ROYAL SOCIETY

OF CHEMISTRY

Chem Soc Rev

View Article Online
View Journal | View Issue

REVIEW ARTICLE

CrossMark
& click for updates

Cite this: Chem. Soc. Rev., 2016,
45, 5358

Polyferrocenylsilanes: synthesis, properties,
and applications

Rebekah L. N. Hailes,{ Alex M. Oliver,1 Jessica Gwyther,i George R. Whittellf and
lan Manners*

This in-depth review covers progress in the area of polyferrocenylsilanes (PFS), a well-established, readily
accessible class of main chain organosilicon metallopolymer consisting of alternating ferrocene and
organosilane units. Soluble, high molar mass samples of these materials were first prepared in the early
1990s by ring-opening polymerisation (ROP) of silicon-bridged [1lferrocenophanes (silalllferrocenophanes).
Thermal, transition metal-catalysed, and also two different living anionic ROP methodologies have been
developed: the latter permit access to controlled polymer architectures, such as monodisperse PFS
homopolymers and block copolymers. Depending on the substituents, PFS homopolymers can be
amorphous or crystalline, and soluble in organic solvents or aqueous media. PFS materials have
attracted widespread attention as high refractive index materials, electroactuated redox-active gels,
fibres, films, and nanoporous membranes, as precursors to nanostructured magnetic ceramics, and as
etch resists to plasmas and other radiation. PFS block copolymers form phase-separated iron-rich,
redox-active and preceramic nanodomains in the solid state with applications in nanolithography,
nanotemplating, and nanocatalysis. In selective solvents functional micelles with core-shell structures
Received 26th February 2016 are formed. Block copolymers with a crystallisable PFS core-forming block were the first to be found to
DOI: 10.1039/c6cs00155¢ undergo “living crystallisation-driven self-assembly” in solution, a controlled method of assembling
block copolymers into 1D or 2D structures that resembles a living covalent polymerisation, but on a

www.rsc.org/chemsocrev longer length scale of 10 nm—-10 pm.
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1. Introduction

Metal centres play a crucial role in the functions of biological
polymers and many solid state compounds, such as state of the art
magnetic materials used in data storage, electrical conductors and
superconductors, electrochromics, and catalysts. Metal-containing
polymers (metallopolymers), in which the facile processing typical
of organic polymers is combined with the worthwhile properties of
the metal centre, have therefore been long regarded as a desirable
target. However, synthetic access to soluble, well-characterised
metallopolymers with a molar mass above the critical entangle-
ment molecular weight has proven to be a significant challenge.
Although pioneering studies in the metallopolymer field were
initiated shortly after the 2nd World War, examples of well-
characterised truly macromolecular materials (with molar masses
above 10 000 g mol ') that exhibit chain entanglement, and thereby
useful mechanical properties, were not reported until the 1970s.
However, only since the mid 1990s has much more rapid progress
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has been made and metallopolymers now play an increasingly
important role in terms of complementing the vast and impressive
array of functional organic polymers that are currently available.*
Polyferrocenylsilanes (PFSs) represent one of the most well-
developed classes of metallopolymer and possess a main chain
consisting of alternating ferrocene and organosilane units.
Poorly characterised examples were first described in patents
in the 1960s as discoloured, very low molecular weight materials
formed in step-growth polycondensation reactions.>* The use of
ring-opening polymerisation (ROP) of strained silicon-bridged
[1]ferrocenophane precursors was first described in 1992 and
represents a chain-growth route.* The ROP method affords
amber, high molar mass, soluble PFS materials that have been
well-characterised by a wide range of techniques (Scheme 1).
The initial ROP approach involved thermal treatment of the
monomer (ca. 130-150 °C) but the synthetic toolbox has rapidly
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Scheme 1 Synthesis of PFSs by the ROP of silicon-bridged [1]ferrocenophanes.

n

This journal is © The Royal Society of Chemistry 2016


http://crossmark.crossref.org/dialog/?doi=10.1039/c6cs00155f&domain=pdf&date_stamp=2016-06-24
https://doi.org/10.1039/c6cs00155f
https://pubs.rsc.org/en/journals/journal/CS
https://pubs.rsc.org/en/journals/journal/CS?issueid=CS045019

Published on 27 giugno 2016. Downloaded by Fail Open on 23/07/2025 10:10:15.

Review Article

A
”'m @

Fig.1 PFSs isolated as a powder and after fabrication into films and

shapes by solution- or melt-processing. Adapted with permission from
ref. 8. Copyright 2004 John Wiley & Sons Inc.

expanded with the development of alternative, more convenient
ambient temperature routes and also “living” polymerisation
approaches. This has permitted molar mass control, access to
materials with narrow molecular weight distributions and desired
end-group functionalisation, and also the formation of PFS block
copolymers and other controlled architectures. PFS materials are
readily processed from solution or the melt (see Fig. 1) and studies
of their properties and applications by numerous workers over the
past 25 years have created a field that continues to flourish.>®
Developments concerning PFS homopolymers and/or block
copolymers and their properties and applications have been
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previously reviewed.*® This article, while aiming to be compre-
hensive, has a particular focus on more recent developments over
the past decade although key work from earlier is also discussed.

2. Synthetic routes to
polyferrocenylsilane homopolymers
2.1. Monomer synthesis

Silicon-bridged [1]ferrocenophanes were first prepared in the
mid 1970s by Osborne et al.,’ and are now readily available on a
significant scale. In solution, each of the cyclopentadienyl (Cp)
rings of ferrocene can be lithiated by a strong Li-containing base
such as n-butyllithium, catalysed by N,N,N',N'-tetramethyl-
ethylenediamine (TMEDA)."® The orange crystalline solid iso-
lated after work up has been shown to have the bulk formula of
(n’-CsH4Li),Fe-TMEDA, although single crystal X-ray analysis
has shown that other compositions are possible.""*> Reactions
between the dilithioferrocene-TMEDA complex and dichloro-
organosilanes give a wide range of sila[1]ferrocenophanes with
symmetrically and unsymmetrically substituted silicon atoms bear-
ing alkyl or aryl groups (Scheme 2(A))."*™** Alternatively, chlorine
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Scheme 2 Synthesis of sila[llferrocenophanes from ferrocene.
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has been introduced as a substituent through the reaction
of Fe(n’-CsH,4Li),-TMEDA with SiCl, or RSiCl;, which, via sub-
sequent nucleophilic substitution reactions at the SiCl,- or
SiCIR-bridge, provides a facile route to [1]ferrocenophanes with
alkoxy, aryloxy, and amino substituents at silicon.'® Hypercoordinate
silicon-bridged [1]ferrocenophanes can also be synthesised from
chlorosila[1]ferrocenophanes Fe(n>-CsH,),SiRR’ (R =R’ = Cl or R =
Me, R = Cl) and Li[2-C¢H,CH,NMe,] or Fe(n>-CsH,),SiCI(CH,CI)
and N-methyl-N-(trimethylsilyl)acetamide.'”'® These penta-
coordinate species show a pronounced Si-N or Si-O interaction
with a pseudo trigonal bipyramidal geometry at the bridging silicon
atom in the solid state."®" In addition, spirocyclic sila[1]ferroceno-
phanes can be prepared in a similar manner to that already
described: for example the reaction of Fe(n>-CsH,Li), TMEDA with
CLSi(CH,); gives silacyclobutyl[1]ferrocenophane (Scheme 2(B)).>°
These species are of importance in the preparation of PFS materials
as they function as crosslinkers during polymerisation reactions.

The introduction of an ansa-bridge can result in a loss of the
coplanar cyclopentadienyl ring arrangement of ferrocene. The angle,
o, measured between the two tilted cyclopentadienyl rings relative to
when they are parallel (« = 0°), can be taken as an indication of the
strain present. Typical values of « for sila[1]ferrocenophanes lie
between 16-21°.**'>* For example, the cyclopentadienyl rings in
dimethylsila[1]ferrocenophane are tilted by 20.8(5)° with
respect to one another, and the corresponding strain energy
for the complex was measured to be 80 k] mol *.>* Increasing
methylation of the Cp rings leads to a decreased ring tilt,
increased angles between the Cp ring planes and the exocyclic
Cp-Si bonds (), and decreased Fe-Si distances: the permethyl-
ated analogue of dimethylsila[1]ferrocenophane has an « angle
of 16.1(3)°,>* due to the greater energetic penalty in deforming
the octamethylferrocenediyl unit, the potential energy of the
ferrocenediyl unit is increased compared to the unsubstituted
case.”® Other angles that are used to describe the structure of
[1]metallocenophanes include: d, the Cpcentroia—M—CPeentroid’
angle; and 0, the C,,,,~E-Cjps," angle (Fig. 2).

In addition to loss of Cp ligand coplanarity, another con-
sequence of the ansa bridge in [1]ferrocenophanes is that the
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Fig. 2 Geometric parameters used to describe the structure of
[1lferrocenophanes.
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iron centre lies in closer proximity to the Cp ipso-carbons than
to the two carbons that lie on the opposite side of the ring.
Thus, the C-C bond opposite the ipso-carbons is shortened
relative to ferrocene. Furthermore, the angle 0 is far smaller
than is expected compared to that of ideal hybridisation at the
bridging atom, E."***

Silicon-bridged [1]ferrocenophanes are isolated as red,
crystalline solids or liquids. As a result of their ring strain, they
can readily undergo ring-opening polymerisation (ROP) reac-
tions to give polyferrocenylsilanes (PFSs). It is noteworthy that
even sila[1]ferrocenophanes with highly sterically-demanding
substituents at silicon such as Si(SiMej;); still undergo ROP."
Reported synthetic methods to prepare high molecular weight
PFSs involve: thermal, transition metal-catalysed, y-irradiation-
induced, cationic, and living anionic and photocontrolled
living anionic ROP, and these methods are now discussed.

2.2. ROP routes to PFS homopolymers

2.2.1. Thermal ring-opening polymerisation. A thermal method
of synthesising high-molecular weight PFSs from silicon-bridged
[1]ferrocenophanes was first reported in 1992, with the release of
ring-strain (6080 k] mol ) driving the reaction. Due to its relatively
high functional group tolerance, a wide range of strained ferro-
cenophanes have been used to access alkyl, alkoxy, aryl, aryloxy,
amino, and chloro functionalised PFSs (Scheme 3) via this
route.*”'>*>?® Interestingly, a cyclic dimer in addition to high
molecular weight polymer was isolated from dichlorosila[1]ferro-
cenophane when attempting thermal ROP.”>® The thermal ROP
reactions can be performed in either high boiling point solvents or
the melt, and although high molecular weight polymers are formed,
there is no control over the molecular weight and the molecular
weight distributions are broad (PDI > 1.5).

