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a b s t r a c t

By combining poly(1,4-isoprene) (PI) with poly(ferrocenylmethyl methacrylate) (PFMMA) in a diblock
copolymer structure by means of anionic polymerization we obtained narrowly dispersed PI-b-PFMMA
copolymers with molecular weight ranging from 13000 to 62000 g/mol. The products were stable up to
228 �C, according to thermal gravimetry, which allowed us to further investigate their viscoelastic and X-
ray scattering properties at elevated temperature by rheology and SAXS, respectively. For PI-b-PFMMA
with total molecular weight 13400 g/mol a phase transition at 105 �C was identified leading to the
segmental mixing at T > 105 �C and microphase separation at T < 105 �C. The microphase separated
morphology acquired hexahonally packed cylinder (HEX) microstructure in bulk. The explanation of the
ordered HEX morphology was derived from a quantification of the thermodynamic immiscibility be-
tween PI and PFMMA segments via random phase approximation theory yielding generally accepted
dependency of the Flory-Huggins interaction parameter (c) on temperature.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Methacrylate derivatives of ferrocene have attracted scientific
interest since 1970 due to their ability to undergo rapid free radical
polymerization and their numerous technologically important
properties which originate from the organometallic group [1e3].
Polymers bearing ferrocenyl groups are redox-active and therefore
widely applied in the areas of electrochemical sensing, molecular
recognition and energy storage [4e6]. Linear and nonlinear optical
properties could be modulated by linking ferrocene donors with
acceptors [7]. Pyrolysis of the ferrocene-based polymers affords
ceramics which are magnetically susceptible while oxygen plasma
oxidation of thin films allows a direct access to nanostructured
substrates [8e10].

The most typical example of methacrylate derivatives of ferro-
cene is poly(ferrocenylmethyl methacrylate) [PFMMA] which has
been homopolymerized and copolymerized with a range of stan-
dard monomers [11]. Soon thereafter (1977) anionic homo-
polymerization of FMMA was reported by Pittman and Hirao
rnyy).
affording lower polydispersity (PDI) compared to free-radically
produced samples [12]. Surprisingly, no reports on successful
anionic block copolymerization of FMMA were published until
recently probably due to the challenging monomer purification
step involved. In 2009 Gallei et al. studied PS-b-FMMA [poly(-
styrene)] and found that due to rather weak intersegment in-
teractions the morphology of the produced diblock copolymers
remained largely disordered in the bulk state [13]. It is worth
mentioning in this context that the measure of segment-segment
interaction energy is best described by the Flory-Huggins interac-
tion parameter (c). When c is positive for a given diblock copol-
ymer heterocontacts between segments are energetically
unfavorable and demixing occurs. The demixing at a segmental
level leads to microphase separation at the nanoscale, the extent of
which depends on the product of c and the total number of seg-
ments in a diblock copolymer (cN). When cN [ 10.5 strong
segregation takes place and equilibrium morphologies have sharp
boundaries between nanodomains while for cN close to but larger
than 10.5 partial segmental mixing at the interfaces leads to more
diffuse boundaries [14e16]. We have shown in our previous report
[2] that combining in a diblock copolymer structure a per-
fluorinated methacrylate as a first block and PFMMA as a second
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Scheme 1. Synthesis of PI-b-PFMMA (PIxkFy) diblock copolymers (left) and the GPC curves (right) corresponding to the obtained polymers. In the name of the sample the first
subscript denotes total molecular weight of the diblock copolymer while the second subscript signifies the average (from NMR and TGA) volume fraction (in %) of the PFMMA block.

Table 1
Characteristics of the synthesized PFMMA homopolymer and diblock copolymers.

Namea MW, kDa
(NMR)

MW
PFMMA
kDa

PDI
(GPC)

Residue at 900 �C (TGA), % fPFMMA

(NMR)
fPFMMA

(TGA)
fPFMMA

average
Unit cell size, nmb

PFMMA 45.8 45.8 1.15 25.2 1.00 1.00 1.00 n/a
PI62kF81 61.5 54.4 1.04 23.6 0.84 0.78 0.81 24.3
PI13kF18 13.4 3.7 1.06 6.04 0.20 0.15 0.18 16.6
PI13kF47 12.9 8.4 1.07 13.9 0.55 0.39 0.47 15.9

a In the name of the sample the first subscript denotes total molecular weight of the diblock copolymerwhile the second subscript signifies the average (fromNMR and TGA)
volume fraction (in %) of the PFMMA block estimated using the density of PFMMA and poly(1,4-isoprene) equal to 1.37 g/ml and 0.91 g/ml respectively.

b Unit cell parameter calculated from SAXS as d ¼ 2p/q* for lamellar (LAM) and a ¼ 2d/
ffiffiffi
3

p
for hexagonally packed cylinders (HEX) morphologies where q* is the first order

reflection.

Fig. 1. TGA (left, in air) and DSC (right, in N2) curves of the synthesized block copolymers recorded at 10 �C/min demonstrating (TGA) plateau after ~ 500 �C due to Fe2O3 residue and
(DSC) glass transition dependence of the diblock copolymer on the composition. Only the second DSC scan is shown for every sample. Glass transition temperatures are estimated
by curve differentiation method.
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block infers well-ordered bulk and surface morphologies, even for
low molecular weight, which indicates strong segregation/in-
compatibility between the two blocks.

