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a b s t r a c t

Functional block copolymers (BCPs) featuring metal moieties are a unique class of materials because of
their switching capabilities and pronounced microphase separation behaviour. Within this work, ABC
and CBABC tri- and pentablock terpolymers consisting of polystyrene (PS), poly(1,10-dimethylsilaferro-
cenophane) (PFS) and a third block segment C either consisting of poly(methyl methacrylate) (PMMA) or
poly(2-vinylpyridine) (P2VP) were synthesized via sequential living anionic polymerization. Well-
defined polymers having molar masses up to 90 kgmol�1 and low dispersity index values, Ð, below
1.10 were obtained. The multi-functional BCPs were characterized with respect to their constitution and
composition by size-exclusion chromatography (SEC) measurements and NMR spectroscopy. Focus of
this work was to study the microphase separation of the metal-containing tri- and pentablock ter-
polymers by (scanning) transmission electron microscopy (TEM) and small-angle X-ray scattering (SAXS)
measurements. Highly ordered structures at the nanoscale were observed comprising lamellar or cy-
lindrical morphologies with more complex core-shell cylindrical morphologies for the organometallic
block segment. This structure formation was more pronounced in case of P2VP-containing ABC terblock
copolymers. Finally, synthetic approaches for the preparation of CBABC pentablock terpolymers were
presented and the obtained bulk morphologies of these polymers were investigated by TEM and SAXS
measurements.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

Block copolymers (BCP) have garnered significant attention
because of their capability of forming fascinating nanostructures
comprising lamellae, cylinders, spheres or more complex (co)
continuous morphologies [1e3]. As a consequence, BCPs have
found applications in many diverse areas including nano-
lithography, drug delivery, and separation technologies [4e9].
Moreover, so-called smart or functional BCPs featuring chemically
or physically addressable building blocks can be designed to alter
polymer conformation, solubility, or even covalent linkages, as a
function of external triggers. Common stimuli include temperature,
pH, light, redox reagents and electrical fields [10e18]. For instance,
BCPs featuring polyvinylpyridine (PVP) block segments and their
microphase-separated structures are capable of complexing metal
Gallei).
ions or nanoparticles within their segregated domains [19].
Functional BCPs featuring metal centers e like the ferrocene

moiety e and which consist of two or more block segments are
much less investigated regarding their nano structure formation,
especially in the bulk state. In general, such metal-containing
polymers e also referred to as metallopolymers e are potential
candidates for many different applications and readers are referred
to comprehensive reviews, as given by Zhou et al. [13], the Tang
group [20e22], and other authors [23e25]. Enormous efforts of the
scientific community in terms of the design of complex and func-
tional BCPs have been carried out during the last decade, but there
are still significant challenges to overcome. In the field of metal-
lopolymers, a synthetic breakthrough for the preparation of
switchable ferrocene-containing polymers having the metal cen-
ters as part of the polymer main chain, was the ring-opening
polymerization (ROP) of strained ansa-metallocenophanes. The
most prominent example is the 1,10-dimethylsilaferrocenophane
(FS) monomer, found by Manners and co-workers [26e29]. Since
Manners' discovery, high-molecular weight polyferrocenylsilanes
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(PFS) and a manifold of PFS-based diblock copolymers with inter-
esting properties were synthesized [13].

In general, the design and addition of a third polymer block
segment leads to the formation of ABC triblock terpolymers.
Compared to the above-mentioned diblock copolymers, an increase
up to more than 30 possible and complex morphologies can be
observed by varying the kind of polymers and their block
lengths [30e33]. Additionally, the order of the block segments A, B
and C and their corresponding Flory-Huggins interaction parame-
ters c (cAB, cBC, cAC) are some reasons for the large number of
different morphologies, while the size of the BCP domains is
controlled by the degree of polymerization, N [30,34]. From a
polymer chemist's point of view, the most thoroughly investigated
morphologies for ABC triblock terpolymers in the bulk state are
polystyrene-block-polybutadiene-block-poly(methyl methacrylate)
(SBM) and polystyrene-block-poly(ethylene-co-butylene)-block-
poly(methyl methacrylate) (SEBM), as investigated by Krausch,
Abetz and Stadler [35,36], or polystyrene-block-polybutadiene-
block-poly(vinylpyridine)s (SBV) [37].

In general, controlled or living polymerization methods are
widely used for the preparation of such polymer architectures, both
including ABC and symmetric CBABC pentablock terpolymers. The
latter multiblock terpolymers are less investigated, but some
studies proved an improved mechanical stability making them also
useful for practical applications like drug delivery or carrier sys-
tems [32,38e41]. In the field of metallopolymers, some studies on
triblock terpolymers have been carried out, with much less for
pentablock terpolymers. A recent study compares blends of func-
tional diblock copolymers with polyvinylferrocene as metal-
lopolymer with the corresponding triblock terpolymers for the
preparation of nanocapsules [42]. As an important finding, the
usability of themetal-containing triblock terpolymers turned out to
be advantageous with respect to microphase separation and trig-
gered release properties compared to the corresponding blend
systems. PFS-containing triblock terpolymers [43] and their inter-
esting and complex morphologies have been reported for PS-b-PI-
b-PFS for the preparation of square-symmetry microdomains [44]
and as magnetic templates [45], star polymers for PS, PI and PFS
with alternating cylinders and two different Archimedean tiling
patterns [46], for PS-b-PFS-b-PMMA [47] and a first communication
on PS-b-PFS-b-P2VP [48]. In the field of symmetric pentablock
terpolymers having two PFS segments (PMMA-b-PFS-b-PS-b-PFS-
b-PMMA), Datta and Rehahn reported first results on the bulk
morphology within a communication [49].