Thermal ROP of silicon-bridged [1]ferrocenophanes has
been shown to proceed via cleavage of the Cp-Si bond; in the
case of Cp rings with different degrees of methylation, non-
selective cleavage of the Si-Cp bonds occurs.” Increasing the
degree of methylation of the Cp rings resulted in increasing
onset temperatures for the polymerisation but did not appre-
ciably affect the enthalpy of polymerisation, AH},, as measured
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Scheme 3 Thermal ring-opening polymerisation of sila[1lferrocenophanes
to give PFSs.
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by DSC.?° Although attempts have been made to deduce the
mechanism of thermal polymerisation, neither this nor the
nature of the propagating species is known with certainty.
A carbanionic mechanism appears unlikely however, because
the ROP of monomers bearing Si-Cl substituents results in
high molecular weight polymers.>® Radicals also do not seem to
be involved, and the most likely mechanism appears to be a
nucleophilically-assisted process.**>

2.2.2. Catalytic ROP. In 1995 it was discovered that a
variety of late transition metal complexes catalysed the ROP
of sila[1]ferrocenophanes, to yield high molecular weight PFSs
both in solution and at room temperature.**** Complexes used
as precatalysts feature platinum (Pt°, Pt"),**7¢ for example
Karstedt’s catalyst (platinum divinyltetramethyldisiloxane
complex),*® palladium (Pd°, Pd")**** and rhodium (Rh").*”
Catalytic amounts of [Rh(1,5-cod),]A (cod = 1,5-cyclooctadiene,
A = [OTf]", [PFe] ) initiated the ROP of sila[1]ferrocenophanes
with quantitative conversion within 2 minutes.?” In the case of
Pt, it has been reported that heterogeneous metal colloids form
as the active catalysts, and postulated that oxidative-addition
and reductive-elimination reactions at the metal surface resulted
in formation of the polymer.*® For silicon-bridged ferroceno-
phanes in which one Cp ring is methylated, Pt"-catalysed ROP
proceeds solely by selective cleavage of the Si-Cp™ (Cp™ = CsH,)
bond to yield a regioregular, crystalline PFS, unlike thermal ROP
which affords a regioirregular amorphous material.*

Transition metal-catalysed ROP is advantageous in that it
does not require high monomer and solvent purity unlike
anionic ROP (Section 2.2.4), or the high temperatures used in
thermal ROP.*® The method therefore allows the use of many
monomers that would otherwise decompose under more aggres-
sive reaction conditions. However, in contrast to PFS prepared by
anionic ROP, polydispersities typically remain in excess of 1.4.
When transition metal-catalysed ROP of sila[1]ferrocenophanes
is carried out in the presence of a terminating agent containing
an Si-H bond, the molecular weight of PFS can be controlled by
variation of the initial ratio of the monomer to the silane. The
mechanism is believed to involve competition between the Si-H
and strained Si-C bonds for oxidative-addition at the metal
centre.*®*! Use of end-capping materials with Si-H groups has
allowed the preparation of regioregular, comb-shaped graft
copolymers, star-shaped polymers, and block copolymer archi-
tectures.®® Chlorosilanes such as CIMePhSiH are more effective
terminating agents than Et;SiH due to steric and electronic
considerations, and also introduce a Si-Cl end functionality to
telechelic polyferrocenylsilanes. These can then be used in a variety
of post-polymerisation reactions to yield block copolymers.*!
Alternatively, if PFS is synthesised from a monomer containing
chlorine at silicon, a wide range of substitution reactions on
the polymer backbone can be performed (Scheme 4).282%4
However, broad molecular weight distributions result with all
terminating agents.

2.2.3. ROP induced by y-irradiation and cationic initiators.
PFDMS (PFDMS: poly(ferrocenyldimethylsilane)) can be synthe-
sised from the crystalline monomer in the solid state, with the
use of y-irradiation at elevated temperature (60 °C). It was

This journal is © The Royal Society of Chemistry 2016
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Scheme 4 Transition metal-catalysed ROP of a strained
sila[llferrocenophane, and subsequent main chain functionalisation.

reported that as the dose of initiating radiation rose, the weight
average molar mass increased, indicating a greater degree of
polymerisation.** Higher radiation rates are expected to yield
more reaction centres, which typically, and contrary to the obser-
vations, would be expected to afford lower molar mass polymers.
Solid state polymerisation of crystalline [Fe(n’-CsH,),SiMePh]
yielded stereoregular PFMPS (PFMPS: poly(ferrocenylmethyl-
phenylsilane)), in a topotactic process based on NMR analysis.**
Thus, the tacticity of the polymer was inherited from the
arrangement of substituents in the crystal of the monomer.
However, as sources of y-radiation are inconvenient to access,
this is not a commonly used method.

Cationic ROP of a hypercoordinate [1]silaferrocenophane has
been reported in the presence of a silyl cation as an initiator."®
The resulting PFS appeared to retain the pentacoordinate Si
centres but the molar mass was low (M, = ca. 9000 Da).

2.2.4. Living anionic ROP routes to homopolymers

2.2.4.1. Living anionic ROP involving cleavage of the Cp-Si bond.
Living anionic ROP of sila[1]ferrocenophanes was developed in the
mid 1990s,*>*® and allows access to PFSs with molecular weight
control and predetermined chain end function, provided that
low levels of impurity are present.*®*’ For this reason, high
purity monomer is required and this is generally achieved by
multiple recrystallisation and sublimation steps to remove ring-
opened or cyclic and linear oligomeric contaminants. Induced
by nucleophilic attack of an anionic initiator at the bridging
silicon atom, ROP proceeds via Si-Cp bond cleavage generating a
basic iron-coordinated cyclopentadienyl anion. Fast initiation is
followed by rapid chain propagation, which occurs with minimal
chain transfer or termination, and therefore yields polymers of
controlled molecular weight (Fig. 3) and with narrow molecular
weight distributions (PDI < 1.2 and often <1.05). Thus, this
process is an example of a living polymerisation which, when
discovered, represented the first of its kind to afford polymers
with transition metal atoms in the main chain. Since the initial
report, the living anionic ROP of sila[1]ferrocenophanes
has been extended to other monomers with both symmetrical
(R =R’ = Me)*® and unsymmetrical (R, R’ = Me, Et; Me, Ph; Me,
iPr)*®~>! substitution at silicon (Scheme 5). Studies on silicon-
bridged [1]ferrocenophanes Fe(n’-CsH,),SiRR’ with bulky
substituents have shown that if R = H, R’ = N(SiMej3), the
monomer does not undergo anionic ROP, despite forming
polymer under thermal ROP conditions. It was proposed that
this was due to a lack of chain propagation at the Cp-based sp®
carbanion, presumably due to steric protection of the silicon
centre by the bulky N(SiMe;), substituent."” Generally the rate
of living anionic ROP decreases as the size of the substituents
on silicon increases.”"

Chem. Soc. Rev., 2016, 45, 5358-5407 | 5361
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Fig. 3 A plot of the mole ratio of monomer: initiator versus M,, for (a) the n-Buli initiated synthesis of PFDMS (R = n-Bu, E = H, Scheme 5); (b) the n-BulLi
initiated synthesis of PFEMS (PFEMS: poly(ferrocenylethylmethylsilane)). Reproduced with permission from ref. 46 (copyright 1996 American Chemical

Society) and ref. 49 (copyright 2005 American Chemical Society).
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Scheme 5 Living anionic ring opening polymerisation of sila[llferro-
cenophanes. R = Fc, Ph, or n-Bu; E = H or SiMes.

Subsequent end functionalisation can occur at the lithiated
site on the polymer using a variety of reagents to modify the
polymer properties or yield block and graft copolymers.>>>* In
addition, sequential polymerisation of different monomers can
occur to produce a range of block copolymers.*®>* If in the case
of post-polymerisation, 4-[(trimethylsilyl)ethynyl]-benzaldehyde
is used to trap the living chain, a terminal alkyne is generated.
Diblock copolymers can then be constructed via a Cu(i)-catalysed
alkyne/azide cycloaddition with azide end-capped polymers.>®
Anionic initiators used comprise alkyl, aryl, and ferrocenyl
lithiates, and can include other polymers prepared by anionic
polymerisation.*® tert-Butyldimethylsilyloxy-1-propyllithium has
also been used as an initiator for the polymerisation of
dimethylsila[1]ferrocenophane, as this provides a convenient
route to hydroxyl-terminated PFSs.>® Unfortunately, monomers
with base sensitive side groups are incompatible with this
method of polymerisation.

2.2.4.2. Living “Photocontrolled” anionic ROP involving Cp-Fe
bond cleavage. An alternative living anionic polymerisation method
was reported in the mid 2000s, involving the photoactivation
of sila[1]ferrocenophanes.””*® In this case, ROP proceeds with
irradiation of the monomer by the Pyrex-filtered emission from a
mercury lamp (4 > 310 nm) in a donor solvent, such as THF. The
subsequent, presumably solvated, ring-slipped structure reacts
with the anionic initiator, sodium cyclopentadienide (Na[CsH;]).>

Cleavage of the Fe-n'-cyclopentadienyl bond in the photoexcited
monomer affords a ring-opened species possessing a free silyl-
substituted Cp anion that can propagate via attack on another
ring-slipped monomer. The living polymer chain can then be
capped with, for example, methanol to give PFSs (Scheme 6).>"%
This method contrasts with the previously reported living
anionic ROP, which proceeds in the absence of UV irradiation
and uses organolithium initiators to induce Si-Cp(ipso) bond
cleavage.”” Nevertheless, both anionic ROPs generate polymers
of controlled molecular weight and with narrow molecular
weight distributions. Crucially for “photocontrolled” anionic
ROP, the delocalised free cyclopentadienyl initiating and
propagating sites are far less basic than the charge localised
iron-coordinated alternative that occurs in the classical anionic
ROP.>®** This reaction is therefore more tolerant of sensitive
functional monomers; for example, it has allowed the prepara-
tion of PFSs with pendant alkynyl,°* amino,** and fluoroalkyl
groups.®® Also, PFS with a pendant ruthenocenyl group was
prepared via ‘‘photocontrolled” anionic ROP to give mono-
disperse, soluble polymers, where the use of thermal ROP had
failed.®* As this polymerisation can be controlled by switching
the light source on and off, sequential addition of different
monomers is facile. Diblock copolymers have also been produced
by the use of PS (PS: polystyrene) homopolymers end-capped with
a cyclopentadienyl group, and used as macroinitiators for the
PROP of sila[1]ferrocenophanes.®® tBusterpy (4,4',4"-tri-tert-
butyl-2,2":6’,2"-terpyridine) was evaluated as another initiator,
but displayed far less molecular weight control and gave lower
polymer yields than Na[Cs;H;].>®> Remarkably, photolysis of a
solution containing dimethylsila[1]ferrocenophane, Na[CsHs],
and ¢Busterpy resulted in dissociation of both ferrocenophane
Cp rings.

Irradiation of [Fe(n>-CsH,),SiMe,] in the presence of
4,4’-dimethyl-2,2"-bipyridine, a substitutionally more labile ligand

L goR M[C5H4R"] >310mm. CHOH_

Scheme 6 Photocontrolled living anionic ring-opening polymerisation of sila[llferrocenophanes.
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than Cp, initiated ROP to give a distribution of cyclic PFSs and
linear oligomers.®® Temperature and concentration were reported
to influence the molecular weight distribution and the ratio of
cyclic to linear products, thus enabling the formation of cyclic
PFSs with molecular weights greater than 100 kDa.®®

Although the mechanism of photocontrolled anionic ROP has
not been completely elucidated, the presence of a sila-bridge in a
[1]ferrocenophane causes the cyclopentadienyl rings to tilt,
and, presumably as a consequence, weakens the Fe-Cp bond.
Metal-ligand charge transfer occurs due to photoirradiation, and
is suggested to further weaken this bond and to increase the
electrophilicity at iron and, probably, to induce Cp ring-slippage
in the presence of a donor solvent (such as THF).>® These effects
all combine to favour polymerisation when an anionic initiator is
present. Kinetic studies of the photopolymerisation at various
temperatures demonstrated that the reaction was a living pro-
cess (PDI < 1.1).°® While the photoactivation of the monomer is
independent of temperature, deactivation of the photoexcited
system, or the subsequently formed ring-slipped product (M*)
to the ground state monomer (M) is favoured at higher

M
I” Na L

Me— M ki
n1M*

I—M” Na" I%M*}—M Na'
Scheme 7 Upon irradiation some monomers (M) are promoted to a
photoexcited state (M*). The photoexcited monomer M* reacts with the
initiator (I) with rate constant k; to form a ring-opened monomer, which
undergoes chain propagation (with rate constant kp) in the presence
of more photoexcited monomer.>® The photoexcited monomer M* is
presumed to possess a ring-slipped structure.®”
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temperatures (Scheme 7). As a consequence, at elevated tem-
peratures the rates of initiation and propagation are decreased,
and ROP is slower. Moreover, the polymers obtained have a
broader molecular weight distribution (PDI = 1.2-1.3).%*

2.2.5. Post-polymerisation functionalisation. Modification
of the properties of PFS materials is most commonly achieved
by varying the substituents on the silicon atom of the organo-
silyl spacer. This can be performed either on the monomer, as
described in Scheme 3, or with post-polymerisation reactions
on the PFS backbone (Scheme 8). Certain reaction conditions,
such as the presence of low pH, should be avoided generally, as
PFS can be sensitive towards chain cleavage by acid.