The aim of these studies is to assess in a quantitative manner the
intersegment incompatibility of PI-b-PFMMA [poly(1,4-isoprene)]
diblock copolymers. For this purpose a series of PI-b-PFMMA
diblock copolymers were synthesized and PI-PFMMA interactions
(cPI�PFMMA) were ascertained using random phase approximation
(RPA) theory. The choice of PI as a first block was not accidental. We
[2] and others [13] have shown that no well-ordered morphologies
are attainable when using classical styrene and methyl
methacrylate (MMA) monomers to produce PMMA-b-PFMMA and
PS-b-PFMMA copolymers. The third classical monomer is isoprene
which is inexpensive and its polymerization kinetics is well
established. Exploiting this advantage along with the fact that PI-b-
PFMMA could undergo microphase separation affording long range
order in bulk nanostructures we are convinced that PI-b-PFMMA
copolymers developed herein are the first examples of functional
diblock copolymer consisting of commercially available first block
which makes it readily accessible for scaling up and further
investigation.



Fig. 2. Isochronal (u ¼ 1 rad/s) dynamic storage (G0) and loss (G00) moduli measured at
2 �C/min heating rate and constant shear strain (g ¼ 1%) showing the glass transition
(decrease in G0 , G00), the order-to-disorder transition (sharp drop in G0 , G00 at 105 �C) as
well as crosslinking phenomena (increase in G0 , G00).

Fig. 3. SAXS data for the sample PI62kF81 acquired at 215 �C with the dashed lines marking r
during in-situ temperature scans from 25 to 250 �C.
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2. Materials and methods

All chemicals were purchased from Sigma-Aldrich unless
otherwise stated. Tetrahydrofuran (THF) was distilled from ketyl
radical of benzophenone under argon. Cyclohexane was distilled
from living poly(styryl)lithium under argon. Isoprene was consec-
utively distilled from calcium hydride (CaH2) and di-n-butylmag-
nesium. FMMA was sublimed 7-10 times using cold finger in the
dark at 0.001 mbar.

The PDI was determined by gel permeation chromatography
(GPC) using THF with 1% triethylamine as an eluent at 0.5 ml/min
flow rate with a column set consisting of aprecolumn and two
300 � 8 mm main columns (PLgel Mixed C and Mixed D). Rheo-
logical characterization was realized on a Rheometrics solids
analyzer (RSA II) operated with a 0.3 mm gap shear sandwich
configuration at 1% shear strain (g) amplitude and 1 rad/s fre-
quency (u). Small-angle X-ray scattering (SAXS) profiles were
measured using the SAXSLab instrument at the Niels Bohr Institute
(NBI). After synthesis the samples were isolated by precipitation
from a good solvent to a nonsolvent. Such procedure is equivalent
to a quenching at infinitely high temperature and results in disor-
dered bulk morphology. As prepared samples were further used for
the SAXS measurements without additional treatment. The SAX-
SLab instrument uses a Rigaku 40W micro-focused Cu-source
producing X-rayswith awavelength of 1.54 Åwhich is detected by a
moveable Pilatus 300k pixel-detector. A sample was mounted in
small Cu-discs between two 5-7 mm mica windows. The sample
holder discs were connected to a Linkam HFS91 stage connected to
a LNP95 temperature controller enabling temperature scans. Each
temperature had a total measurement time of 15 min. The q cali-
bration of the instrument was done by using silver behenate as a
reference. Two consecutive sets of SAXS measurements were per-
formed on each sample, starting with measurements versus
increasing temperatures, followed by a decreasing temperature
scan. The second set of SAXS measurements was performed to
check reproducibility of phases from the first set. At each temper-
ature, a total exposure time of 15 min was performed in three
separate scans of 5 min.

Anionic polymerization. The experiments were realized using
elative peak distances for a HEX morphology. The inset shows SAXS profiles measured



Fig. 4. SAXS temperature scans of the PI13kF18 sample acquired at (A) 105 �C, (B) 50 �C and (C) 90 �C. (A) Data from first heating cycle showing the transition from disordered to
ordered and back to disordered state and (B) first cooling cycle where after disorder-to-order transition the microphase separated structure is fixed in a glassy state. Blue lines
indicate colder while red indicates warmer temperatures. (C) Heating to higher temperature (200 �C) in the second heating cycle to collect more data in the disordered state for RPA
fitting. (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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Table 2
Structural parameters for the PI13kF18 sample used for the
c parameter estimation.