Within the present work, the preparation of P2VP-b-PFS-b-PS-
b-PFS-b-P2VP and PMMA-b-PFS-b-PS-b-PFS-b-PMMA pentablock
terpolymers as well as the corresponding linear triblock terpoly-
mers have been synthesized by using living anionic polymerization
strategies. The tri- and pentablock terpolymers have been studied
with respect to their composition and thermal properties by 1H
NMR spectroscopy, size exclusion chromatography (SEC), and dif-
ferential scanning calorimetry (DSC). A focus of this work was to
gain insights into the microphase separation by transmission
electron microscopy (TEM) and small-angle X-ray scattering (SAXS)
measurements. For all designed terpolymers, microphase separa-
tion occurred leading to interestingmorphologies at the nanometer
length scale.

2. Experimental section

2.1. Reagents

All solvents and reagents were purchased from Alfa Aesar
(Haverhill, MA, USA), Sigma-Aldrich (St. Louis, MA, USA), Fisher
Scientific (Hampton, NH, USA), ABCR (Karlsruhe, Germany) and
used as received unless otherwise stated. Deuterated solvents were
purchased from Sigma-Aldrich. Tetrahydrofuran (THF) was distilled
from sodium/benzophenone prior to the addition of 1,10-diphe-
nylethylene (DPE) and n-butyllithium (n-BuLi) followed by a second
cryo-transfer. Styrene (S), methyl methacrylate (MMA), 2-
vinylpyridine (2VP) and 1,10dimethylsilacyclobutane (DMSB) were
dried by stirring over calcium hydride (CaH2) or trioctylaluminium
and cryo-transferred prior to use. 1,10-dimethylsilaferrocenophane
(FS) [50] was synthesized and purified described elsewhere.
Lithium chloride (LiCl) was dissolved in a small amount of freshly
distilled THF and treated with sec- butyllithium. After stirring at
room temperature for 1 h, THF was removed in vacuo and dried LiCl
was transferred and stored in a glovebox. DPEwas dried by adding a
small amount of n-BuLi followed by cryo-transfer. All syntheses
were carried out under an atmosphere of nitrogen or argon using
Schlenk techniques or a glovebox equipped with a coldwell
apparatus.

2.2. Instrumentation

NMR spectra were recorded on a Bruker DRX 300 spectrometer
(Billerica, MA, USA) working at 300MHz. NMR chemical shifts are
referenced relative to the used solvent. Standard size-exclusion
chromatography (SEC) was performed with a system composed of
a 1260 IsoPump e G1310B - (Agilent Technologies, Santa Clara, CA,
USA), a 1260 VW-detector e G1314F e at 254 nm (Agilent Tech-
nologies) and a 1260 RI-detector e G1362A e at 30 �C (Agilent
Technologies), THF as the mobile phase (flow rate 1mLmin�1) on a
SDV column set from PSS (Polymer Standard Service (PSS), Mainz,
Germany) (SDV 103, SDV 105, SDV 106). Calibration was carried out
using PS standards (from PSS). For data acquisition and evaluation
of the measurements, PSS WinGPC® UniChrom 8.2 was used. For
determining the thermal properties of the synthesized polymers,
differential scanning calorimetry (DSC) was performed with a
Mettler Toledo DSC-1 (Columbus, OH, USA) in a temperature range
of�20 �C to 170 �Cwith a heating rate of 10 Kmin�1 under nitrogen
atmosphere. Second heat run was used for evaluation of thermal
properties by using Mettler Toledo STARe®14 software. Trans-
mission electron microscopy (TEM) experiments were carried out
using a Zeiss EM 10 electron microscope (Oberkochen, Germany)
operating at 60 kVwith a slow-scan CCD camera obtained from TRS
(Tr€ondle, Morrenweis, Germany) in bright field mode or a JEOL
JEM-2100F microscope (JEOL, Tokyo, Japan) equipped with a field
emission gun operating at a nominal acceleration voltage of 200 kV.
The 2100F was operated in scanning TEM (STEM) mode. The sam-
ples were investigated using a JEOL single tilt holder. Small angle X-
ray scattering (SAXS) was performed using a laboratory set-up
(Molecular Metrology, Northampton, MA, USA). We used the Ka-
line of a copper X-ray tube with a wavelength of l¼ 1.54Å mon-
ochromated and focused by a X-ray mirror and collimated by a
pinhole collimation system. Datawere recorded on a 2-Dmultiwire
detector. Since all samples scattered isotropically data was radially
averaged resulting in intensity vs. magnitude of the scattering
vector q¼(4p/l)sinq, with 2q denoting the scattering angle. With
the given sample-detector distance of 1.5m, the accessible range of
scattering vectors was 0.008Å�1 � q� 0.25Å�1. q-scaling was
calibrated by measuring silver behenate. The sample holder was
sealed by aluminum foil.