PFSs with chlorine substituents at silicon undergo nucleo-
philic substitution reactions to give a variety of products,
including hydrophilic PFSs with organic substituents that
promote water solubility.>®*%®® The first of these was reported
in 2000, through the treatment of poly(ferrocenylchloro-
methylsilane) with oligo(ethylene glycol) monomethylether or
Me,NCH,CH,OH.>*® Cationic polyelectrolytes were subsequently
prepared via quaternisation of the dimethylamino groups in
the latter. Further water-soluble polyelectrolytes were synthe-
sised from PFS (R = Me, R’ = C= CCN(Me,SiCH,),), which itself
was readily obtained via a substitution reaction from
poly(ferrocenylchloromethylsilane).®® These polyelectrolytes
remained stable in water even after a period of several months.
The PFS, [Fe(n’-CsH,),SiMe(N(CH,);SiMe,(CH,),SiMe,)], was
prepared by the ROP of a ferrocenophane precursor with a cyclic
silylamino substituent via an unexpected rearrangement/ring
expansion process.®® Alternatively, the water-soluble cation,
poly(ferrocenyl(3-ammoniumpropyl)methylsilane) was produced
by the ROP of [Fe(n’-CsH,4),SiCH;(CH,);Cl] and subsequent
amination of the chloropropyl moieties using potassium
1,1,3,3-tetramethylsilazide followed by protonation (Scheme 8).”

]

R=Me,R'=
R"OH, EtsN, tol
R" = CH,CH,NMe,

R=Me,R'=Cl

Me Ph
PhLi, 24 h ES

t BuLl/KOt Bu

Mei éMeLi\SD
S‘iq'% Li n

Scheme 8 Examples of post-polymerisation functionalisation methods for polyferrocenylsilanes.
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Water-soluble PFS polyanions and polycations have also been
synthesised by reaction of poly(ferrocenyl(3-halopropyl)methyl-
silanes) (halo = Cl, Br, or I) with a variety of nucleophiles, including
alkali metal amides, neutral amines, and ester enolate anions.”®”?

With a hydrogen or olefinic substituent at silicon, hydrosilation
chemistry is possible. Reaction of poly(ferrocenylmethylvinylsilane)
with Et;SiH allowed for facile functionalisation, giving an example
of a hexane-soluble PFS material.”* Hydrosilylation reactions have
also proved useful in attaching mesogenic groups to PFSs contain-
ing Si-H functionalities, which allow access to thermotropic side
chain liquid crystalline (LC) materials.”*

Thiol-ene click chemistry provides a versatile approach to
PFS functionalisation. The reaction of a range of thiols with
vinyl-containing PFS scaffolds gave hydrothiolated PFSs, which
displayed interesting solubility and functionality.”® As a diverse
range of thiols are available, and the thiol-ene reaction is
tolerant to most functional groups, this post-polymerisation
route is useful for the preparation of PFS materials with a range
of properties from the same homopolymer precursor.

Highly metallised PFSs: [Fe(n’-CsH,),Si(Me)(Co,(CO)sC,Ph)],
(Co-PFS), [Fe(n>-CsH,),Si(Me)(M0,Cp,(CO),C,Ph)], (Mo-PFS), and
[Fe(n’>-CsH,),Si(Me)(Ni,Cp,C,Ph)], (Ni-PFS), were synthesised by
the clusterisation of carbon-carbon triple bonds in an acetylide
substituted PFS.”®’” By varying the chain length of the parent
acetylide-substituted PFS or by changing the extent of clusterisa-
tion, the molecular weight and metal content of the PFS, respec-
tively, could be controlled.”” The materials were all air- and
moisture-stable and they have been shown to serve as resists for
electron-beam and UV photolithography (Section 3.9).

Another distinct route to PFS modification involves ROP
of Cp-substituted sila[1]ferrocenophane monomers, but the
syntheses of such species are multi-step and often low yielding.”®
Functional groups directly attached to the cyclopentadienyl rings are
appealing as the redox properties of the iron centres can be directly
influenced. In response to aforementioned synthetic problems,
successful functionalisation of the Cp groups of PFDMS was
reported using low temperature metalation with ¢BuLi/KOt-Bu
in THF, followed by reaction with Me;SiCl (Scheme 8). The degree
of substitution varied between 0.59 and 1.82 per ferrocendiyl, the
maximum of which was achieved with a mixture of polymer and
KOt-Bu (8 equivalents), and ¢BuLi (16.5 equivalents). Notably,
lithiation occurred regioselectively on the B-carbon.” The substitu-
tion of the Cp ring led to a loss of crystallinity, solubility in alkanes,
and a large increase in glass transition temperatures.

3. Polyferrocenylsilane
homopolymers: properties and
applications

3.1. Solution characterisation

Multiple methods for determining the molecular weights and
molecular weight distributions have been used for soluble
PFSs, the most common of which is gel permeation chromato-
graphy (GPC). To characterise the solution behaviour of PFS in
tetrahydrofuran (THF), PFDMSs spanning a molecular weight
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range of ca. 10 000-100 000 g mol ™, with narrow polydispersities,
were synthesised by anionic polymerisation. The molecular
weight was determined by GPC versus monodisperse polystyrene
standards, GPC with a triple detection system (refractive index,
viscometry, and light-scattering), and static light scattering.®
Whilst the latter two techniques produced molecular weights that
were in good agreement, conventional GPC versus PS standards
gave a 30% underestimation. In THF, PFDMS retains a more
compact random coil conformation than for PS of the same
molecular weight, due to less favourable PFDMS-solvent interac-
tions. The Mark-Houwink parameter for high molar mass PFDMS
in THF at 23 °C, a = 0.62 (k = 2.5 x 10~ %), is typical of flexible
chains in a fairly marginal solvent.* Earlier studies of other PFSs
by low angle laser light scattering in THF revealed that conven-
tional GPC with PS standards for column calibration also gave a
substantial molar mass underestimation.®"**

The solubility parameter of a polymer (9) is often estimated
by measuring the degree of swelling of a lightly crosslinked
polymer network in different solvents. Thus, from the swelling
characteristics of a PFDMS network containing 4 mol% of a
spirocyclic crosslinker, a é value of 18.7 MPa'/? was established.®®
Maximum swelling of the gel is therefore observed for solvents
with & values of 18.0 to 19.4 MPa*? (xylenes (18.0), toluene
(18.2), THF (18.6), dichloromethane (18.6), chloroform (19.0),
methyl ethyl ketone (19.0)).

Small-angle neutron scattering (SANS) in solution has also
been employed to calculate the radius of gyration, weight-
averaged molecular weight, and polydispersity index of PFSs,
but in the absence of the column effects present in GPC.%*
Fitting the scattered intensity to a model based on a Schultz-
Zimm distribution of isolated chains with excluded volume
yielded molecular weight and size data that was in acceptable
agreement with values determined by GPC. However, the
assumed shape of the molecular weight distribution had a
small influence on the polydispersity index values.

Solution state 'H, '*C, and *°Si NMR spectroscopy is readily
applicable for structural characterisation of PFSs, due to the
presence of these NMR active nuclei in the polymer backbone or
side-group structure. For example, NMR analysis has been used to
investigate the tacticity of PFSs: ethylmethylsila[1]ferrocenophane
underwent living anionic ROP to give an atactic PFS as determined
from the integration of the triad methyl peaks (mm, mr/rm, and rr)
in the 'H NMR spectrum.*® Thermal ROP also appears to give
atactic materials and this has been evidenced by *°Si NMR
spectroscopy.”® In addition, post-polymerisation functionalisa-
tion can be monitored by NMR spectroscopy. A LC PFS with a
mesogenic phenyl benzoate group was characterised by "H and
3C NMR spectroscopy, and compared to the spectra of the
poly[6-(4’-butyloxyphenyl 4”-benzoyl)hexyl acrylate] to determine
when side chain grafting was complete.®

3.2. Morphology in the solid state: crystalline and amorphous
materials

In the case of PFSs, their physical properties are modified by the
substituents on silicon and the Cp rings. PFSs symmetrically substi-
tuted at silicon with small alkyl groups (Me, Et, n-Pr, n-Bu, and n-pentyl)
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are able to crystallise, as evidenced by a variety of analytical
methods.” The degree of crystallinity has been observed to
increase with time, particularly once the selected polymer has
been annealed above its T,. With longer substituents such as
di(n-hexyl), or unsymmetrical side groups at silicon, however,
PFSs are usually amorphous. One exception to this is atactic
PFMS (PFMS: poly(ferrocenylmethylsilane)) which has Me and H
substituents at silicon and was found to be semicrystalline in
nature.®® Apparently the reduced steric demand of hydrogen com-
pared to methyl still enables the ordered packing of polymer chains
even in this unsymmetrically-substituted case, despite the irregular
arrangement of substituents along the backbone. The presence of
two melting points (87 and 102 °C) for PFMS were assigned
to reorganisation of the crystals during the heating process.®®
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Chem Soc Rev

PFSs with very long flexible substituents at silicon (e.g OC;sH3,)
have been found to undergo side-chain crystallisation."®

Generally, for PFSs with hydrogen substituents on the Cp
rings, T, values can range from —51 °C with long, flexible
substituents at silicon, such as R = R’ = OC¢H;3, to 99 °C for
materials with ferrocenyl and methyl substituents, demonstrat-
ing the substantial influence of the side group structure. For a
comprehensive illustration, Table 1 contains thermal transition
and molecular weight data for PFS homopolymers determined
by differential scanning calorimetry (DSC) and gel permeation
chromatography (GPC), respectively.®”>6%68717578 A gionificant
increase in Ty also occurs when the hydrogens on the cyclopenta-
dienyl ligands are replaced with more sterically demanding alkyl
groups.3°'78

Table 1 Thermal transition and gel permeation chromatography (GPC) molecular weight data for PFS homopolymers, [Fe(n®-CsH4)-SiRR'],

R R/ Ty(Tm)?/°C M,* PDI Ref.
H H 16(165) 4 4 6
Me Me 33(122-143) 3.4 x 10° 1.5 6
Et Et 22(108) 4.8 x 10° 1.6 6
Pr" Pr" 24(98) 8.5 x 10° 2.7 6
Bu” Bu” 3(116, 129) 3.4 x 10° 2.6 6
n-CsHyq n-CsHyq —11 (80-105) 3.0 x 10° 1.6 6
n-CgHy3 n-CgHys —26 7.6 x 10° 1.5 6
Me H 9(87, 102) 4.2 x 10° 2.0 6, 86
Me Et 15 2.9 x 10° 1.7 6
Me CH,CH,CF; 59 8.1 x 10° 3.3 6
Me CH=—CH, 28 7.7 x 10° 2.1 6
Me CH,CH=CH, 7 1.1 x 10° 1.2 6
Me n-C1gHj; 1(16) 5.6 x 10° 2.5 6
Me Ph 90 1.5 x 10° 2.0 6
Me (n°-CsH,)Fe(n’-CsHs) 99 7.1 x 10° 2.3 6
Me 5-Norbornyl 81 1.1 x 10° 1.5 6
OMe OMe 19 1.5 x 10° 1.9 6
OEt OEt 0 3.8 x 10° 2.1 6
OCH,CF; OCH,CF; 16 2.2 x 10° 1.2 6
OBu OBu —43 3.9 x 10° 2.1 6
OCeH;5 OCeH;5 —51 0.9 x 10° 2.4 6
O(CH,),1CH; O(CH,),1CH; (—30) 1.9 x 10° 2.5 6
O(CH,);,CH; O(CH,);,CH; (32) 2.3 x 10° 2.2 6
OPh OPh 54 2.3 x 10° 2.0 6
OCgH,Bu'-p OC¢H,Bu'-p 89 1.9 x 10° 1.9 6
OCeH,Ph-p OCgH,Ph-p 97 5.4 x 10° 2.4 6
Me OCH,CH=—CH, 8 2.8 x 10° 2.1 6
Me OCH,CH,0COC—CH,(Me) 16 3.0 x 10° 2.7 6
Me iPr 60 2.9 x 10* 1.3 51
Me (CHy),Cl 38 1.9 x 10° 1.6 71
Me (CH,)5I 45 1.9 x 10° 1.6 71
Me (CH,);Br 41 1.5 x 10° 1.9 71
Me (CH,),SCeH 3 —28 1.5 x 10* 1.0 75
Me (CH,),SCoH1o —36 1.7 x 10* 1.0 75
Me (CH,),SC1,H,s5 —43 1.9 x 10* 1.0 75
Me (CH,),SC;gH35 (42) 2.1 x 10* 1.0 75
Me CH,CH,(CF,),CF; 16 1.8 x 10* 1.0 60
Me CH,CH,CH,C¢F5 35 1.8 x 10* 1.1 60
Me CH,CH,CF, 56 1.5 x 10* 1.0 60
Me OCH,CH,NMe;COOCH,(O(CH,)1,CH3); 16(64) € € 68
Me OCH,CH,NMe;COOCH,(O(CH,)1,CH3); 15(78) € € 68
Me OCH,CH,NMe;COOCH,(O(CH,);6CH3); 13(85) € € 68
Me" Me" 73 7.3 x 10* 1.9 78
Ph¢ Ph¢ 212 1.7 x 10° 1.4 30