Parameter Value

vR 118 Å3

b1 1.07 � 10�3 Å
b2 4.17 � 10�3 Å
v1 124 Å3

v2 345 Å3

f1
a 0.8

f2
a 0.2

N1 143
N2 13

a NMR based volume fractions were used.
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the anionic polymerization setup described elsewhere [17]. In our
abbreviation of the block copolymer systems, we will index PI with
the molar mass of the total diblock copolymer and the PFMMAwill
be indexedwith the volume fraction of PFMMA. For the synthesis of
PI-b-PFMMA diblock copolymer with a total molecular weight of
13 kDa, having a volume fraction of PFMMA block of 47%, abbre-
viated as PI13kF47, the following procedure was adopted. A solution
of isoprene (1.2 g) in cyclohexane (0.17 g/ml) was added to the
mixture of sec-butyllithium initiator (0.24 mmol, 1�) and 100 ml of
cyclohexane in 1 L reactor and stirred for 10 h at 40 �C (over-
pressure!). A solution of produced living poly(isoprenyl)-Li was
transferred to the second reactor containing 0.17 g (0.97, 4�) 1,1-
diphenyl ethylene (DPE), 0.051 g (1.21 mmol, 5�) LiCl and 200 ml
dry THF. After 1 h at -15 �C reaction mixture was cooled down to
-78 �C and 1.7 g (6.0mmol) of FMMAwas added as a solution in THF
(0.07 g/ml). Polymerization of the second monomer was conducted
for 1 h at -78 �C, then 2 ml of methanol was added and the diblock
copolymer was precipitated to 800 ml isopropanol. The precipitant
was filtered and dried under vacuum in the dark at 50 �C for 16 h at
0.001 mbar. Yellowish semisolid product was thereby obtained in a
quantitative yield (see Scheme 1).

3. Results and discussion

Synthesis. The synthesis via anionic polymerization of the
methacrylate containing monomers require intermediate capping
of the poly(isoprenyl)lithium with 1,1-diphenyl ethylene to reduce
the nucleophilicity of the growing centers which would otherwise
be active enough towards carbonyl groups of the monomer/poly-
mer. Molar excess (5�) of the LiCl compared to initiator was also
used for the same purpose. In addition, an exhaustive monomer
purification was performed either by distillation (isoprene) or re-
petitive sublimation (PFMMA) of the monomers to minimize
termination of the growing chains with protic impurities. As a
consequence, well-defined diblock copolymers could be obtained
with polydispersities ranging from 1.04 to 1.07 (Table 1).

TGA/DSC. Thermal stability of the PI-PFMMA diblock co-
polymers was found to be 14-60 �C lower compared to PFMMA
homopolymer which is attributed to the presence of poly(isoprene)
in the block copolymer structure. The temperature corresponding
to the maximum rate of decomposition (Tmax) is equal to 454 �C for
PFMMA while for the diblock copolymers it is within the range
390e440 �C (Fig. 1). Since upon decomposition PFMMA containing
polymers in air will form pure Fe2O3 as a residue [2], we could
estimate the volume fractions (fPFMMA) of PFMMA block from TGA
data (see Table 1). The values obtained in such manner were
averaged with NMR based volume fractions and thus only the
average fPFMMA values will be used in the following. All three values
are given in Table 1.

DSC data reveal the presence of poly(isoprene) characterized by
a low glass transition temperature (Tg) equal to -64.4 �C and
-68.0 �C for the case of PI13kF18 and PI13kF47 respectively. Subtle Tg
variations for PI block reflect the influence of the second PFMMA
block on the glass transition of the first block. Similar phenomena is
observed at the high temperature end. Pure PFMMA glass transition
occurs at 137 �C while the presence of PI reduces Tg to 131 �C for
PI62kF81. Even lower Tg (104.8 �C) was found for PI13kF47 which is
thought to be caused by lowmolecular weight of the PFMMA block
(8.4 kDa). Such phenomena is well-documented for, e.g., poly(-
styrene) that exhibits Tg reduction as a function of finitely low chain
length [18].

Rheology. Isochronal temperature scans [19e21] for diblock
copolymers are presented in Fig. 2. When the temperature is below
~140 �C the polymer chains are in a glassy state which is charac-
terized by high storage modulus values (106 Pa) and domination of
the elastic over viscous behavior (G' > G00). After the glass transition
the chains acquire sufficient mobility and microphase separation
becomes feasible via diffusion of the PI and PFMMA blocks in the
molten state. In the case of PI62kF81 and PI13kF47 the dynamical
mechanical spectra look almost identical: gradual softening of the
polymers occurs until almost liquid-like state is reached at ca.
200 �C followed by a crosslinking at higher temperatures. On the
other hand, for PI13kF18 sample an interesting phenomenon was
identified, that is, an order to disorder transition (ODT) occurs at
105 �C accompanied by a sharp decrease of both G0 and G00 to
negligibly low values which are beyond the resolution of our in-
strument. During ODT the unfavorable interactions between PI and
PFMMA segments are overcome by an excess of heat supplied to the
system at elevated temperature. Heterosegmental mixing thus
takes place and terminal regime is reached.