2.3. Synthesis of linear triblock terpolymers

2.3.1. Synthesis of PS211-b-PFS37-b-PMMA437

In an ampule equipped with a stirring bar, 600mg (5.76mmol)
styrene was dissolved in 40mL of dry THF and the solution was
cooled down to �78 �C. The polymerization was initiated by quick



C. Rüttiger et al. / Journal of Organometallic Chemistry 882 (2019) 80e8982
addition of 19.3 mL s-BuLi (0.025mmol, 1.3M solution in hexane)
with a syringe. The solution was stirred for 1 h to ensure complete
conversion. After taking an aliquot for SEC measurement, 200mg
(0.83mmol) FS dissolved in 1mL THF was quickly added with a
syringe and the reaction was stirred for 3 h at room temperature.
An aliquot was taken for SEC and NMR measurement and 18 mL
(0.13mmol) DPE and 6.4 mL (0.05mmol) DMSB were added. After
1 h at room temperature, 5mLTHFwith 10.5mg LiCl (0.25mmol,10
€Aq) were added. The reaction mixture was cooled down to �78 �C
and 620mg (6.19mmol) MMA was quickly added. After 13 h the
polymerization was terminated by the addition a small amount of
degassed methanol and the polymer was poured into a 10-fold
excess of methanol. The polymer was collected by filtration,
washed several times with methanol, dried under vacuum (1.31 g).
For separation of residual PS and PS-b-PFS polymer impurities, a
part of the polymer mixturewas again dissolved in THF followed by
the dropwise addition of n-hexane until the polymer precipitated.
The polymer fraction was collected by filtration and dried in vacuo.

SEC (vs PS): PS: Mn¼ 22 000 gmol�1; Mw¼ 22 700 gmol�1;
Ð¼ 1.03.

PS-b-PFS: Mn¼ 28 500 gmol�1; Mw¼ 29 900 gmol�1; Ð¼ 1.05.
PS-b-PFS-b-PMMA: Mn¼ 63 300 gmol�1; Mw¼ 64 600 gmol�1;

Ð¼ 1.02.
1H-NMR (300MHz, 300 K, CDCl3, d in ppm): 7.20e6.91 (m, 3-H4/

5), 6.81e6.36 (m, 2-H3), 4.25 (s, 4-H8), 4.04 (s, 4-H7), 3.60 (s, 3-H11),
2.03e0.80 (m, backbone H1/2/9/10), 0,40 (s, 6-H6).

2.3.2. Synthesis of PS250-b-PFS39-b-P2VP551
In an ampule equipped with a stirring bar, 600mg (5.76mmol)

styrene was dissolved in 40mL of dry THF and the solution was
cooled down to �78 �C. The polymerization was initiated by quick
addition of 19.3 mL s-BuLi (0.025mmol, 1.3M solution in hexane)
with a syringe. The solution was stirred for 1 h to ensure complete
conversion. After taking an aliquot for SEC measurement, 200mg
(0.83mmol) FS dissolved in 1mL THF was quickly added with a
syringe and the reaction was stirred for 3 h at room temperature.
An aliquot was taken for SEC and NMR measurement and 18 mL
(0.13mmol) DPE and 6.4 mL (0.05mmol) DMSB were added. After
1 h 5mL THF with 10.5mg LiCl (0.25mmol, 10 €Aq) were added. The
reaction mixture was cooled down to �78 �C and 600mg
(5.71mmol) 2VP was quickly added. After 13 h the polymerization
was terminated by the addition a small amount of degassed
methanol and the polymer was poured into a 10-fold excess of
methanol. The polymer was collected by filtration, washed several
times with methanol, dried under vacuum (1.29 g). For separation
of residual PS and PS-b-PFS polymer impurities, a part of the
polymer mixture was again dissolved in THF followed by the
dropwise addition of water until the polymer precipitated. The
polymer fraction was collected by filtration and dried in vacuo.

SEC (vs PS): PS: Mn¼ 26 000 gmol�1; Mw¼ 28 000 gmol�1;
Ð¼ 1.08.

PS-b-PFS: Mn¼ 31900 gmol�1; Mw¼ 35100 gmol�1; Ð¼ 1.10.
PS-b-PFS-b-P2VP: Mn¼ 72 800 gmol�1; Mw¼ 79 400 gmol�1;

Ð¼ 1.09.
1H-NMR (300MHz, 300 K, CDCl3, d in ppm): 8.40e8.08 (m, 1-

H11), 7.26e6.20 (m, 8-H3-5/12-14), 4.21 (s, 4-H8), 4.01 (s, 4-H7)
2.30e1.26 (m, backbone H1/2/9/10), 0.45 (m, 6-H6).

2.4. Synthesis of symmetrical pentablock terpolymers

2.4.1. Synthesis of PS230-(b-PFS15-b-PMMA118)2
In an ampule equipped with a stirring bar, 660mg (6.34mmol)

styrene was dissolved in 40mL of dry THF and the solution was
cooled down to �78 �C. The polymerization was initiated by quick
addition of 61 mL lithium naphthalenide (0.055mmol, 0.9M
solution in THF) with a syringe. The solution was stirred for 1 h to
ensure complete conversion. After taking an aliquot for SEC mea-
surement, 220mg (0.91mmol) FS dissolved in 1mL THF was
quickly added with a syringe and the reaction was stirred for 3 h at
room temperature. An aliquot was taken for SEC and NMR mea-
surement and 38.8 mL (0.27mmol) DPE and 14.1 mL (0.11mmol)
DMSB were added. After 1 h 3mL THF with 11mg LiCl (0.26mmol)
were added. The reaction mixture was cooled down to �78 �C and
670mg (6.69mmol) MMA was quickly added. After 10 h the poly-
merization was terminated by the addition a small amount of
degassed methanol and the polymer was poured into a 10-fold
excess of methanol. The polymer was collected by filtration,
washed several times with methanol, dried under vacuum. (1.30 g).

SEC (vs PS): PS: Mn¼ 23 900 gmol�1; Mw¼ 24 800 gmol�1;
Ð¼ 1.03.