“ GPC data obtained from the analysis of THF polymer solutions which contained 0.1% [Bu,N]|Br and molecular weight values are relative
to polystyrene standards. Although in this case GPC provides only molecular weight estimates, absolute determinations of M, by static
light scattering for several polymers have indicated that GPC underestimates the real values by 30%. ° DSC data collected at a heating rate of
at 10 °C min~. © PDI = M,,/M,,. ¢ Insoluble polymer. ¢ Not reported. / [Fe(n’-CsH;Me),SiMe,],. ¢ [Fe(n’-CsH;tBu),SiPh,],.
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One notable property of these materials is their high
thermal stabilities to weight loss; for example, PFS with two
hydrogen substituents retained 90% of its initial mass when
heated to 600 °C.*” PFDMS, is an amber thermoplastic with a
glass transition temperature (7y) of 33 °C, and a melt transition
temperature (7T;,) between 122-145 °C depending on the thermal
history of the polymer.*” The experimental T},, comprises a range
of values as each of the varying sizes of crystallite present melt
at minutely different temperatures.*® O’Driscoll’s equation:
Ty = Ty — KM, > describes the relationship between the
glass transition temperature at infinite chain length, T, .., and
Ty which reaches a maximum value when the polymer com-
prises ca. 90 repeat units. A detailed study of the crystallisation
behaviour of PFDMS attributed the slow rate of crystallisation to
the low melt enthalpy.®® Moreover, using the Gibbs-Thomson
approach resulted in the prediction of an equilibrium melting
temperature of ca. 215 °C.°° This value corresponds to a 100%
perfect crystallite of infinite size, which cannot be obtained
experimentally.

A LC PFS with poly[6-(4’-butyloxyphenyl-4”-benzoyl)hexyl
acrylate] side chains (Fig. 4) was synthesised by atom transfer
radical polymerisation.?> It was demonstrated to form a thermo-
tropic nematic phase in the high temperature region and smectic
A phase in the low temperature region. When compared to
poly[6-(4’-butyloxyphenyl-4’-benzoyl)hexyl acrylate], the PFS

O(CH2)604©—<

fi @tﬁ@}

Fig. 4 A LC PFS with poly[6-(4’-butyloxyphenyl-4”-benzoyl)hexyl acrylate]
side chains.
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brush material exhibited a lower glass transition temperature
(46 °C vs. 48 °C) and clearing point (118 °C vs. 125 °C).

An understanding of the conformations of PFS polymer
chains in the solid state is primarily based again on the study
of PFDMS. Molecular mechanics calculations of the possible
conformations of well-defined oligomeric species, both as iso-
lated molecules and in the solid state, have been compared to
single crystal X-ray diffraction data.’’~** The diffraction pattern
of the pentamer was found to display a broad peak with a
similar d-spacing to that of high molecular weight PFDMS, thus
providing evidence of a close relationship between the two
structures. With reference to the pentamer, a single-crystal
X-ray diffraction study showed parallel packing of trans-planar
zig-zag polymer chains, with the terminal ferrocene twisted
approximately perpendicular to the plane (Fig. 5).>> Calculations
showed the polymer chains in PFDMS to be conformationally
flexible. Intermolecular interactions were found to be significant
and the lowest energy conformation displayed twisted ferrocene
units with favourable Fe-Cp electrostatic interactions between
neighbouring polymer chains.”*

Studies of films and fibres using X-ray diffraction revealed
that crystalline PFDMS contains coexisting 2-D mesophases,
crystals with a hexagonal or tetragonal packing of macromole-
cules, and 3-D monoclinic crystalline phases.’* The formation of
partially disordered crystalline phases was attributed to small
energy differences between the various polymer conformations.
Electrospun nanofibres of PFDMS have also been studied and in
this case using electron diffraction.”® The data obtained were
consistent with the assignment of a monoclinic unit cell for the
crystals in the nanofibre. Furthermore, the c-axes of the crystals
were found to lie along the fibre axis but both the a- and b-axes of
a multitude of crystals were found to be randomly distributed
in the azimuthal directions. Studies of other PFSs, including
amorphous materials that were unsymmetrically substituted at
silicon, have also been reported.’® In comparison to the semi-
crystallinity of PFDMS and symmetrically substituted analogs

yreerteppon, X preetenon, X

Fig. 5 The crystal packing arrangement of the PFDMS pentamer, showing three pairs of molecules. The terminal ferrocenyl groups are twisted in
opposite directions, perpendicular to the interior, trans-planar, zig-zag units. Reproduced with permission from ref. 93. Copyright 1996 American

Chemical Society.
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R =CHgj, xty =2
R = OCHg, xty = 4
R =0CgH3, x+ty =4

R1=CD3, R2 = CH3
R; = R, = OCD3

Fig. 6 Polyferrocenylsilanes studied by solid-state 2H NMR spectroscopy.

with small alkyl groups at silicon, n-hexyl substituted PFS has
been isolated as an amorphous gum with a T, of —26 °C.
Apparently, for these materials once the length of the alkyl
chain exceeds five carbon atoms regular packing of the polymer
chains cannot be achieved.” Alkoxy-substituted PFSs are also
generally amorphous, however, the incorporation of long
alkoxy chains at silicon, such as n-octadecyloxy, yields PFSs
that exhibit side-chain crystallisation to form lamellar struc-
tures with interdigitated side groups.*®

The polymer backbone motions of deuterium-labelled PFSs
over a range of temperatures were studied by solid-state
*H NMR spectroscopy, and the nature and rates of molecular
motions were determined from the shape of the spectral line
and the spin-lattice relaxation time (7). Symmetrically sub-
stituted PFSs with methyl, methoxy, hexyloxy substituents at
silicon were studied where the Cp rings were fully deuterated
(Fig. 6). Interestingly, when the Cp rings were deuterium-
labelled, a lack of motion in the backbone was observed below
the T,.”” This was unexpected because Cp ligand rotation in
ferrocene is facile due to the low barrier of rotation about the
iron-Cp bonds (3.34 k] mol~).%® At temperatures just above the
T, small-angle oscillations of the Cp groups were noted which
increased in rate with temperature. Above 50-70 °C, the spectra
indicated the presence of rapid isotropic movements. Studies of
PFSs with -CD; or -OCD; groups at silicon provided insight
into the motions of side groups as a function of temperature. For
example, deuterated PFDMS side groups showed fast methyl
rotation about the Si-CD; bond even at temperatures below the
glass transition.”® With methoxy substituents, fast methyl rotation
was observed about the O-CD; bond alongside a discrete jumping
motion displayed by the Si-O bond.”® In a separate study, solid
state ">C NMR spectra of PFDMS and poly(ferrocenyldibutylsilane)
allowed the structure and segmental motions of these semi-
crystalline polymers to be examined. Polymer main chain
rigidity on the time scale of the cross-polarisation time between
protons and carbons, Tcy, was confirmed at room temperature
although some libration of ferrocenyl groups was possible in
the latter case.'® In addition, the butyl substituents were found
to be significantly disordered.

3.3. High refractive index materials

Organic polymers possess a relatively narrow range of refractive
indices (RIs), commonly between 1.35 and 1.65,'** which limits
their application.’® To resolve this, RIs can be increased
through molecular tailoring of polymers with functional groups
that vary in electronic polarisation, such as incorporating
conjugated double bonds or aromatic heterocyclic rings directly

This journal is © The Royal Society of Chemistry 2016
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Table 2 The refractive indices at 4 = 589 nm of PFS homopolymers
[Fe(nS—C5H4)ZSiRR’]n with various substituents*©2-°

R R’ n (589 nm)
CH, CH,CH,CF, 1.599
CH, CH,CH, 1.663
CH, CH, 1.678
CH, CeHs 1.681
CH, p-OC¢H,Br 1.682
CH; Ferrocenyl 1.696
CH; Thienyl 1.691

on the polymer backbone.'®® However, the device applications

of these highly conjugated, organic polymers are often limited
by unfavourable optical properties and insolubility.'** An alter-
native approach incorporates high refractive index inorganic
clusters into a polymer matrix.'> For example, Rls reported for
nanocomposites containing PEO (PEO: poly(ethylene oxide)) and
PbS range between 2.9 and 3.4.'°° These polymers, however,
suffer from optical inhomogeneities, poor processability, and
increased Rayleigh scattering at critical diameters.'> Notably,
the inclusion of highly polarisable atoms (Si, Ge, Sn, S), sub-
stituents with low molar volumes and high molar refractions
(aromatic rings, halogens excluding F), or metallic elements into
macromolecules increases the RI exhibited by the material
without significantly increasing the optical dispersion.'®”'%

High molecular weight PFSs have been found to possess
relatively high RI values (up to ca. 1.70), as expected from the
high concentration of polarisable iron and silicon atoms in the
polymer backbone.'” The refractive indices at 4 = 589 nm of
PFSs with various substituents are displayed in Table 2. These
PFSs also possess significantly lower optical dispersion than
organic polymers for the same values of refractive index."*°

Tapered optical fibres coated with PFMPS have been explored
as gas sensing devices for NH; and CO,. When a gas interacted
with the polymer coating, the resulting small variations in
refractive index caused significant changes in the transmitted
optical signal.""" However, while the device was highly sensitive
to other changes in environment, the magnitude of the response
was (qualitatively) not concentration dependent.