SAXS. The scattering profiles at varied temperature for the
sample PI62kF81, are shown on Fig. 3. The data clearly demonstrate
the transition from powder scattering below T ¼ 155 �C to scat-
tering dominated by a broad peak for higher temperatures. At low
temperatures, the SAXS data follows a q�3.9 power law, which is in a
good agreement with the q�4 slope for powdery samples domi-
nated by surface scattering. The statistical error-bars on the slope is
rather small, below ±0.002, however with the relative small q-
range where the Porod-scattering is dominant, the fit result is
rather dependent on the exact range that is fitted. Including such
systematic errors, we estimate the error bar to be 0.2. Further in-
crease in the temperature leads to enhanced chain mobility and
bulk structuring of the sample as exemplified by appearance of
higher order reflections. The positions of the second and third
peaks coincide with hexagonally packed cylinder (HEX)
morphology which is in agreement with the volume fraction of the
PFMMA component (81%) in the diblock copolymer. The missingffiffiffi
4

p
peak fits well with a form factor minimum from a hexagonal

cylinder packing with a 24 nm unit cell where the cylinder volume
is ca. 20% as here (minimum around 0.06e0.07 Å�1).

SAXS measurements performed at varied temperature for the
sample PI13kF18 confirm the location of TODT between 105 and
110 �C which is in excellent agreement with the rheology data
(Fig. 4). At the proximity to ODT second and third order reflection
peaks appear indicating the formation of the well-ordered
morphology. The relative peak positions (q/q* ¼ 1:

ffiffiffi
3

p
:

ffiffiffi
4

p
)

correspond to the HEX, where PFMMA being the minority domains
forms cylinders and majority of PI forms the surrounding matrix. In
this case the form factorminimum is shifted out to ca. 0.1Å�1 so theffiffiffi
4

p
peak is now visible. The first heating cycle (Fig. 4A) was

terminated at 120 �C by cooling the sample to room temperature to
avoid excessive polymer degradation. While cooling, disordered,
segmentally mixed PI13kF18 sample undergoes microphase separa-
tion leading to the same HEX morphology which becomes
permanently fixed after crossing Tg of the PFMMA block.



Fig. 5. (A) RPA fit of the scattering data from the PI13kF18 sample at 130�C. Temperature dependence of (B) c and (C) l.

S. Chernyy et al. / Polymer 133 (2017) 129e136134



S. Chernyy et al. / Polymer 133 (2017) 129e136 135
The second heating cycle (Fig. 4C) was terminated at 200 �C and
a wide range of data in the disordered state above the ODT was
acquired. This allowed us to fit the experimental scattering data
with random phase approximation theory (RPA) and thereby esti-
mate the Flory-Huggins interaction parameter, c [22,23]. The RPA
prediction for the scattering intensity of a disordered diblock
copolymer melt is

IðqÞ ¼
�
b1
v1

� b2
v2

�2
2
64S011 þ S022 þ 2S012

S011S
0
22 �

�
S012

�2 � 2c
vR

3
75
�1

(1)

where i ¼ 1, 2 are indices for the PI and PFMMA blocks respectively,
vR is a reference volume [24] here set to vR ¼ 118 Å3 and bi and vi are
the scattering lengths and molecular volumes of the polymers
calculated as follows:

bi ¼ Zire (2)

vi ¼
Mw;i

dNa
(3)

where Z is the number of electrons in the monomer i, re is the
classical Thomson scattering length (2.82 � 10�13 cm), Mw is the
molecular weight of themonomer i, d is the polymer density andNa

is the Avogadro number.
Finally, S0ii are the correlation functions between the blocks

given by

S0ii ¼ fiNiviPiðqÞ (4)

and

S012 ¼ ðf1N1v1f2N2v2Þ1=2F1ðqÞF2ðqÞ (5)

Here fi and Ni are the volume fractions and number of mono-
mers of the blocks and PiðqÞ and FiðqÞ are the intrablock and
interblock correlations respectively given by
Fig. 6. X-ray scattering profile acquired at 210 �C for the PI13kF47 sample demonstrating hig
positions (represented by vertical dashed lines) of lamellae morphology. The inset shows S
PiðqÞ ¼ 2
expð�uiÞ � 1þ ui

u2i
(6)

FiðqÞ ¼
1� expð�uiÞ

ui
(7)

ui ¼
q2Nil2i

6
(8)

where li is the statistical segment length of block i. All parameters
are known (Table 2) except the statistical segment length and the c-
parameter, thus, these are the parameters to be determined by
fitting.

We fit the data to Equation (1) minimizing the square of the
residuals using nonlinear minimization routines in Matlab. As
Equation (1) only applies in the disordered state we only have a
suitable temperature range for the PI13kF18 sample, where T > TODT.
We found that the data range from 105 �C to 140 �C could be
described by a linear fit. Fig. 5A shows an example of a fit of the first
order peak at 130 �C and Fig. 5 B, C provide the linear inverse
temperature dependence of the fitting parameters assuming that
the statistical segment lengths of both arms are equal (l1 ¼ l2 ¼ l).
This analysis gives dependency 9 where T is in Kelvins:

c ¼ 0:12þ 0:19=T (9)