PFS-b-PS-b-PFS: Mn¼ 30 800 gmol�1; Mw¼ 33 300 gmol�1;
Ð¼ 1.08.

PMMA-b-PFS-b-PS-b-PFS-b-PMMA: Mn¼ 45 200 gmol�1; Mw¼
49 300 gmol�1; Ð¼ 1.09.

1H-NMR (300MHz, 300 K, CDCl3, d in ppm): 7.20e6.90 (m, 3-H4/

5), 6.80e6.35 (m, 2-H3), 4.22 (s, 4-H8), 4.01 (s, 4-H7), 3.60 (s, 3-H11),
2.10e0.79 (m, backbone H1/2/9/10), 0.45 (s, 6-H6).

2.4.2. Synthesis of PS231-(b-PFS16-b-P2VP95)2
In an ampule equipped with a stirring bar, 600mg (5.76mmol)

styrene was dissolved in 40mL of dry THF and the solution was
cooled down to �78 �C. The polymerization was initiated by quick
addition of 56 mL lithium naphthalenide (0.05mmol, 0.9M solution
in THF) with a syringe. The solution was stirred for 1 h to ensure
complete conversion. After taking an aliquot for SEC measurement,
200mg (0.83mmol) FS dissolved in 1mL THF was quickly added
with a syringe and the reaction was stirred for 3 h at room tem-
perature. An aliquot was taken for SEC and NMR measurement and
35 mL (0.25mmol) DPE and 12.9 mL (0.1mmol) DMSB were added.
After 1 h 3mL THF with 22mg LiCl (0.52mmol, 10 €Aq) were added.
The reaction mixture was cooled down to �78 �C and 590mg
(5.61mmol) 2VP was quickly added. After 13 h the polymerization
was terminated by the addition a small amount of degassed
methanol and the polymer was poured into a 10-fold excess of
methanol. The polymer was collected by filtration, washed several
times with methanol, dried under vacuum. (1.18 g).

SEC (vs PS): PS: Mn¼ 24100 gmol�1; Mw¼ 24 800 gmol�1;
Ð¼ 1.03.

PFS-b-PS-b-PFS: Mn¼ 32 600 gmol�1; Mw¼ 36 800 gmol�1;
Ð¼ 1.13.

P2VP-b-PFS-b-PS-b-PFS-b-P2VP: Mn¼ 43 400 gmol�1; Mw¼
45 400 gmol�1; Ð¼ 1.05.

1H-NMR (300MHz, 300 K, CDCl3, d in ppm): 8.289e8.06 (m, 1-
H11), 7.25e6.20 (m, 8-H3-5/12-14), 4.21 (s, 4-H8), 4.01 (s, 4-H7)
2.35e1.26 (m, backbone H1/2/9/10), 0.45 (m, 6-H6).

3. Results and discussion

3.1. Synthesis of metallopolymer-containing tri- and pentablock
terpolymers

Different triblock terpolymers and symmetrical pentablock
terpolymers consisting of PS, PFS as metallopolymer and either
PMMA or P2VP have been prepared according to Scheme 1 and
Scheme 2. Starting from the polymerization of styrene 1, which was
initiated with sec-butyllithium as initiator in THF, 1,10-dimethylsi-
laferrocenophane 3 has been added for the formation of PS-b-PFS
macro-anions 4. The final triblock terpolymers PS-b-PFS-b-PMMA 7
or PS-b-PFS-b-P2VP 9 were obtained after the addition of the cor-
responding monomers MMA or 2VP, respectively. The rather low



Scheme 1. Synthesis of triblock terpolymers PS-b-PFS-b-PMMA 7 and PS-b-PFS-b-P2VP 9 by sequential anionic polymerization of styrene 1, initiated by sec-butyllithium at low
temperatures followed by polymerization of 1,10-dimethylsilaferrocenophane (FS) 3 at room temperature. After endfunctionalization with 1,10-diphenylethylene (DPE) and 1,10-
dimethylsilacyclobutane (DMSB) 5 a) methyl methacrylate (MMA) 6 or b) 2-vinylpyridine (2VP) 8 was polymerized in the presence of LiCl at low temperatures.

Scheme 2. Anionic polymerization of symmetric PS-(b-PFS-b-PMMA)2 (13, a) or PS-(b-PFS-b-P2VP)2 (14, b) pentablock terpolymer by initiation of styrene (1) with lithium
naphthalenide (10) to obtain the bifunctional macroinitiator (11). After polymerization of FS monomer (3) and endcapping with DPE and DMSB at room temperature, a) MMA or b)
2VP is polymerized in the presence of LiCl at low temperatures.
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reactivity of the FS living carbanion 4 can be overcome by
increasing the temperature [51] or by the addition of the so-called
carbanion pump, 1,10dimethylsilacyclobutane (DMSB) [52] in order
to increase themacro-anion chain end reactivity. Therefore, prior to
the addition of MMA 6 or 2VP 8, end-functionalization with 1,10-
diphenylethylene (DPE) and DMSB was carried out. The final tri-
block terpolymers are purified by inverse precipitation in order to
remove small amounts of residual PS homopolymer and PS-b-PFS
diblock copolymer impurities (see also experimental section).

In a similar way, the corresponding symmetric pentablock ter-
polymers PS-(b-PFS-b-PMMA)2 13 and PS-(b-PFS-b-P2VP)2 14were
prepared by sequential living anionic polymerization (Scheme 2),
but with lithium naphthalenide 10 as bifunctional initiator for the
anionic polymerization of styrene in order to prepare the bifunc-
tional PS macro anion 11.