3.4. Redox and charge transport properties

Unlike ferrocene containing side-chain polymers, which gen-
erally only exhibit a single oxidation wave for the Fe(u)/Fe(u)
redox couple, PFSs display cyclic voltammograms with two
reversible oxidation waves of equal intensity.”*>'*>™** This
is indicative of a stepwise process where initial oxidation at
alternating iron centres occurs, because as one iron centre is
oxidised (*Ey,), the neighbouring sites become more difficult
to oxidise (Scheme 9). Thus a higher potential is required
(*E15,), resulting in the two oxidation waves with redox coupling,
AEy, = Eyp — "Eyp (2250 mV for PFSs).”> When identical
experimental conditions are used for the electrochemical experi-
ments (including the use of the same solvent and supporting
electrolyte) the separation of the two waves, AE;,, provides an
approximate measure of the electronic interaction between iron
centres along the polymer backbone.''® Studies of isolated
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Scheme 9 The stepwise oxidation and reduction of PFS.

linear and cyclic oligomers has shown that the equal intensity, two
redox-wave pattern characteristic of PFS materials corresponds to
the limiting case of an infinite chain.’®® Functionalisation of the
Cp rings with electron donating groups lowers the oxidation
potential of the ferrocene center in the neutral species. For
example, the cyclic voltammetric halfwave oxidation potentials of
PFS are reduced by ca. 55 mV per Cp methyl substituent relative to
the non-methylated polymer.*’

The redox properties of PFSs have been exploited for a wide
range of studies and applications. PFS homopolymers with a thiol
end group have been self-assembled as monolayers on a gold
surface, and probed to determine the morphology and volume
changes upon oxidation and reduction.''® Surface plasmon
resonance spectroscopy and spectroscopic ellipsometry mea-
surements showed a reversible 15% increase in thickness of
the polymer monolayers upon electrochemical oxidation, con-
firmed by X-ray reflectivity measurements. The authors attrib-
uted this change to both stretching of the polymer backbone
upon oxidation, as a result of an increase in charge density, and
the attraction of counter-ions and associated solvent molecules.
These processes were reversed when the polymer monolayer was
reduced to a neutral state. Furthermore, in a separate study,
changes in elasticity of individual PFS chains on a surface was also
induced by a change in oxidation state,""” such that the oxidised
polymer had an increased segment elasticity (45 nN nm™ ') and
Kuhn length (0.65 nm) compared to its neutral analogue
(30 nN nm™" and 0.38 nm, respectively)."’® This change was
reversible and has been used as the basis for a single (macro)-
molecular motor. PFS was operated in a controlled cyclic
fashion to perform mechanical movement (output) as a con-
sequence of an electrochemical potential (input) (Fig. 7)."'® For
PFS homopolymers (degree of polymerisation = 80) 3.4 x 10~ "]
of work was achieved at an efficiency of 5%, as estimated from
the experimental data. Closed mechanoelectrochemical cycles
of individual PFS chains have also been studied using electro-
chemical AFM-based single-molecule force spectroscopy, and a
quantitative analysis of the efficiency of the closed cycles has
been performed as a function of extension. A maximum value
of 26% was observed experimentally.’*® Atomic force micro-
scopy (AFM) was used to study the force interactions between
the tip and a PFS grafted gold surface subjected to external
potential in NaClO, solution."*® The physisorption of the PFS
chains to the tip dominated the total interaction force, regard-
less of a subsequently applied surface charge, if the tip was in
contact with the polymer surface prior to electrochemically
induced redox chemistry.

Although neutral PFSs are classed as insulators, with an
intrinsic conductance (¢) of 107" Q' em ™', oxidative doping
can increase this by several orders of magnitude to values in
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Fig. 7 Single molecule operating cycle of PFS macromolecules (degree of
polymerisation = 80) powered by an electrochemical potential; (inset)
schematic illustration of a single molecule operating cycle with redox-
active macromolecules. Reproduced with permission from ref. 118.
Copyright 2006 Elsevier.

the range of 107 % to 107* Q" ', typical of p-type semi-
conductors.**! The hole transport properties have been shown
to be appreciable.’® Vapour-phase chemical oxidation of PFS
thin films was achieved using iodine, via irreversible electron

transfer to form ferrocenium ion centres with [I;]” counter-

ions."**'** Further doping with I, saw the reversible formation
of [I5]” ions."* Treatment of the iodine-doped films with NH;
resulted in reformation of the insulating material. Significantly,
chemical oxidation under these conditions resulted in considerable
cleavage of the polymer backbone. Oxidation can also occur with
ferric chloride, tris(4-bromophenyl)Jammoniumyl hexachloroantimo-
nate,'*>'% tetracyanoethylene, or 2,3-dichloro-5,6-dicyanoquinone.*>
Tris(4-bromophenylJammoniumyl hexachloroantimonate, however,
can also act as an oxidant in radical cation chemistry and a Lewis
acid in carbocation mediated transformations, as aminium
hexachloroantimonates can release antimony pentachloride."”
On the other hand, tris(4-bromophenyl)aminium hexafluoro-
phosphate, and hexafluoroantimonate, cleanly oxidise ferro-
cene derivatives as the counterions are relatively inert.'*®
Decamethylferrocene was found to be a good reducing agent
for oxidised PFS.”®'?%1>3

Photo-oxidation of amorphous PFMPS thin films either cast
from chloroform solution or in the presence of chloroform
vapour, was achieved by irradiation with near-UV light."*® The
photo-oxidised films displayed a significant increase in con-
ductivity in the absence of light relative to pristine samples;
moreover, a significant photoconductive response was also

measured under illumination. However, a substantial reduction
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Fig. 8 Poly(ferrocenyldiphenylsilane) with two tert-butyl substituents per
ferrocenediyl.

in the molecular weight of the polymer was detected after the photo-
oxidation/reduction process which is believed to be caused by the
highly reactive chlorinated photoproducts derived from CHCl;.

Significant chain cleavage has been noted to be facile when
the degree of oxidation of PFS exceeded 10%, even with mildly
nucleophilic species, as the highly labile ferrocenium centres
readily undergo Fe-Cp bond cleavage.”® As oxidised PFSs are
generally insoluble in non-nucleophilic organic solvents these
materials are difficult to process and study. Introducing bulky
electron-donating substituents to the Cp rings has been used in an
attempt to resolve these issues. Thus, the oxidation potentials of
poly(ditert-butylferrocenyldiphenylsilane) (Fig. 8) were more negative
than those of the methylated or non-methylated analogues due
to the electron donating effect of the tert-butyl group on the iron
centre.”® Substantial redox coupling (AE;, = 0.33 V) was also
detected. Significantly, the presence of tert-butyl groups markedly
decreased the propensity for the polymer to undergo chain cleavage
on oxidation. Furthermore, soluble (e.g. in CH,Cl,) PFS salts were
achieved up to high degrees of oxidation (ca. 50%).”®

PFSs have also been investigated as host materials for CdSe
nanocrystals."*® It was noted that PFS caused quenching of the
band edge photoluminescence of the quantum dots in films and
in solution, although in the latter case the quenching effects
were solvent dependent. As the emission properties of the CdSe
nanocrystals can be controlled via the oxidation of PFS, there are
potential applications in electrochromics or optical switching in
which the response of the nanocrystal is altered by the redox
chemistry of the polymer.

PFDMS and PFMPS have also shown potential as charge
dissipation coatings for dielectric poly(ethylene terephthalate)
(Mylar) films."*" In this study, a 50 mm thick Mylar layer was
coated with PFS and then exposed to an electron beam. It was
noted that the PFSs imparted a high degree of immunity to
the dielectric films with respect to high energy arc discharges
brought about by negative charge accumulation. This was
rationalised by the explanation that the PFSs were acting as a
semiconductor: the charge formed at the surface of the coated
sample was drained slowly to the ground.

PFS nanocontainers prepared by a miniemulsion/solvent
evaporation protocol were found to release hydrophobic material
over a period of time when oxidised by H,0,."** The release was
also coupled to the enzymatic oxidation of glucose with oxygen
by the enzyme glucose oxidase.

3.5. Redox-active gels

Stimuli responsive materials rapidly alter their structure and
properties in response to changes in environment, such as pH,
temperature, applied stress, and electromagnetic fields."*?

This journal is © The Royal Society of Chemistry 2016
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While responses to such traditional stimuli have been well
documented, redox responsive gels are much less studied."**
Organic solvent swellable gels based on crosslinked PFS
were reported in 1996 and their preparation involved thermal
copolymerisation of dimethylsila[1]ferrocenophane with a
small quantity of spirocyclic [1]ferrocenophane.”®'*> As noted
earlier (Section 3.1), the best solvents for PFDMS are tetrahydro-
furan, chloroform, and dichloromethane; these resulted in the
maximum degree of swelling.®® Analogous crosslinked PFS
materials have also been produced via photo-crosslinking of
pendant methacrylate groups,® hydrolysis of PFS with ethoxy
side groups,'*® and thiol-ene addition reactions."’

As a result of the low polarity of PFS in the neutral Fe(u) state and
the higher polarity of oxidised Fe(u) materials, PFS gels show
tunable swelling based on the degree of oxidation in the selected
solvent. Based on this concept, a redox-responsive colloidal photonic
crystal was reported that consisted of an unconnected but ordered
array of silica spheres embedded in a swellable crosslinked PFS
matrix. Monodisperse silica microspheres were organised into
planar silica colloidal crystals by evaporative deposition, surface-
modified with chloromethylsila[1]ferrocenophane, and infiltrated
with ethylmethylsila[1]ferrocenophane (an unsymmetrically sub-
stituted monomer was used to prevent microcrystallisation of the
resulting PFS within the network) and a silacyclobutyl-substituted
[1]ferrocenophane crosslinker."”® Thermal polymerisation then
yielded a silica-PFS composite colloidal crystal film (Fig. 9). A later
study investigated the effect of exposing a similar photonic crystal
to solvent vapour, deducing that the subsequent swelling changed
the refractive index and increased the lattice spacing of the
photonic crystal at higher vapour pressures.'*® The degree of
swelling of the PFS chains in the photonic crystal was noted to
depend on the oxidation state of the iron centres, and the
solvent system used. This response was used to develop a device
in which the reflected colour was voltage tunable through the
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Fig. 9 Schematic of steps in fabrication of a silica—PFS composite opal.
(A) Evaporation deposition of silica colloids. (B) 200 °C, 12 h, vacuum.
(C) Treatment with capping agent (chloromethylsila[llferrocenophane).
(D) Infiltration of ethylmethylsila[llferrocenophane and a cyclobutyl-
substituted [llferrocenophane crosslinker, solvent removal. (E) Sample
covered with PTFE sheet, glass slide, and bound. (F) 190 °C, 13 h, N,.
(G) Removal of clips, PTFE, and glass cover. Reproduced with permission
from ref. 128. Copyright 2007 John Wiley & Sons Inc.
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whole visible range, via reversible expansion and contraction of
the photonic lattice."* Thin films of monodisperse silica
spheres were deposited onto glass plates coated with indium
tin oxide. The voids between the spheres were infiltrated by low
molecular weight PFMVS (PFMVS: poly(ferrocenylmethyl-
vinylsilane)), a small amount of multifunctional thiol, and a
radical photo-initiator, and were then irradiated with ultra-violet
light to give a PFS polymeric network via a thiol-ene addition
reaction. However, it was noted that electrolyte diffusion through
the silica packed polymer matrix impeded electron and ion
transport, slowed switching times, and increased the voltage
required to power the device."*’

Electroactive inverse polymer gel opals based on PFS were
reported in 2009. Silica spheres were deposited on glass and
infiltrated as before with well-defined PFMVS or PFDVS
(PFDVS: poly(ferrocenyldivinylsilane)), however after crosslink-
ing and removal of the polymer over-layer, the spheres were
removed with hydrofluoric acid.®” This yielded a free-standing
inverse polymer-gel opal in which electrolyte could freely
infuse the nanoporous lattice. When an oxidative potential
was applied, the reflected optical diffraction peak was red-
shifted, as the influx of ions and solvent caused the polymer
to swell. When a reducing potential was applied the reverse
occurred. Thus, full colour was afforded at low drive voltages
with wavelength shifts across the ultraviolet, visible, and near
infrared spectral range (Fig. 10).