The resulting c values and are affected by the background
treatment in the SAXS profiles to a minor extent. We found that
subtracting the background individually from each SAXS profile
using a decaying exponential plus a polynomial of nth order plus a
constant yielded the most reproducible results. We also found a
shoulder on all our measurements at the right-hand side of the
primary peak located at around 1.4 times q*. Such a shoulder has
been observed before [25] and was found on all data sampled in the
disordered state with an amplitude inversely proportional to
temperature. The origin of this shoulder is composition fluctuations
near the ODT as discussed in detail by Bates et al. [25,26]. These
fluctuations are also shown in Ref. [26] to be persistent for a sig-
nificant temperature interval above the order-disorder transition
temperature which we confirm here. Such fluctuations are not
her-order reflections at q ¼ 0.075 Å�1 and q ¼ 0.13 Å�1 which match the relative peak
AXS profiles measured during in-situ temperature scans from 25 to 250 �C.
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accounted for in the mean-field based RPA which will thus not
produce the observed shoulder. Furthermore, the effects from
polydispersity in the sample and instrumental resolution on esti-
mated c values were assessed as described by Almdal et al. [26] and
Pedersen et al. [27] respectively. Accounting for both PDI and
instrumental resolution led to negligibly small variations in the
resulting c-values which differed only in the 3rd decimal.

Hence, from our measurements and analysis at the standard
reporting temperature, 150 �C, we estimate c150+C ¼ 0.12 for the PI-
PFMMA pair. Typically 150 �C is chosen as a standard temperature
because it is above Tg but still below the degradation temperature of
most of the known polymers [24]. The estimated c value (c150+C¼
0.12) is identical to the PS-P2VP [17] interaction parameter
(c150+C ¼ 0.12) but higher than that of PS-PI [28] (c150+C ¼ 0.08) and
PS-PFS [23] (c150+C ¼ 0.03) pairs indicating significant in-
compatibility between PI and PFMMA segments.

Moreover, our analysis suggests that the average statistical
segment length, l, is in the range 10.0e10.7 Å, which agrees well
with the values previously reported by Eitouni et al. [23] who also
investigated diblock copolymers of poly(styrene-b-ferroscenyldi-
methylsilane) from the organometallic group.

SAXS measurements performed at different temperatures for
the sample PI13kF47 shows relative featureless scattering (Fig. 6).
Only in a narrow temperature range between 205 �Ce210 �C, some
higher-order peaks are observed around q ¼ 0.075 and 0.13 Å�1.
The structure associated with these peaks suggests a lamellar
morphology as would be expected for a diblock copolymer with
symmetric composition.

4. Conclusions

Synthesized PI-b-PFMMA copolymers were subjected to tem-
perature scans while monitoring SAXS intensity in-situ. The PI-b-
PFMMA sample characterized by a lowest MW of PFMMA block
equal to 3700 g/mol exhibited the presence of an order-to-disorder
transition at 105 �C. This allowed us to derive a generally accepted
dependency of the Flory-Huggins interaction parameter (c) on
temperature. Apart from fundamental interest about thermody-
namic incompatibility between PI and PFMMA components,
knowing absolute value of c at a given temperature allows anyone
to predict an equilibrium domain spacing, pitch size and minimum
molecular weight which would be required to achieve microphase
separation in bulk [24].

Acknowledgements

Authors are thankful to Villum Foundation for the financial
support of the project.

References

[1] C.U. Pittman, J.C. Lai, D.P. Vanderpool, Kinetics of ferrocenylmethyl acrylate
and ferrocenylmethyl methacrylate polymerization. Preparation of polymeric
ferricinium salts, Macromolecules 3 (1) (1970) 105e107.

[2] S. Chernyy, Z. Wang, J.J.K. Kirkensgaard, A. Bakke, K. Mortensen, S. Ndoni,
K. Almdal, Synthesis and characterization of ferrocene containing block co-
polymers, J. Polym. Sci., Part A Polym. Chem 55 (3) (2017) 495e503.

[3] R.L.N. Hailes, A.M. Oliver, J. Gwyther, G.R. Whittell, I. Manners, Poly-
ferrocenylsilanes: synthesis, properties, and applications, Chem. Soc. Rev. 45
(19) (2016) 5358e5407.

[4] R. Sun, L. Wang, H. Yu, Z.-u. Abdin, Y. Chen, J. Huang, R. Tong, Molecular
recognition and sensing based on ferrocene derivatives and ferrocene-based
polymers, Organometallics 33 (18) (2014) 4560e4573.

[5] M. Saleem, H. Yu, L. Wang, A. Zain ul, H. Khalid, M. Akram, N.M. Abbasi,
J. Huang, Review on synthesis of ferrocene-based redox polymers and de-
rivatives and their application in glucose sensing, Anal. Chim. Acta 876 (2015)
9e25.

[6] E.S. Beh, D. De Porcellinis, R.L. Gracia, K.T. Xia, R.G. Gordon, M.J. Aziz, A neutral
pH aqueous organiceorganometallic redox flow battery with extremely high
capacity retention, ACS Energy Lett. 2 (3) (2017) 639e644.

[7] S. Kaur, S. Dhoun, G. Depotter, P. Kaur, K. Clays, K. Singh, Synthesis, linear and
nonlinear optical properties of thermally stable ferrocene-
diketopyrrolopyrrole dyads, RSC Adv. 5 (103) (2015) 84643e84656.

