR (Bruker) software (Bruker GmbH, Berlin, Germany).

Differential scanning calorimetry (DSC) experiments, employing a TA Instruments Q100
Modulated DSC, (TA Instruments Ltd., Leatherhead, England) were used in order to obtain preliminary
information concerning the behavior of the three components by evaluating specific thermal transitions,
because three different glass transition temperatures were exhibited, being a first indication for the
three-phase microphase separation. The values were: Tg1~−90 ◦C (for the PB chains), Tg2~−27 ◦C (for
the PI enriched in 3,4-microstrucure), and Tg3~100 ◦C (for the PS chains).

Transmission electron microscopy (TEM) and small-angle X-ray scattering (SAXS) were employed
for the morphological characterization of the dendrons and the final dendritic terpolymers. More
details on the setup of these specific instruments are given elsewhere [65]. For the dendrons used as
precursors for the asymmetric final materials, a different SAXS setup was employed, more specifically,
a Molecular Metrology ASSY 610-004378, U.S.A. system. It is important to mention that because
the molecular characteristics are relatively high, and in general the dendrons and the final dendritic
terpolymers when self-assembled in bulk are well above the conditions of the weak segregation regime,
the dried films, after solvent evaporation through casting, were annealed for 5 days at 120 ◦C under
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vacuum in order to obtain near-equilibrium microstructures. For TEM investigation, 500–1000 Å thick
sections were cryomicrotomed at −90 ◦C and the sections were picked up on 600-mesh copper grids.
The grids were then placed in the vapors of a 4% OsO4–water solution for selective staining of the two
polydiene domains.

4. Conclusions

In this work, anionic polymerization was employed in order to control the design of the final
well-defined complex macromolecules, exhibiting low polydispersities, leading to core-symmetric
or non-symmetric materials with potentially improved applications. The symmetric dendritic
terpolymers were synthesized from three or four miktoarm star terpolymers, exhibiting identical
chemical composition, which were linked together from the same block through chlorosilane chemistry
reactions. Accordingly, asymmetric dendritic terpolymers were synthesized, deriving from two
different miktoarm star terpolymers, linked onto the central linking agent through a chemically
different chain in order to create the SI2 and SI3 core sequences. The successful synthesis was verified
through SEC, MO, VPO, and DSC, and morphological characterization was achieved via TEM and
SAXS. The morphological characterization results for the symmetric dendritic terpolymers led to the
conclusion that, due to the mixing between the specific PI3,4 and the PB blocks (attributed to the
increased percentage of 1,2-microstructure for the PB segments) two phase systems were observed
from the TEM studies. Self-assembled three phase structures were obtained despite the architecture
complexity of the non-symmetric dendritic terpolymers. Due to the thermodynamically favorable
arrangement of four and five junction points for the SI2 and SI3 core dendritic polymers, respectively,
the curvature of the interfaces upon which these junction points are arranged, may lead to increased
number of defects and/or dislocations of the adopted final morphologies.

Supplementary Materials: The following are available online. Figure S1: SEC chromatographs of: (A) the initial
homopolymer PS, (B) the initial homopolymer PI, (C) synthesized CDMSS macro-initiator during linking reaction
process, (D) final unfractionated dendritic terpolymer, (E) fractionated miktoarm dendron of (PS)(PI)(PB-) type and
(F) fractionated symmetric dendritic terpolymer of [(PS)(PI)(PB)]3-B3 core type, Figure S2: SEC chromatographs
of: (A) the initial homopolymer PS, (B) the initial homopolymer PI, (C) synthesized CDMSS macro-initiator
during linking reaction process, (D) unfractionated symmetric dendritic terpolymer, (E) fractionated miktoarm
dendron of (PS)(PI)(PB−) type and (F) fractionated symmetric dendritic terpolymer of [(PS)(PI)(PB)]4-B4 core
type, Figure S3: SEC chromatographs of: (A) miktoarm dendron of the (PB)(PS)(PI−) type, (B) miktoarm dendron
of the (PB)(PI)(PS−) type, (C) living miktoarm dendron of (PB)(PI)(PS-) type after coupling reaction with the
CH3SiCl3, (D) unfractionated asymmetric dendritic terpolymer, (E) fractionated asymmetric dendritic terpolymer
of [(PB)(PI)(PSc)]-[(PS)(PB)(PIc)]2 type, Figure S4: SEC chromatographs of: (A) miktoarm dendron of the
(PB)(PS)(PI−) type, (B) miktoarm dendron of the (PB)(PI)(PS−) type, (C) living miktoarm dendron of (PB)(PS)(PI−)
type after coupling reaction with the SiCl4, (D) unfractionated asymmetric dendritic terpolymer, (E) fractionated
asymmetric dendritic terpolymer of [(PB)(PI)(PSc)]-[(PS)(PB)(PIc)]3 type, Table S1: The type and number of protons
per monomeric unit of each block as well as the chemical shifts, are presented in order to comprehend the 1H-NMR
spectra of the dendritic terpolymers, Table S2: Block volume fraction ratios, as well as the geometric isomerism
percentage of each polydiene are presented for all dendrons and final dendritic terpolymers as calculated through
1H-NMR spectra, Figure S5: 1H-NMR spectra of a.) the miktoarm dendron precursor of the [(PS)(PI)(PB−)] type
and b.) the symmetric dendritic terpolymer of the (PS)(PI)(PB)]3-B3 core type, Figure S6: 1H-NMR spectra of a.)
the miktoarm dendron precursor of the [(PS)(PI)(PB-)] type and b.) the symmetric dendritic terpolymer of the
(PS)(PI)(PB)]4-B4 core type, Figure S7: 1H-NMR spectra of a.) the miktoarm dendron precursor of the (PB)(PI)(PS−)
type and b.) the asymmetric dendritic terpolymer of the [(PB)(PI)(PSc)]-[(PS)(PB)(PIc)]2 type, Figure S8: 1H-NMR
spectra of a.) the miktoarm dendron precursor of the (PB)(PI)(PS-) type, b.) the miktoarm dendron precursor
of the (PS)(PB)(PI−) type and c.) the asymmetric dendritic terpolymer of [(PB)(PI)(PSc)]-[(PS)(PB)(PIc)]3 type,
Figure S9: DSC thermograph of the (PS)(PI)(PB-) miktoarm dendron precursor (dash line) and the symmetric
[(PS)(PI)(PB)]3-B3 core dendritic terpolymer (solid line), Figure S10: DSC thermograph of the (PS)(PI)(PB−)
miktoarm dendron precursor (dash line) and the symmetric [(PS)(PI)(PB)]4-B4 core dendritic terpolymer (solid
line), Figure S11: DSC thermograph of the (PB)(PI)(PS-) miktoarm dendron precursor (dash line) and the
asymmetric [(PB)(PI)(PSc)]-[(PS)(PB)(PIc)]2 dendritic terpolymer (solid line), Figure S12: DSC thermograph of the
(PS)(PB)(PI−) miktoarm dendron precursor (dash line), (PB)(PI)(PS-) miktoarm dendron precursor (dash-dot line)
and the asymmetric [(PB)(PI)(PSc)]-[(PS)(PB)(PIc)]3 dendritic terpolymer (solid line), Table S3: Glass transition
temperatures (Tg) of all synthesized materials.
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