Hydrogels based on water soluble PFSs have also been
developed."* The incorporation of ionic side groups into the
PFS, or the linking the polymer chains with water-soluble poly-
mers such as PEG (PEG: poly(ethyleneglycol)), has allowed for
hydrogel formation."** For example, two distinct types of PFS
polyelectrolyte networks with either permanently positively or
negatively charged side groups have been prepared (Fig. 11)."*?
The reaction of poly[ferrocenyl(3-iodopropyl)methylsilane]
with N,N,N',N" ,N"-pentamethyldiethylenetriamine gave a lightly
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Fig. 10 (A) Proof of full colour tuning by photographs of the first electro-
active inverse polymer—gel opal. The cross-linker concentration in this
sample was 10 mol%. (B) Extracted frames from a video taken when a
flexible P-Ink device was simultaneously switched and flexed. Reproduced
with permission of ref. 137. Copyright 2009 John Wiley & Sons Inc.
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crosslinked network. The remaining iodopropyl side groups were
then converted into positively charged moieties by quaternisa-
tion using N,N-dimethylethylamine, which resulted in a perma-
nently charged cationic network. An anionic PFS hydrogel was
obtained from poly(ferrocenyl(3-iodopropyl)methylsilane) and
a-lithio isobutyl methanesulfonate via intermolecular alkylation,
followed by cleavage of the isobutylsulfonate side groups using
tetrabutylammonium iodide, and exchange of counterions. The
PFS hydrogels showed reversible hydration and dehydration in
water, the extent of which was controlled by the redox voltage.
An obvious change in mechanical behaviour occurred upon the
oxidation of the anionic hydrogel: the elastic nature was lost and
the gel collapsed. However, the network reswelled and regained
its elasticity upon subsequent reduction and reestablishment of
charge balance.'**> Water-solubility was also achieved by cross-
linking PFS containing acrylic side groups with PEG-dithiol
using the thiol-ene addition click reaction.'*® The redox state,
and hence swelling and mechanical properties of the PFS, could
be reversibly tuned. The PFS-PEG hydrogel was proposed to have
potential use as a redox controlled drug release carrier where
release is based on hydrophobic-hydrophilic switching. A dual
thermo- and redox-responsive poly(N-isopropylacrylamide)-PFS
based hydrogel was synthesised as a precursor for the redox-
induced formation of hydrogel silver composites."** These com-
posites were reported to have a good biocompatibility with cells
and display high antimicrobial activity. Dual-responsive PFS
bottlebrushes with poly(N-isopropylacrylamide) side chains have
also been studied."*’

Redox-responsive PFS-based poly(ionic liquids) (PILs)
have been reported to form water swellable, redox-active gels.
Poly[ferrocenyl(3-iodopropyl)methylsilane] was reacted with
1-vinylimidazole, before the iodide counterions were exchanged
for chloride to improve solubility."*® At low concentrations, the
PIL self-cross-linked into nanogels, and at higher concentra-
tions macroscopic hydrogel networks were formed. Chemical
oxidation of the iron centres in PFS by H,0, was accompanied
by a distinct colour change from amber to blue/green."*® Upon
oxidation the hydrogel collapsed, while subsequent reduction
allowed the PFS chains to reswell. A possible use of PFS-PIL is
as a stabiliser for micro-emulsion polymerisation, due to the
amphiphilic nature of the polymer chain. Redox-responsive
porous membranes have been formed by electrostatic com-
plexation between PFS-based PILs with vinylimidazolium
bis(trifluoromethylsulfonyl)imide side groups (VImTf,N), and
PAA (PAA: poly(acrylic acid))."”” The PFS-VIMTf,N/PAA membrane
displayed redox responsive behaviour, which enabled reversible
switching between open and closed porous structures with asso-
ciated changes in permeability (Fig. 12). The authors noted that
such a system could have uses in selective filtration, the prepara-
tion of enzyme-entrapped membranes for bio-sensing, controlled
loading and release, and catalysis in microfluidic reactors.

A comb copolymer consisting of a PFS backbone with
N-dimethylethyl and N-dimethyldecyl ammonium substituents
(Fig. 13) was reported for use in the redox triggered release of
molecular payloads. The amphiphilic behaviour of the comb
polymer allowed the formation of micellar assemblies with
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Fig. 12 Cross-sectional and surface SEM images of PFS-VImTf,N/PAA
porous membranes after oxidation at 0.6 V for 10 min (a), and then
reduction at —0.2 V for 10 min (b). Scale bars are 1 pm. Reproduced with
permission from ref. 147. Copyright 2014 John Wiley & Sons Inc.

hydrophobic pockets that displayed redox-induced morphology
changes in water."*® When Paclitaxel and Nile Red were encapsu-
lated in the micelles, oxidation of the polymer chains caused a shift
to a less compact structure that allowed their controlled release.

3.6. Magnetic ceramic precursors

Ceramic materials have traditionally been prepared from pow-
ders in a sequence of synthesis, processing, shaping, and
sintering steps that require exact stoichiometries and afford
little control over ceramic morphology.'*® Moreover, the very
high temperatures (>1500 °C) required mean that processing
is both difficult and expensive. Synthesis from polymers has
been explored as it allows for homogeneous ceramics, better
control over morphology, and enhanced physical properties, in

This journal is © The Royal Society of Chemistry 2016
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Fig. 13 A comb-copolymer consisting of a PFS backbone with N-dimethyl-
ethyl and N-dimethyldecyl ammonium substituents.

addition to easy fabrication into fibers, films and shaped
objects.”®® The incorporation of iron into polymer precursors
has the potential to introduce magnetic, conductive, and cata-
lytic properties.’> PFSs are a well-studied class of organome-
tallic polymers for the preparation of Fe/Si/C ceramics with the
first studies reported in 1993.'>*

Pyrolysis of PFSs at temperatures above 500 °C under a flow
of nitrogen yielded o-Fe crystallites embedded in a C/SiC/Si;N,
matrix.">>">* Various substituents on silicon were investigated
and PFSs with Si-H and vinyl groups gave the highest ceramic
yields at 600 °C, whilst a 1:1 blend of both was highest at
1000 °C. Nonetheless, these ceramic yields (17-56%) were still
too low to afford good shape retention.'®® Subsequent work
demonstrated that a crosslinked matrix obtained from the
thermal ROP of dimethylsila[1]ferrocenophane with a spirocyclic
crosslinker formed well-defined ceramics when pyrolysed at
600-1000 °C, in greater than 90% ceramic yield (Scheme 10).'>
Within this temperature range it was found that the magnetic
properties of the ceramics could be tuned. When prepared at
temperatures below 900 °C small, single domain iron nanoclusters
were formed that displayed virtually no hysteresis at 100 or
300 K, characteristic of superparamagnetic ceramics (Young’s
modulus = 29.4 GPa). Ceramics prepared at higher temperatures
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Scheme 10 Thermal ROP of PFDMS with a spirocyclic crosslinker to give
a crosslinked matrix.

(Young’s modulus = 15.4 GPa), however, contained larger
ferromagnetic, multi-domain iron nanoparticles. This cross-
linked PFS system enabled the shape retention of monolithic
shaped objects and formation of micron-scale patterned
materials (Fig. 14).">" A possible mechanism for ceramic for-
mation from the PFS network involved the controlled release of
Fe atoms from the matrix, and nucleation and growth of iron
nanoparticles.

The pyrolysis of hyperbranched PFDMS has also been studied
and this yielded conductive, magnetic ceramics that exhibited a
negligibly small hysteresis loss."”® A 3-D mesoporous network
of nanoclusters was generated via simultaneous evaporation of
volatile organics and agglomeration of inorganic elements during
pyrolysis. These hyperbranched polymers were determined to
be superior to the linear analogues in terms of ceramic yield
and retention of iron in the product (respectively 48-62% and
36-43%, vs. 36% and 11% for the linear polymer).'*® The high
ceramic yield for magnetic Fe nanoclusters with high magnetic
susceptibilities was corroborated by further work on a hyper-
branched PFS polymer from ferrocenyl dilithium and silicon
tetrachloride (SiCl,).">” However, the solubility of the resulting
polymers was remarkably reduced. Similarly, hyperbranched
polymers were produced from dilithioferrocene with trichloro-
silanes.'®® It was noted that the polymers with small substitu-
ents at silicon were partially soluble, while those with long
alkyl chains were completely soluble and readily formed films,
which were then pyrolysed to give ferromagnetic ceramics. The
roles of atmosphere and heating rate on the composition and
magnetic properties of Fe/Si/C ceramics formed from hyper-
branched PFS has also been investigated. The iron present in
the ceramics sintered at 900 °C under N, and NH; atmospheres

a)
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Fig. 15 SEM images of hyperbranched PFS microspheres (25 °C) and
ceramic microspheres after pyrolysis at 600 and 900 °C: the overall
appearance (left) and cross-section morphology (right). Reproduced with
permission from ref. 160. Copyright 2015 Springer Publishing Company.

appeared as o-Fe, while those sintered under air contained
v-Fe,0; and carbon.”® Ceramics sintered under all three atmo-
spheres were ferromagnetic with low remnant magnetisation
and coercivity; however, those sintered under NH; displayed the
largest saturation magnetisation. This was increased further
when ceramics were prepared at a slow heating rate. The
pyrolysis of the hyperbranched PFS at different temperatures
was used to obtain ceramic microspheres with porous struc-
tures by solvent extraction/evaporation-based microencapsula-
tion methods (Fig. 15)."°° Fe nanoparticles were also produced
on the internal surface of the pores, giving the ceramic micro-
spheres catalytic properties.

A bimetallic system was developed to combine the proces-
sability of linear high molecular weight polymers, the high
ceramic yields achieved by thermally crosslinked systems, and
the presence of a high concentration of two different metal
atoms. An acetylene-substituted PFS was functionalised in a high
yield post polymerisation by reaction with Co,(CO)g."®* Ceramics
prepared from [Fe(n>-CsH,),Si(Me)C,PhCo,(CO)s], (Co-PFS) at

Fig. 14 (A) Pentagon-shaped polymer (bottom) and the resulting pentagon-shaped ceramic after pyrolysis (top). (B) SEM images of a patterned polymer
film, it is evident that the polymer film replicated the triangular grooves patterned on the Si wafer. (C) SEM image of the resulting ceramic film, illustrating
the shape retention of the polymer without the presence of a mould during pyrolysis. Reproduced with permission from ref. 151. Copyright 2002

American Chemical Society.
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600 °C were superparamagnetic, and those prepared at 900 °C
ferromagnetic or superparamagnetic with a 7, > 355 K. It was
also reported that at 500 °C pyrolysis, smaller NPs were formed in
the underlying layer of the ceramic film, while partially
embedded uniform and larger CoFe alloy nanoparticles formed
on the film surface.'®” Pyrolysis of Co-PFS at higher temperatures
yielded larger nanoparticles with a broad size distribution at the
film surface (800 °C: 36.5 £ 12.5 nm, 900 °C: 40.5 + 14.8 nm).
Moreover, surface nanoparticles were found to be oxidised upon
exposure to air.

Fabrication of patterned arrays of magnetic ceramics on the
sub-micron scale was achieved by electron-beam lithography
and pyrolysis of thin films with Co-PFS acting as a negative
resist. Co-PFS was also found to act as a negative-tone UV-
photoresist.'®® Furthermore, reactive ion etching of a thin film
of Co-PFS with either a hydrogen or an oxygen plasma in a
secondary magnetic field, afforded ferromagnetic ceramic films
in a viable alternative to pyrolysis.'®** PFEMS was doped with
palladium(u)acetylacetonate either by sublimation of Pd(acac),
which formed Pd nanoparticles in the PFEMS films, or by
mixing Pd(acac), with the PFEMS polymer precursor prior to
film deposition.'**” The magnetic susceptibility of the resultant soft
processable paramagnetic polymer films increased with palladium
content. Upon pyrolysis of the precursors, ferromagnetic ceramics
were formed. Unusually, FePd alloys were observed for ceramics
formed by pyrolysis under argon at 1000 °C, which resulted in
their enhanced coercivity, remnant magnetisation, and satura-
tion magnetisation.