[8] J. Shi, C.J.W. Jim, F. Mahtab, J. Liu, J.W.Y. Lam, H.H.Y. Sung, I.D. Williams,
Y. Dong, B.Z. Tang, Ferrocene-functionalized hyperbranched polyphenylenes:
synthesis, redox activity, light refraction, transition-metal complexation, and
precursors to magnetic ceramics, Macromolecules 43 (2) (2010) 680e690.

[9] M. Hmyene, A. Yassar, M. Escorne, A. Percheron-Guegan, F. Garnier, Magnetic
properties of ferrocene-based conjugated polymers, Adv. Mater 6 (7e8)
(1994) 564e568.

[10] R.G.H. Lammertink, M.A. Hempenius, V.Z.H. Chan, E.L. Thomas, G.J. Vancso,
Poly(ferrocenyldimethylsilanes) for reactive ion etch barrier applications,
Chem. Mater 13 (2) (2001) 429e434.

[11] J.C. Lai, T.D. Rounsefell, C.U. Pittman, Copolymerization of ferrocenylmethyl
acrylate and ferrocenylmethyl methacrylate with organic monomers, Mac-
romolecules 4 (2) (1971) 155e161.

[12] C.U. Pittman, A. Hirao, Anionic homopolymerization of ferrocenylmethyl
methacrylate, J. Polym. Sci. A Polym. Chem. 15 (7) (1977) 1677e1686.

[13] M. Gallei, B.V. Schmidt, R. Klein, M. Rehahn, Defined poly[styrene-block-
(ferrocenylmethyl methacrylate)] diblock copolymers via living anionic
polymerization, Macromol. Rapid Commun. 30 (17) (2009) 1463e1469.

[14] C.M. Bates, M.J. Maher, D.W. Janes, C.J. Ellison, C.G. Willson, Block copolymer
lithography, Macromolecules 47 (1) (2014) 2e12.

[15] M.D. Rodwogin, C.S. Spanjers, C. Leighton, M.A. Hillmyer, Poly-
lactide�Poly(dimethylsiloxane)�Polylactide triblock copolymers as multi-
functional materials for nanolithographic applications, ACS Nano 4 (2) (2010)
725e732.

[16] M.W. Matsen, F.S. Bates, Unifying weak- and strong-segregation block
copolymer theories, Macromolecules 29 (4) (1996) 1091e1098.

[17] M.F. Schulz, A.K. Khandpur, F.S. Bates, K. Almdal, K. Mortensen, D.A. Hajduk,
S.M. Gruner, Phase behavior of polystyrene-poly(2-vinylpyridine) diblock
copolymers, Macromolecules 29 (8) (1996) 2857e2867.

[18] P. Claudy, J.M. L�etoff�e, Y. Camberlain, J.P. Pascault, Glass transition of poly-
styrene versus molecular weight, Polym. Bull. 9 (4) (1983) 208e215.

[19] J. Zhao, B. Majumdar, M.F. Schulz, F.S. Bates, K. Almdal, K. Mortensen,
D.A. Hajduk, S.M. Gruner, Phase behavior of pure diblocks and binary diblock
blends of poly(ethylene)�poly(ethylethylene), Macromolecules 29 (4) (1996)
1204e1215.

[20] S. Foerster, A.K. Khandpur, J. Zhao, F.S. Bates, I.W. Hamley, A.J. Ryan, W. Bras,
Complex phase behavior of polyisoprene-polystyrene diblock copolymers
near the order-disorder transition, Macromolecules 27 (23) (1994)
6922e6935.

[21] J.L. Adams, W.W. Graessley, R.A. Register, Rheology and the microphase sep-
aration transition in styrene-isoprene block copolymers, Macromolecules 27
(21) (1994) 6026e6032.

[22] C.C. Lin, S.V. Jonnalagadda, P.K. Kesani, H.J. Dai, N.P. Balsara, Effect of molec-
ular structure on the thermodynamics of block copolymer melts, Macromol-
ecules 27 (26) (1994) 7769e7780.

[23] H.B. Eitouni, N.P. Balsara, H. Hahn, J.A. Pople, M.A. Hempenius, Thermody-
namic interactions in organometallic block Copolymers: poly(styrene-block-
ferrocenyldimethylsilane), Macromolecules 35 (20) (2002) 7765e7772.

[24] C. Sinturel, F.S. Bates, M.A. Hillmyer, High celow N block polymers: how far
can we go? ACS Macro Lett. 4 (9) (2015) 1044e1050.

[25] F.S. Bates, J.H. Rosedale, G.H. Fredrickson, Fluctuation effects in a symmetric
diblock copolymer near the orderedisorder transition, J. Chem. Phys. 92 (10)
(1990) 6255e6270.

[26] K. Almdal, F.S. Bates, K. Mortensen, Order, disorder, and fluctuation effects in
an asymmetric poly (ethylene-propylene)-poly (ethylethylene) diblock
copolymer, J. Chem. Phys. 96 (12) (1992) 9122e9132.

[27] J.S. Pedersen, D. Posselt, K. Mortensen, Analytical treatment of the resolution
function for small-angle scattering, J. Appl. Crystallogr. 23 (4) (1990)
321e333.