All synthesized polymers were characterized by means of size-
exclusion chromatography (SEC) and 1H NMR spectroscopy to
prove the successful polymerizations. The molar masses as well as
dispersity index values, Ð, of PS, PS-b-PFS block segments and for
the PS-(b-PFS-b-PMMA)2 or PS-(b-PFS-b-P2VP)2 were determined
by SEC measurements vs. PS calibration in THF (exemplary Fig. 1
and also Figs. S1, S3, S5). Due to the fact that SEC measurements
are based on the hydrodynamic radii of the polymers by using PS as
standard, deviations for the metallopolymers can appear [53e55].
Therefore, the molar masses were additionally calculated by the
molar ratio as determined by 1H NMR spectroscopy (exemplary
Fig. 2 and also Figs. S2, S4, S6) in combination with the molar mass
of the PS homopolymers determined via SEC measurements vs. PS
standards. Measured and calculated molar masses, Mn, dispersity
index values, Ð, molar amounts, nx, and volume contents, Fx, of PS,
PFS and PMMA or P2VP are compiled in Table 1.

As can be concluded from Table 1, dispersity index values, Ð, of
all polymers were in the range of 1.02e1.11 showing excellent
control over the sequential anionic polymerization. Furthermore,
for each tri- or pentablock terpolymer a significant increase of the
measured or calculated molar mass could be obtained proving the



Fig. 1. Molar mass distributions obtained by SEC measurements vs. PS standards in
THF as eluent for PS211 (black line), PS211-b-PFS32 (red line) and PS211-b-PFS37-b-
PMMA437 (blue line). (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)
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successful polymer chain extension after monomer addition.
Comparisons of the overall molar masses determined by SEC
measurements vs. PS standards and molar masses calculated by 1H
NMR data lead to a discrepancy of the obtained values. As
mentioned before, this was due to the fact that SEC is a relative
method and especially the hydrodynamic radii of synthesized tri-
and pentablock terpolymers differ compared to SEC vs. PS stan-
dards. As a consequence the determined values derived from 1H
NMR data were closer to the absolute molar masses. These values
were used in this study for subsequent calculations and in-
terpretations on the obtained morphologies (cf. the following sec-
tions). Molar masses of the synthesized triblock terpolymers were
Fig. 2. 1H NMR spectrum of PS211-
74.7 kgmol�1 for the PMMA e or 93.3 kgmol�1 for the P2VP-
containing polymers. The corresponding triblock terpolymers
were purified by inverse precipitation in order to reduce the
amount of formed diblock copolymer impurities. In detail, by this
step the amount of diblock copolymer of 38% after the sequential
polymerizationwas reduced to 13%. The residual diblock copolymer
precursors for both triblock terpolymer syntheses (SEC traces in
Fig. 1 and Fig. S1, blue lines) were formed during the addition of
DPE, DMSB and MMA or 2VP monomer, respectively. Volume
fractions of 80% for PS and 20% for PFS were calculated for the final
blend system based on 1H NMR data for each diblock copolymer.
The volume fractions for the purified triblock terpolymers differed
slightly between, i.e. 32/11/57 for PS/PFS/PMMA and 29/9/62 for PS/
PFS/P2VP. In the case of both pentablock terpolymers molar masses
of 54.3 kgmol�1 and 51.8 kgmol�1 for the PMMA- and P2VP-
containing polymer were obtained. Besides some impurities of
about 14% of diblock copolymer precursor PS230-(b-PFS15)2, a
slightly bimodal distribution was obtained within the molar mass
distribution of the corresponding pentablock terpolymer PS230-(b-
PFS15-b-PMMA118)2 (Fig. S3). This might be due to termination re-
actions during the polymerization of the third block segment. A
possible explanation for the additional appearance of molar mass
distribution compared to the P2VP-containing multiblock co-
polymers is the more reactive MMA repeating unit, allowing for
backbiting and intermolecular reactions during anionic polymeri-
zation. SEC measurement of PS231-(b-PFS16-b-P2VP95)2 revealed an
unimodal distribution and no significant residuals of PS230-(b-
PFS16)2 precursor. Also, the calculated volume contents for both
CBABC polymers revealed ratios of around 50% PS, 12% or 13% PFS
and around 40% PMMA or P2VP, respectively (see Table 1). Thermal
analysis was carried out using differential scanning calorimetry
(DSC) measurements to further prove the preparation of tri- and
pentablock terpolymers. Moreover, the presence of individual glass
b-PFS37-b-PMMA437 in CDCl3.



Table 1
Summarized molar masses (Mn) determined by SEC and 1H NMR spectroscopy,
dispersity index values (Ð), molar amount (n) and volume fraction (F) of PS, PFS and
PMMA or P2VP of synthesized polymers calculated by SEC measurements and 1H
NMR spectroscopy.