Composite materials of mesoporous silica and PFDMS have
been prepared using a vapour-phase impregnation technique,
where ROP occurs in situ inside the channels of silica. The
pyrolysis of the resultant materials gave composites with Fe
nanoparticles (20 + 5 A) confined to the channels of the
mesoporous silica.'®® In a later report, Fe(n’-CsH,),SiMe, and
Fe(n’-CsH,),Si(CH,); were incorporated into the hexagonal
channels of mesoporous silica. However, in the latter case the
ferrocenophane ring was completely opened, whilst the sila-
cyclobutane ring remained mostly intact. When pyrolysed, the
composites containing PFDMS formed Fe nanoparticles in the
30-40 A channels of mesoporous silica. Characterisation indicated
that the nanostructured ceramic was superparamagnetic.'®®

PFS materials have also been investigated as burning rate
promotors. The formation of iron oxide nanoparticles has been
advanced as an explanation for the observed behaviour.'®”
Thermolysis of PFS precursors in the presence of Au and
acetylene gas has also been explored and is reported to give
Au-carbon nanotube composites.®®

3.7. Redox-active and preceramic microspheres

Solid PFS-microspheres with diameter of ca. 2 pm have been
prepared by precipitation polymerisation of dimethyl[1]silaferroceo-
phane with a spirocyclic crosslinker.**”° Chemical oxidation with
iodine gave positively charged particles. These then underwent
electrostatic self-assembly with negatively charged silica spheres to
form composite superstructures in which the larger organometallic
core was surrounded by the smaller silica particles (Fig. 16).
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Fig. 16 SEM micrographs of: (A) PFS microsphere monolayer. (B) Higher
magnification of a close packed region. (C) Negatively charged silica
microspheres electrostatically bound to the surface of oxidised poly-
ferrocenylsilane microspheres. (D) Surface patterns of core—corona oxidised
PFS microsphere-silica assemblies circumscribed by regions of silica
spheres. Reproduced with permission from ref. 169. Copyright 2001
American Chemical Society.

Thermal treatment proceeded with shape retention to give
ceramic microspheres containing o-Fe nanoclusters embedded
within a silicon carbide-carbon matrix. The magnetic properties
of the ceramics could be tuned from the superparamagnetic to
the ferromagnetic state by varying the pyrolysis conditions.'®®
Moreover, the ceramics formed into organised 2-D arrays at the
air-water interface under the influence of an externally applied
magnetic field.

PFSs with acrylate and vinyl imidazole side groups have
been used as microgel precursors."”’ Microfluidic processing
enabled a liquid jet of the two immiscible monomers to form
monodisperse PFS macro-crosslinker droplets. Cross-linked
microgel particles were then obtained via UV-induced cross-
linking of the colloids (Fig. 17). The redox-active microspheres
could act as a reducing agent for the formation of silver
nanoparticles from AgPFg, as well as directing the growth of
the resulting Ag structures. Moreover, the loading and release
of guest molecules such as rhodamine 6G, a fluorescent dye,
was demonstrated.

3.8. Layer-by-layer assembly of water-soluble
polyferrocenylsilane polyelectroytes

Electrostatic superlattices formed by layer-by-layer (LbL) self-
assembly of oppositely charged polymers have been of interest
since the technique was first reported in 1991 by Decher.'”*'”?
The LbL self-assembly method is based on electrostatic inter-
molecular forces; it involves the sequential adsorption of poly-
anions and polycations from aqueous electrolyte solutions onto
a substrate surface, forming multilayer films and hollow nano-
structures with defined structure and function. The formation
of organic-organometallic PFS-based superlattices by the layer-
by-layer deposition process involved anionic poly(styrene-
sulfonate) and the a cationic water-soluble PFS on primed
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Fig. 17 (a) Images of head-on forming droplets of PFS (b). (c) SEM images of the microgels formed from (b). (d) The diameter of PFS (b) microspheres

produced at increasing water-to-oil flow rate ratios, e.g. 10: 1 Qy, = 1 mL min™, Qpes = 0.1 mL min

~1 (e) Hydrogel precursor droplets of PFS (f) formed in

a flow focusing microfluidic device. (g) SEM images of PFS (f) microgels, and (h) SEM image of a single PFS (f) microgel particle. Reproduced with

permission from ref. 171. Copyright 2014 Royal Society of Chemistry.

Au, Si, and quartz substrates. This yielded regularly stacked,
homogeneous electrostatic superlattices.””* In another study,
poly(ferrocenyl(3-ammoniumpropyl)methylsilane) was used in
conjunction with poly(sodium vinylsulfonate) to form a multi-
layer film on quartz.”® It was noted that a linear relationship
between optical absorbance and the number of bilayers was
indicative of the formation of well-defined multilayers.

Transition metal catalysed ROP and nucleophilic substitu-
tion methodologies allowed the production of both water
soluble PFS polycations and polyanions, compounds with
charges on the polymer side groups which made them suitable
for fabrication of all-organometallic multilayer thin films using a
LbL method."”>'”® The polyions were deposited electrostatically
onto a variety of substrates, such as silicon, gold, and hydrophilic/
hydrophobically patterned substrates, the latter of which led to the
formation of laterally structured PFS multilayers.'”” It was reported
that hydroxyl-terminated monolayer alkanethiol regions prevented
deposition of the polyions due to hydrogen-bonding interactions
with the solvent.

The syntheses of PFS polyelectrolytes via photolytic ROP gave
well-controlled architectures with desired molecular weight and
low polydispersity, which are not accessible by transition metal
catalysed ROP.®> Furthermore, such control was not possible
using n-BuLi-initiated anionic ROP due to its intolerance
towards the necessary functional groups. Preliminary studies
on LbL assembly indicated that films made from monodisperse
low molecular-weight PFSs possessed a considerably thinner
bilayer thickness and higher refractive index than those made
from polydisperse PFSs.®” Subsequent findings determined
that the number of deposited bilayers primarily controlled
bilayer thickness, though ionic strength had a significant
influence.'”®'”® The refractive index of films of thickness up
to 55 nm were considerably higher than those of other common
polyelectrolytes, and values varied over the spectral range from
1.53 (near-infrared) to 1.8 (ultraviolet). Multilayer films have
also been fabricated from LbL deposition of PFS and a redox-
inert polymer, PEI (PEIL: poly(ethylene imine)), onto various
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Fig. 18 Polylferrocenyl(3-bromopropyl)methylsilane] and PEI were employed
in a layer-by-layer deposition process to form covalently connected,
redox-active multilayer thin films. Upon oxidation and reduction, these
covalently interconnected layers do not disassemble, in contrast to PFS
layers featuring similar backbone structures that are held together by
electrostatic forces. Reproduced with permission from ref. 180. Copyright
2009 American Chemical Society.

substrates (Fig. 18).'*° Interconnected by a covalent linker,
the PFS/PEI multilayers were effective for the electrochemical
sensing of ascorbic acid and hydrogen peroxide via an ampero-
metric response, and showed improved sensing performance at
higher bilayer numbers.

In 2014 a new technique was reported to allow the quanti-
tative visualisation of subnanometer height changes occurring
in thin films of PFSs upon reversible electrochemical oxidation/
reduction in situ and in real-time, electrochemistry imaging
ellipsometry (EC-IE).*®! For example, a height change of 6 + 1 A
was deduced from imaging ellipsometry data on the two step
oxidation of surface grafted PFS on a patterned area of 600 X
400 pum®. The layer-by-layer self-assembly of high molar mass,
double stranded DNA and PFS polycations into thin films and
microcapsules with three-dimensional macroporous structures
was also demonstrated.'® It was noted that the formation of
the porous architecture was likely due to the persistence length
and chain-length mismatch of the two components, as well as
the hydrophobicity of the PFS backbone.

The disassembly of polyferrocenylsilane LbL assembled
thin films has been electrochemically controlled by prolonged
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Fig. 19 LbL assembly of redox polyelectrolyte nanotubes. Reproduced
with permission from ref. 185. Copyright 2013 Royal Society of Chemistry.

exposure to a low potential. The kinetics and profile of the
multilayer release were controlled by blocking layers, surface
charge, and the type of supporting electrolyte solution.'®* The
driving force for this release of PFS was proposed to be
electrostatic polyion binding and electrostatic repulsion. A high
degree of control over the release of a fluorescent dye labelled
Dextran positioned within the multilayer structure was achieved
by varying the electrode potential.'®* The application potential
of the PFS system in controlled molecular delivery, such as
dosing in microfluidics, was also demonstrated with nanotubes.
A template assisted layer-by-layer technique was used to fabricate
redox-responsive nanotubes from composite mixtures of PFS
and PAA. Multilayers of the polyions were deposited onto the
inner pores of either anodised porous alumina or track-etched
polycarbonate membranes, followed by subsequent removal of
the template (Fig. 19)."*® Electrochemically controlled release of
dye labelled dextran molecules and negatively charged quantum
dots were achieved upon electrochemical stimulation of the
nanotubes.

Various approaches have been reported for introducing
redox-active molecules onto metallic electrodes. One of the first
methods involved the insertion of PFSs into preformed self-
assembled monolayers of hydroxyl-terminated alkane thiols
on gold from toluene solution.'®® Very low surface coverages
were achieved by inserting from very dilute PFS solutions.
Alternatively, PFS with a thiol end-group was end-grafted onto
gold substrates, forming redox-active monolayers.'®” In aqueous
NaClO,, two reversible redox peaks were observed, as expected
for the stepwise oxidation of PFSs (Section 3.4). It was deter-
mined that the oxidation process in the first step was controlled
by the diffusion of counter-ions into the polymer film, while the
second displayed greater reversibility. This was attributed to the
swelling of the partially oxidised PFS films in the aqueous
electrolyte solutions, leading to a higher segmental mobility of
the polymer chains and a much increased counter-ion mobility
within the film. In a similar manner, sulfur end-functionalised
PFDMS was grafted onto gold surfaces to form a redox respon-
sive monolayer. The adherence and friction of the films were
reversibly controlled from an oxidised state (high adhesion, high
friction) to a reduced neutral state (low adhesion, low friction),
with the gold substrate an electrode.'®® This electrode rectifica-
tion behaviour could be useful in applications in thin film
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devices based on PFS films. Gold electrodes have also been
modified by cathodic reduction of the Au substrates, immersed
in a solution of imidazolium-functionalised PFS chains in the
poly(ionic liquid), 1-ethyl-3-methylimidazolium ethyl sulfate.*°
The polymer films were employed as an ascorbic acid sensor,
exhibiting high sensitivity, stability, and reproducibility. A high
sensitivity to ascorbic acid was also exhibited by PFS films
formed by an alkylation reaction of an amine monolayer on
silicon or gold surfaces with PFS chains featuring iodopropyl
side groups."® Also, as the anchored PFS chains possessed
unreacted iodopropyl side groups they could be derivatised into a
range of functionalities including cationic, anionic, hydrophilic,
or hydrophobic moieties. This system constituted a highly
versatile platform for facile chemical modification of electro-
des. In addition to a PFS with iodopropyl side groups (PFS-I),
undecylsulfonate-substituted thin films (PFS-SO; ) were
immobilised on electrode surfaces (Fig. 20).">' The authors
reported that the surface characteristics of the two films could
be reversibly switched between hydrophobic and hydrophilic
states under electrochemical control: the water contact angle for
PFS-I varied between 80° (reduced state) to 70° (oxidised state)
over repeated cycles. However, an opposite change in wettability
was observed for PFS-SO; , where the values observed varied
from 59° (reduced state) to 77° (oxidised state). Unfortunately,
the observed switching of the PFS-SO;~ films was not possible
with water as a solvent, which would restrict the potential in situ
application of this system in aqueous solutions, for example in
microchannels for flow control."**

Layer-by-layer assembly has also been used to tune the
photonic stop band of colloidal photonic crystals, which were

PFS-I o
nm
(a) L‘
0 nm
500 nm
PFS-SO;-
®) h‘l i 20mm
0 nm

500 nm

Fig. 20 Tapping-mode AFM images in air of (a) PFS-I and (b) PFS-SOz~
films upon redox at a scan size of 500 nm and a z scale of 20 nm.
Reproduced with permission from ref. 191. Copyright 2015 American
Chemical Society.
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discussed in depth earlier (Section 3.5). Silica colloidal photonic
crystals with embedded redox-active PFS polyelectrolyte multi-
layer planar defects were prepared by growing a PFS polyelec-
trolyte in a LbL fashion onto a polydimethylsiloxane sheet. This
multilayer was transfer-printed onto the surface of a colloidal
photonic crystal before a second colloidal photonic crystal was
grown on top of the defect.'®> The structural defect allowed for
reversible tuning of the transmitting state when subjected to
redox cycling. Controlled infiltration and LbL assembly of low
molecular weight PFS electrolytes into the interstitial voids of
colloidal photonic crystals allowed for nanometre-scale fine
optical tuning in a cost-effective manner."”® Low molecular
weight and low PDI samples were used to ensure uniform
coating across the photonic lattice. As this method could be
applied to vary the optical response of any porous structure,
amorphous photonic media would benefit as multiple or reso-
nant scattering could be accurately modulated by deposition of a
dielectric thin coating on the inner pore or cavity walls.