[28] A.K. Khandpur, S. Foerster, F.S. Bates, I.W. Hamley, A.J. Ryan, W. Bras,
K. Almdal, K. Mortensen, Polyisoprene-Polystyrene diblock copolymer phase
diagram near the order-disorder transition, Macromolecules 28 (26) (1995)
8796e8806.

http://refhub.elsevier.com/S0032-3861(17)31093-5/sref1
http://refhub.elsevier.com/S0032-3861(17)31093-5/sref1
http://refhub.elsevier.com/S0032-3861(17)31093-5/sref1
http://refhub.elsevier.com/S0032-3861(17)31093-5/sref1
http://refhub.elsevier.com/S0032-3861(17)31093-5/sref2
http://refhub.elsevier.com/S0032-3861(17)31093-5/sref2
http://refhub.elsevier.com/S0032-3861(17)31093-5/sref2
http://refhub.elsevier.com/S0032-3861(17)31093-5/sref2
http://refhub.elsevier.com/S0032-3861(17)31093-5/sref3
http://refhub.elsevier.com/S0032-3861(17)31093-5/sref3
http://refhub.elsevier.com/S0032-3861(17)31093-5/sref3
http://refhub.elsevier.com/S0032-3861(17)31093-5/sref3
http://refhub.elsevier.com/S0032-3861(17)31093-5/sref4
http://refhub.elsevier.com/S0032-3861(17)31093-5/sref4
http://refhub.elsevier.com/S0032-3861(17)31093-5/sref4
http://refhub.elsevier.com/S0032-3861(17)31093-5/sref4
http://refhub.elsevier.com/S0032-3861(17)31093-5/sref5
http://refhub.elsevier.com/S0032-3861(17)31093-5/sref5
http://refhub.elsevier.com/S0032-3861(17)31093-5/sref5
http://refhub.elsevier.com/S0032-3861(17)31093-5/sref5
http://refhub.elsevier.com/S0032-3861(17)31093-5/sref5
http://refhub.elsevier.com/S0032-3861(17)31093-5/sref6
http://refhub.elsevier.com/S0032-3861(17)31093-5/sref6
http://refhub.elsevier.com/S0032-3861(17)31093-5/sref6
http://refhub.elsevier.com/S0032-3861(17)31093-5/sref6
http://refhub.elsevier.com/S0032-3861(17)31093-5/sref6
http://refhub.elsevier.com/S0032-3861(17)31093-5/sref7
http://refhub.elsevier.com/S0032-3861(17)31093-5/sref7
http://refhub.elsevier.com/S0032-3861(17)31093-5/sref7
http://refhub.elsevier.com/S0032-3861(17)31093-5/sref7
http://refhub.elsevier.com/S0032-3861(17)31093-5/sref8
http://refhub.elsevier.com/S0032-3861(17)31093-5/sref8
http://refhub.elsevier.com/S0032-3861(17)31093-5/sref8
http://refhub.elsevier.com/S0032-3861(17)31093-5/sref8
http://refhub.elsevier.com/S0032-3861(17)31093-5/sref8
http://refhub.elsevier.com/S0032-3861(17)31093-5/sref9
http://refhub.elsevier.com/S0032-3861(17)31093-5/sref9
http://refhub.elsevier.com/S0032-3861(17)31093-5/sref9
http://refhub.elsevier.com/S0032-3861(17)31093-5/sref9
http://refhub.elsevier.com/S0032-3861(17)31093-5/sref9
http://refhub.elsevier.com/S0032-3861(17)31093-5/sref10
http://refhub.elsevier.com/S0032-3861(17)31093-5/sref10
http://refhub.elsevier.com/S0032-3861(17)31093-5/sref10
http://refhub.elsevier.com/S0032-3861(17)31093-5/sref10
http://refhub.elsevier.com/S0032-3861(17)31093-5/sref11
http://refhub.elsevier.com/S0032-3861(17)31093-5/sref11
http://refhub.elsevier.com/S0032-3861(17)31093-5/sref11
http://refhub.elsevier.com/S0032-3861(17)31093-5/sref11
http://refhub.elsevier.com/S0032-3861(17)31093-5/sref12
http://refhub.elsevier.com/S0032-3861(17)31093-5/sref12
http://refhub.elsevier.com/S0032-3861(17)31093-5/sref12
http://refhub.elsevier.com/S0032-3861(17)31093-5/sref13
http://refhub.elsevier.com/S0032-3861(17)31093-5/sref13
http://refhub.elsevier.com/S0032-3861(17)31093-5/sref13
http://refhub.elsevier.com/S0032-3861(17)31093-5/sref13
http://refhub.elsevier.com/S0032-3861(17)31093-5/sref14
http://refhub.elsevier.com/S0032-3861(17)31093-5/sref14
http://refhub.elsevier.com/S0032-3861(17)31093-5/sref14
http://refhub.elsevier.com/S0032-3861(17)31093-5/sref15
http://refhub.elsevier.com/S0032-3861(17)31093-5/sref15
http://refhub.elsevier.com/S0032-3861(17)31093-5/sref15
http://refhub.elsevier.com/S0032-3861(17)31093-5/sref15