Polymer Mn
a Mn

b Ð c nPS/PFS/PX
d FPS/PFS/PX

e

PS211 22.0 e 1.03
PS211-b-PFS32 28.5 28.4 1.05 88/12 80/20
PS211-b-PFS37-b-PMMA437 63.3 74.7 1.02 31/5/64 32/11/57
PS250 26.0 e 1.08
PS250-b-PFS32 31.9 33.7 1.10 88/12 80/20
PS250-b-PFS39-b-P2VP551 72.8 93.3 1.09 30/5/65 29/9/62
PS230 24.0 e 1.04
PS230-(b-PFS15)2 30.8 30.9 1.07 88/12 80/20
PS230-(b-PFS15-b-PMMA118)2 45.2 54.3 1.09 47/6/47 47/12/41
PS231 24.1 e 1.03
PS231-(b-PFS16)2 32.6 31.4 1.11 88/12 80/20
PS231-(b-PFS16-b-P2VP95)2 43.4 51.8 1.05 51/7/42 49/13/38

a Molar masses in kg mol�1 determined by SEC (vs. PS standards, THF).
b Molar masses in kg mol�1 determined by 1H NMR spectroscopy of block-, tri-

and pentablock co- and terpolymers.
c Ð values determined by SEC in THF.
d Molar amount (nx) in % of PS, PFS, PMMA and P2VP calculated by 1H NMR

spectroscopy.
e Volume fraction (F) in % of PS, PFS, PMMA and P2VP estimated by using the

densities of the corresponding homopolymers 1.05 g cm�3, 1.26 g cm�3, 1.18 g cm�3

and 1.15 g cm�3 [56,57], respectively.
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transition temperatures, Tg, gives first evidences for microphase
separation of the block segments. Measurements were performed
for bulk samples of all tri- and pentablock terpolymers
between �20 �C and 170 �C with a heat rate 10 Kmin�1 and all
results are compiled in Table 2. The corresponding thermograms
can be found in Fig. S7.

For all investigated polymers, glass transition temperatures, Tg,
of around 100 �C could be observed, which correspond to PS or
P2VP, respectively. However, a distinction between the Tg values of
PS or P2VP cannot be observed because both Tg values are too close
to each other. A characteristic Tg at about 128 �C could be found for
syndiotactic PMMA [58]. While the Tg for PFS at around 30 �C is less
pronounced, endothermic melting points, Tm, at around 130 �C
were obtained for all polymers [59]. However, the Tm overlapped
with the Tg for the PMMA segment. The less pronounced glass
transition temperature for the PFS segmentmight be due to the low
amount of PFS compared to PS, PMMA and P2VP and due to the
presence of comparably short PFS chains.

In summary, the successful syntheses for the different tri- and
pentablock terpolymers based on PS, PFS and PMMA or P2VP by
means of sequential anionic polymerization were proven by SEC
and 1H NMR spectroscopy. Within the next section microphase
separation of these multi-functional block terpolymers will be
investigated by TEM and SAXS measurements.

3.2. Microphase separation of tri- and pentablock terpolymers

As described in the introduction, an increase with respect to
structural complexity for ABC and CBABC terpolymers compared to
Table 2
Data for glass transition temperatures (Tg) and melting points (Tm) of synthesized
tri- and pentablock terpolymers by DSC measurements applied with a heat rate of
10 Kmin�1 under nitrogen atmosphere.

Polymer Tg PS/P2VP/�C Tg PMMA/�C Tm PFS/�C

PS211-b-PFS37-b-PMMA437 101 z128 z133
PS250-b-PFS39-b-P2VP551 99 129
PS230-(b-PFS15-b-PMMA118)2 101 z128 z132
PS231-(b-PFS16-b-P2VP95)2 97 132
AB block copolymers is expected. A large number of different self-
assembled domains, which strongly depend on the polymer ar-
chitecture, sequence and composition, are accessible. In order to
investigate the microphase separation for all prepared tri- and
pentablock terpolymers within this study, polymer bulk samples
were prepared by dissolving the polymer in methylene chloride
followed by slow evaporation of the solvent. In the next step,
polymer samples were subjected to thermal annealing in an at-
mosphere of nitrogen at 160 �C for 36 h (triblock terpolymers) or
40 h (pentablock terpolymers), respectively. Ultrathin slices were
prepared by ultramicrotoming and collected on TEM copper grids
for TEM investigations. In the first part of this section, both syn-
thesized ABC triblock terpolymers will be discussed in terms of self-
assembly behavior examined by TEM and SAXS measurements. In
Fig. 3, TEM images of polymer PS211-b-PFS37-b-PMMA437 are given
revealing a complex morphology with both lamellar and cylindrical
separated domains. Considering the volume fraction of each block
segment, PMMAwith 57% represents the major component, which
belongs to the bright lamellar domains. The lamellae distance be-
tween two bright lamellae was determined to be 37± 8 nm. On the
other side, the PS segment (FPS ¼ 32%) formed the cylinders or
together with the PFS segment the second lamellae. In case of a PS
PFS lamellae, the iron-rich PFS (FPFS ¼ 11%) forms spherical do-
mains, which appeared as darkest domains due to the highest
electron density (see Fig. 3 b). In case of PS cylinders, PFS domains
could also be observed as spheres at the interface between the PS
cylinders and the PMMA lamellae building an additional metal-
lopolymer interlayer. Additionally, small-angle X-ray scattering
(SAXS) measurements are performed to further investigate the
triblock terpolymer morphology. The corresponding SAXS pattern
of PS211-b-PFS37-b-PMMA437 is given in Fig. 4 (blue).

In the SAXS patterns, the lamella structure seems to be domi-
nant. For such a system the peak positions should obey the ratio
1:2:3 etc. As fitting model we used the sum of five Gaussian
functions with fixed position ratios. Furthermore, a constant
background and a term proportional to q�4 taking Porod-scattering
into account was added. The resulting fit of the data is shown in
Fig. 4 as solid black line, giving a very good description. From the
position of the first peak a lamellar spacing of 33.5± 0.2 nm was
found, which is in good agreement taking the lamellar morphology
in Fig. 3 into account.