http://refhub.elsevier.com/S0032-3861(17)31093-5/sref15
http://refhub.elsevier.com/S0032-3861(17)31093-5/sref15
http://refhub.elsevier.com/S0032-3861(17)31093-5/sref15
http://refhub.elsevier.com/S0032-3861(17)31093-5/sref16
http://refhub.elsevier.com/S0032-3861(17)31093-5/sref16
http://refhub.elsevier.com/S0032-3861(17)31093-5/sref16
http://refhub.elsevier.com/S0032-3861(17)31093-5/sref17
http://refhub.elsevier.com/S0032-3861(17)31093-5/sref17
http://refhub.elsevier.com/S0032-3861(17)31093-5/sref17
http://refhub.elsevier.com/S0032-3861(17)31093-5/sref17
http://refhub.elsevier.com/S0032-3861(17)31093-5/sref18
http://refhub.elsevier.com/S0032-3861(17)31093-5/sref18
http://refhub.elsevier.com/S0032-3861(17)31093-5/sref18
http://refhub.elsevier.com/S0032-3861(17)31093-5/sref18
http://refhub.elsevier.com/S0032-3861(17)31093-5/sref18
http://refhub.elsevier.com/S0032-3861(17)31093-5/sref19
http://refhub.elsevier.com/S0032-3861(17)31093-5/sref19
http://refhub.elsevier.com/S0032-3861(17)31093-5/sref19
http://refhub.elsevier.com/S0032-3861(17)31093-5/sref19
http://refhub.elsevier.com/S0032-3861(17)31093-5/sref19
http://refhub.elsevier.com/S0032-3861(17)31093-5/sref19
http://refhub.elsevier.com/S0032-3861(17)31093-5/sref20
http://refhub.elsevier.com/S0032-3861(17)31093-5/sref20
http://refhub.elsevier.com/S0032-3861(17)31093-5/sref20
http://refhub.elsevier.com/S0032-3861(17)31093-5/sref20
http://refhub.elsevier.com/S0032-3861(17)31093-5/sref20
http://refhub.elsevier.com/S0032-3861(17)31093-5/sref21
http://refhub.elsevier.com/S0032-3861(17)31093-5/sref21
http://refhub.elsevier.com/S0032-3861(17)31093-5/sref21
http://refhub.elsevier.com/S0032-3861(17)31093-5/sref21
http://refhub.elsevier.com/S0032-3861(17)31093-5/sref22
http://refhub.elsevier.com/S0032-3861(17)31093-5/sref22
http://refhub.elsevier.com/S0032-3861(17)31093-5/sref22
http://refhub.elsevier.com/S0032-3861(17)31093-5/sref22
http://refhub.elsevier.com/S0032-3861(17)31093-5/sref23
http://refhub.elsevier.com/S0032-3861(17)31093-5/sref23
http://refhub.elsevier.com/S0032-3861(17)31093-5/sref23
http://refhub.elsevier.com/S0032-3861(17)31093-5/sref23
http://refhub.elsevier.com/S0032-3861(17)31093-5/sref23
http://refhub.elsevier.com/S0032-3861(17)31093-5/sref24
http://refhub.elsevier.com/S0032-3861(17)31093-5/sref24
http://refhub.elsevier.com/S0032-3861(17)31093-5/sref24
http://refhub.elsevier.com/S0032-3861(17)31093-5/sref24
http://refhub.elsevier.com/S0032-3861(17)31093-5/sref25
http://refhub.elsevier.com/S0032-3861(17)31093-5/sref25
http://refhub.elsevier.com/S0032-3861(17)31093-5/sref25
http://refhub.elsevier.com/S0032-3861(17)31093-5/sref25
http://refhub.elsevier.com/S0032-3861(17)31093-5/sref25
http://refhub.elsevier.com/S0032-3861(17)31093-5/sref26
http://refhub.elsevier.com/S0032-3861(17)31093-5/sref26
http://refhub.elsevier.com/S0032-3861(17)31093-5/sref26
http://refhub.elsevier.com/S0032-3861(17)31093-5/sref26
http://refhub.elsevier.com/S0032-3861(17)31093-5/sref27
http://refhub.elsevier.com/S0032-3861(17)31093-5/sref27
http://refhub.elsevier.com/S0032-3861(17)31093-5/sref27
http://refhub.elsevier.com/S0032-3861(17)31093-5/sref27
http://refhub.elsevier.com/S0032-3861(17)31093-5/sref28
http://refhub.elsevier.com/S0032-3861(17)31093-5/sref28
http://refhub.elsevier.com/S0032-3861(17)31093-5/sref28
http://refhub.elsevier.com/S0032-3861(17)31093-5/sref28
http://refhub.elsevier.com/S0032-3861(17)31093-5/sref28

	On the properties of poly(isoprene-b-ferrocenylmethyl methacrylate) block copolymers
	1. Introduction
	2. Materials and methods
	3. Results and discussion
	4. Conclusions
	Acknowledgements
	References