In case of PS250-b-PFS39-b-P2VP551 having volume fractions of
29% for PS, 9% for PFS and 62% for P2VP, a cylindrical morphology
for PS in a matrix of P2VP and a spherical sub-morphology of PFS at
the cylinder-matrix interphase can be found as shown in Fig. 5.
Interestingly, the dark domains in the middle of each PS cylinder
domain can be assigned to the PFS domains due to the highest
electron contrast for the metallopolymer, which might be obtained
because of about 13% diblock copolymer impurities of PS250-b-
PFS32 precursor as already described in the section before (see also
Fig. S4).

Additionally, scanning TEM (STEM) measurements operating in
dark-field mode was used to further evidence the suggested
morphology of P2VP-containing triblock terpolymer PS250-b-PFS39-
b-P2VP551. In contrast to TEM measurements in bright field mode,
STEM images using a dark-field detector revealing an inverted
black-white contrast. As given in Fig. 6 the cylindrical morphology
was confirmed, however, the morphology at the interlayer sur-
rounding the PS cylinders revealed no continuous domain for the
metallopolymer PFS. Structures of cylinders in a matrix with
spheres of the middle block segment at the interface were also
described for example by Stadler and co-workers for a SBM BCP
system [60]. Furthermore, the bright spherical or cylindrical PFS
domains in the middle of each PS cylinder, which is probably
caused by the presence of residual PS250-b-PFS32 precursor are well



Fig. 3. TEM images of PS211-b-PFS37-b-PMMA437 ultrathin slices without staining. Polymer bulk samples were prepared by slowly evaporating from methylene chloride followed by
thermal annealing at 160 �C of the remaining films under nitrogen atmosphere for 36 h. Dark appearing domains correspond to the metallopolymer domains. Scale bars correspond
to 1000 nm (a), 500 nm (b) and 250 nm (c).

Fig. 4. SAXS patterns of PS211-b-PFS37-b-PMMA437 (blue) and PS250-b-PFS39-b-P2VP551
(red) the latter is shifted vertically for clarity. Solid lines depicted fits to a lamellar and
cylindrical model respectively. See text for details. (For interpretation of the references
to colour in this figure legend, the reader is referred to the Web version of this article.)
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displayed featuring a diameter of 11± 2 nm and a cylinder distance
of about 74± 4 nm. The diameter of the PS cylinders were found to
be 39± 3 nm and the diameter of the PS cylinder surrounded by PFS
spheres was determined to be 8± 2 nm.

The corresponding SAXS pattern of PS250-b-PFS39-b-P2VP551 is
Fig. 5. TEM images of PS250-b-PFS39-b-P2VP551 ultrathin slices without staining. Polymer bu
thermal annealing at 160 �C of the remaining films under nitrogen atmosphere for 36 h. Dark
to 2500 nm (a), 500 nm (b) and 250 nm (c).
additionally given in Fig. 4 (red) revealing a significantly different
scattering pattern compared to PS211-b-PFS37-b-PMMA437. Since
clear scattering peaks were missing and only a broad shoulder was
visible, precise fitting turned out to be difficult. Based on the TEM
images, a model for hexagonal arranged cylinders was used for data
description [61]. The scattering profile was described by the sum of
Bragg peaks resulting from a hexagonal lattice of cylinders with
cylinder distance and diameter being the important parameters.
Starting from the parameters found by STEM a reasonable
description of the scattering pattern was achieved. The distance
between cylinder cores was found to be 60 nm, while the diameter
of the cylinders was found to be 30 nm. As already mentioned for
the PS250-b-PFS39-b-P2VP551 morphology, the inner PFS domains in
themiddle of the PS cylinders is considered to be caused by residual
PS250-b-PFS32 precursor (amount was determined to be 13%). The
amount of diblock copolymer significantly influenced the triblock
copolymermorphology. Therefore, we additionally investigated the
morphology of the original triblock copolymer blended with 38%
diblock copolymer prior to inverse precipitation. Corresponding
TEM images are displayed in Fig. S8 revealing a complex
morphology of cylinders in a matrix for the PS250-b-PFS32 (FPS/PFS

80/20) on the one side and a mixed lamellar/cylinder morphology
for PS250-b-PFS39-b-P2VP551 influenced by the presence of PS250-b-
PFS32 on the other side. For the pure diblock copolymer
morphology, the PFS cylinders revealed a diameter of 11± 2 nm,
which is in good agreement with the PFS-containing domains in
the middle of the PS cylinders of the purified PS250-b-PFS39-b-
P2VP551 (cf. Figs. 5 and 6). The distance between each cylinder was
determined as 20± 2 nm. The lamellar morphology in Fig. S8 cor-
responds to the triblock terpolymer with bright P2VP lamellae and
grey lamellae with darker spherical domains in the middle of the
lk samples were prepared by slowly evaporating from methylene chloride followed by
appearing domains correspond to the metallopolymer domains. Scale bars correspond



Fig. 6. STEM images of PS250-b-PFS39-b-P2VP551 ultrathin slices without staining. Polymer bulk samples were prepared by slowly evaporating from methylene chloride followed by
thermal annealing at 160 �C of the remaining films under nitrogen atmosphere for 36 h. Bright appearing domains correspond to the metallopolymer domains. Scale bars
correspond to 500 nm (a) and 200 nm (b). Scheme of the corresponding morphology: cylinders of PS in a matrix of P2VP with PFS spheres at the surface of the PS cylinders.
Additional PFS morphologies (orange) build the complex structure in the middle and at the surface of each PS cylinder (c). (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)
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lamellae and at the surface, corresponds to PFS from the triblock
terpolymer and diblock copolymer precursor. The lamellae distance
between two bright lamellae was determined to be 60 ± 5 nm.
Additional SAXS measurements were carried out for the blend
system (Fig. S9). The observed pattern is a complex combination
of scattering from both structures observed in the corresponding
TEM image, i.e. lamellae and hexagonally arranged cylinders.
According to results obtained from the TEM image, the first order
peak of the lamellar structure is positioned around q¼ 0.01Å�1

and thus indistinguishable from the primary beam. However, the
second order peak slightly above q¼ 0.02Å�1 allows for a good
Fig. 7. TEM images of PS230-(b-PFS15-b-PMMA118)2 (a, b) and PS231-(b-PFS16-b-P2VP95)2 (c, d
methylene chloride followed by thermal annealing at 160 �C of the remaining films
metallopolymer-containing domains. Scale bars correspond to 500 nm (a, c) and 250 nm (b
determination of the lamellar long spacing d¼ 60 nm, again, in
good agreement with TEM results. The third order peak at
q¼ 0.03Å�1 featured a significantly increased intensity because it
is enhanced by the first order peak of the hexagonal arranged
cylinders. From the position of the peak a center-to-center distance
of the cylinders of 23 nm is deduced, which is in accordance with
TEM results. The solid black line in Fig. S9 is a guide for the eye
showing the incoherent addition of scattering from lamellar and
cylindrical regions, leading to a reasonable description of experi-
mental data.

TEM images for the PMMA-containing pentablock terpolymer
) after ultramicrotoming. Polymer bulk samples were prepared by slowly evaporating
under nitrogen atmosphere for 40 h. Dark appearing domains correspond to the
, d).
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PS230-(b-PFS15-b-PMMA118)2 are given in Fig. 7 (a, b) revealing a
lamellar morphology with a distance between two lamellae of
about 28 ± 3 nm. The bright domains showed lamellae with a size
of 10± 1 nm. Again, the dark appearing lamellae corresponded to
the PFS segments having a volume fraction of 12%. It can be
assumed that due to the short polymer length and the slight
miscibility for PFS in the PS domains, with a volume content of 47%,
gathered from the much higher incompatibility of PFS with PMMA
than with PS [62]. Hence, the bright thin lamellae consist of PMMA
having a volume fraction of 41%. A phase separation between the PS
and PFS segments could not be clearly observed maybe due to the
presence of only short PFS chains. Therefore, a partial miscibility of
the block segments is possible. Additional SAXS measurements of
PS230-(b-PFS15-b-PMMA118)2 were performed, as given in Fig. 8
(blue). A pronounced scattering peak around q*¼ 0.025Å�1 was
clearly visible as well as a much weaker second order peak at 2q*. A
fit of several Guassian functions as described above yielded a good
description of the scattering data. The distance between two
lamellae was found to be 23.8± 0.1 nm in accordance with the re-
sults derived by TEM investigations.

In case of the P2VP-containing pentablock terpolymer PS231-(b-
PFS16-b-P2VP95)2 a similar lamellar morphology was found as given
in the TEM images in Fig. 7(c and d). The distance between both
lamellae was determined to be 29± 3 nm, while each dark lamella
featured a size of about 16± 2 nm. Taking the thickness of each
lamella and the different volume fractions into account, it can be
assumed that PS (49%) formed the bright and PFS (13%) together
with P2VP (38%) the dark domain. As already mentioned for the
PMMA containing pentablock terpolymer, a phase separation of PFS
in the dark appearing domain could not be observed, which might
be due to the only short PFS chains, i.e. only 16 repeating units of FS
monomer within the PFS block segment, or limited resolution of
the TEM. The lamellar morphology is also confirmed by SAXS
measurements. In Fig. 8 (red) the scattering data and the according
model description is depicted. From the position of the lamellar
peak sequence a distance between two lamellae of (30.2± 0.1) nm
was obtained, which is in very good agreement with results found
via TEM.
Fig. 8. SAXS patterns of PS230-(b-PFS15-b-PMMA118)2 (blue) and PS231-(b-PFS16-b-
P2VP95)2 (red) the latter is shifted vertically for clarity. Solid lines depicted fits from a
lamellar model. See text for details. (For interpretation of the references to colour in
this figure legend, the reader is referred to the Web version of this article.)
4. Conclusion

In conclusion, the preparation of ABC and CBABC tri- and pen-
tablock terpolymers bearing polystyrene (PS), poly(1,10-dime-
thylsilaferrocenophane) (PFS) and poly(methyl methacrylate)
(PMMA) or poly(2-vinylpyridine) (P2VP) segments by sequential
anionic polymerization was reported. Molar masses up to
90 kgmol�1 and well-defined e with respect to composition and
constitution e polymers with low dispersity index values, Ð, were
obtained as evidenced by SEC, NMR spectroscopy and DSC mea-
surements. Furthermore, microphase separation for all metal-
containing polymers having a comparably short PFS segment was
proven by TEM, STEM and SAXS measurements. For the triblock
terpolymers lamellar or cylindrical morphologies were found
having PS cylinders in a P2VPmatrix, while the cylinders featured a
PFS-containing core morphology surrounded by an additional
spherical morphology of PFS domains. Domain sizes and type of
morphologies were corroborated by SAXS measurements. Finally,
the PFS-containing symmetrical CBABC pentablock terpolymers
revealed clear lamellar structures. We expect that the results from
the present study of the structure formation of tri- and pentablock
terpolymers pave the way for applications in the nanolithography
sector or moreover as stimuli-responsive materials like the change
of the wetting-behavior due to the present of corresponding moi-
eties, which will also be part of further investigations.
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