The redox-controllable permeability of PFS-based polyelec-
trolyte microcapsules has also been studied. Polyelectrolyte
capsules were prepared via layer deposition for polyanion/
polycation pairs in the sequence of (PSS™/PAH"), (PFS™/PFS*);
(PSS™: poly(styrene sulfonate), PAH": poly(allylamine hydro-
chloride)) on melamine formaldehyde (MF) cores.’®* Once the
capsules were assembled, the ferrocene units were chemically
oxidised, which triggered capsule swelling, thus increasing shell
wall permeability, consistent with the electrostatic repulsion
within the polyelectrolyte shell due to the excess positive charge
on the chains, which would increase the distance between
segments. The substantial swelling could be suppressed by
the application of an additional coating bearing common
redox-inert species of PSS~ and PAH" on the outer wall of the
capsules."™*

3.9. Plasma and electron beam etch resists

The constant demand for smaller, faster, and more energy
efficient electronic devices has necessitated increased compo-
nent density, and thus smaller component sizes. The use of
lithography has been integral to the progress of integrated circuit
technology. PFS homopolymers and also block copolymers
(see Section 5.2.2) have attracted significant attention for
lithographic applications as a result of impressive etch resis-
tance of the organometallic component which enables pattern
transfer to a substrate. Thus, large-area PFS patterns have been
fabricated by using various soft lithographic techniques, and
subsequently transferred into the underlying substrate by
reactive ion etching (RIE).

PFMPS has been reported as a high-contrast etch mask
material,"® for example in the fabrication of uniform, nano-
porous polyethersulfone membranes.'*®*®” Under RIE PFS was
remarkably stable compared to organic polymers, due to the
presence of iron and silicon in the main chain. For example,
when exposed to an oxygen plasma a thin, non-volatile oxide
layer was formed at the surface which gave rise to relatively low
etching rates."®® Low etching rates of PFMPS were also obtained
when fluorocarbon plasmas were applied. With the oxide layer
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mask possessing such a high etching barrier, access to struc-
tures with high aspect ratios was possible, with potential use
also in very thin resist layer applications.

PFSs bearing pendant photo-crosslinkable methacrylate groups
were used as negative-tone photoresists for photolithographic
patterning.>> Although a low-cost method for the controlled two
dimensional patterning of PFS networks over large areas, cross-
linking of methacrylate side groups by free radicals that propagated
beyond the edges of the exposure pattern did not allow for
reproducible features below a 3 pm scale. A PFS bearing metal
carbonyl moieties has also been used as a negative-tone photoresist
and an electron-beam resist. [Fe(n>-CsH,),Si(Me){Co,(CO)sC,Ph}],
(Co-PFS), [Fe(n>-CsH,),Si(Me}{Mo,Cp,(CO),C,Ph}], (Mo-PFS), and
[Fe(n’-CsH,),Si(Me)(Ni,Cp,C,Ph)], (Ni-PFS) were synthesised by the
clusterisation of carbon-carbon triple bonds in an acetylide sub-
stituted PFS.”®”” All three polymers functioned as negative-tone
resists in electron-beam lithography to give well formed microbars
and microdots (Fig. 21). Co-PFS and Mo-PFS were also found to
function well as a photoresist for UV-photolithography, giving
sharp micron-sized features after UV exposure. On the other hand,
Ni-PFS was not able to act as a photoresist due to the absence of
carbonyl ligands, which prevented decarbonylation and cross-
linking of the polymer, the proposed cause of the reduced solubility
of exposed regions of Co-PFS and Mo-PFS.”

Capillary force lithography (CFL) is a non-photolithographic
technique in which a polymer, above its glass transition tem-
perature but initially confined in a thin film, is squeezed out
from areas of contact between a PFDMS stamp and silicon
substrate. It diffuses into the grooves where structures are
formed along the vertical walls of the stamp due to capillary
rise.’® The molar mass of a polymer, processing temperature,
and initial polymer film thickness all have a direct impact on the
quality of the CFL polymer patterns and so must be controlled.
Unsymmetrically substituted PFSs have been demonstrated to be
ideal polymers for CFL as they will not crystallise.>® If the
polymer resist lines have a uniform thickness, the resulting
patterns can then be used as lithographic masks.

Although PFSs have seen use and photoresists for photo-
lithographic patterning, conventional lithographic techniques
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Fig. 21 (a) Optical micrograph and (b and c) scanning electron micro-
graphs of Mo-PFS microbars (0.5 x 4.0 pm?), (d) optical micrograph, and
(e and f) scanning electron micrographs of Ni-PFS microdots (diameter =
1.0 um). Reproduced with permission from ref. 77. Copyright 2005 American
Chemical Society.
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have become increasingly difficult to use for the formation of
features with dimensions smaller than 50 nm.>* Block copoly-
mers have offered an alternative approach for the fabrication of
structures on the nanometer scale, as they can self-assemble
into a variety of nanoscale morphologies (see Section 5.1).

4. Synthetic routes to
polyferrocenylsilane block
copolymers (PFS BCPs)

4.1. ROP routes to PFS BCPs

Synthetic methods that allow the preparation of well-defined
BCPs have been available for all-organic materials since the
1950s. Living anionic polymerisation, and more recently ring-
opening metathesis polymerisation and ‘“controlled” radical
polymerisation, have played a key role in the development of
BCP science.””’ ' Synthetic routes to PFS-containing BCPs
were first developed in the mid 1990s and, depending on the
method, provide either moderate or excellent control over the
resulting segmented structures.

4.1.1. Metal-catalysed ROP routes to PFS BCPs. Transition
metal-catalysed ring-opening polymerisation of dimethylsila[1]ferro-
cenophane, has been shown to proceed in solution at room
temperature using Pt, Pd and Rh catalysts.>****%?!1 The addi-
tion of termination agents bearing a Si-H bond (e.g. Et;SiH) can
be used to control the molecular weight of the polymer by
controlling the initial monomer-to-silane ratio.*>*“*'* This
method can easily be extended to the use of polymers bearing
a terminal Si-H group to allow the formation of PFS-containing
BCPs.*® For example, the preparation of a PFDMS-h-PEO
(PFDMS: polyferrocenyldimethylsilane, PEO: polyethylene oxide)
amphiphilic BCP was achieved through this method starting
from a hydroxyl-terminated PEO.*! First, a terminal Si-H func-
tionality was incorporated by a condensation reaction between
the polymer and methylphenylchlorosilane. Reaction of the
hydrosilyl-terminated PEO with dimethylsila[1]ferrocenophane
in the presence of Karstedt’s catalyst under ambient conditions
yielded the desired PFDMS-b-PEO diblock copolymer. A PFDMS-
b-PDMS-b-PFDMS (PDMS: polydimethylsiloxane) triblock copolymer
has also been prepared via this method by using a difunctional
PDMS polymer with terminal Si-H bonds at either end of the
polymer chain.”*® As transition metal-catalysed ROP of ferroceno-
phanes is characterised by random chain termination events
involving reductive-elimination at the metal centre®® it is not a
living process and the PFS segments in the resulting BCPs
therefore have relatively high polydispersities (PDI > 1.5).

4.1.2. Living anionic ROP routes to PFS BCPs. Living poly-
merisations can allow the synthesis of polymeric materials with
excellent control over molecular weights, permit end-group
functionalisation and BCP synthesis, and access to materials
with low polydispersities (PDI < 1.1) as both chain transfer and
chain termination reactions are either absent or minimal.>**
These processes are therefore the method of choice for the
preparation of tailored, well-defined BCPs. Two mechanistically
distinct living anionic polymerisation methods have been
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developed for the synthesis of PFS BCPs using silicon-bridged
[1]ferrocenophane monomers and these are discussed in turn.

4.1.2.1. Living anionic ROP involving Cp-Si bond cleavage. The
use aryl- and alkyllithium reagents, such as phenyllithium (PhLi)
and n-butyllithium (nBulLi), as initiators for the synthesis of
PFS homopolymers and BCPs was reported over the 1994-1996
period.*>**® This allowed the preparation of well-defined materials
with controlled molecular weights and narrow polydispersities
(PDI < 1.2). The proposed mechanism involves nucleophilic
attack of the initiator at the bridging silicon centre followed by
Cp-Si cleavage to generate an anionic propagating site based on
the iron-coordinated Cp ring.> The method has been applied to
silicon-bridged [1]ferrocenophanes with a variety of substituents at
silicon, allowing access to PFS homopolymers and segments in
BCPs that are able to crystallise (e.g. PEDMS,*® PFDES>"’) or which
are amorphous (e.g. PFEMS,***° PFMPS,**?'® PFiPMS’"). Degrees
of polymerisation of 300 and higher have been reported and,
although obtaining the high molar masses required to realise PFS-
rich BCPs is a challenge, it is achievable.*?'® The ‘living’ nature of
this polymerisation allows different monomers to be added
sequentially in order of descending propagating site reactivity to
form well-defined BCPs. The reactivity of living anionic-chain end
groups for a number of common monomers has been found to
follow the sequence PI > PS > PFDMS > P2VP > PDMS ~ PMVS
(PL: polyisoprene, PS: polystyrene, P2VP: poly-2-vinylpyridine,
PMVS: polymethylvinylsiloxane).*® Following this reactivity
series allowed the synthesis of organic-organometallic BCPs
such as PS-b-PFDMS (see Scheme 11A; R = R’ = Me) and
organometallic-inorganic BCPs such as PFDMS-b-PDMS (see
Scheme 11B; R = R’ = Me).**?*° The use of this method was
subsequently extended to other polymerisable monomers, which
has allowed the preparation of PI-b-PFDMS**" and PFDMS-b-
PMVS.*?* Phosphorus-bridged [1]ferrocenophanes also undergo
living anionic ROP in the presence of aryl- and alkyllithium
reagents®*® and this has allowed the preparation of PFPP-b-
PFDMS-b-PDMS (PFPP: poly(ferrocenylphenylphosphine)).”**

A 'I)sBuLl cHex
2)
/
[ Fe SI\R
3) H,0
PS-b-PFS
B
@\ 1) nBulLi, THF
F/e s ‘ls 2) (Me,;SiO)3 :e SiMe;
@/ 3)SiMe,cl B Me Me
PFS-b-PDMS

Scheme 11 Sequential living anionic polymerisation of (A) styrene in
cyclohexane (cHex) and sila[llferrocenophane for the formation of
PS-b-PFS, and (B) silalllferrocenophane and hexamethylcyclotrisiloxane
for the formation of PFS-b-PDMS (R = R’ = Me).
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The use of difunctional initiators, such as 1,1’-dilithioferrocene
and lithium napthalide, has allowed the formation of symmetrical
PFS-containing triblock copolymers and pentablock copolymers.*®
The difunctional initiator forms propagating anionic sites at
both ends of the resulting polymer chain. This can allow
further polymerisation to create a secondary block at both ends
of the polymer chain, therefore allowing the formation of
symmetric triblock and pentablock copolymers by sequential
addition of monomers. A range of PFS-containing materials
have been prepared by this method, such as PDMS-b-PFDMS-b-
PDMS, PFDMS-b-PS-b-PFDMS and PDMS-b-PFDMS-b-PS-b-
PFDMS-b-PDMS.*®

In principle, this method can be extrapolated to any mono-
mer that can undergo living anionic polymerisation. However,
many monomers require modifications to the procedure due to
the presence of side reactions with basic carbanionic initiators and
propagating sites. For example, PFDMS-b>-PDMAEMA (PDMAEMA:
poly(dimethylaminoethylmethacrylate)) BCPs have been prepared
by a two-step anionic polymerisation (see Scheme 12).>° PEDMS
was end-functionalised with a hydroxyl group by using tert-
butyldimethylsilyloxy-1-propyllithium as an initiator followed by
deprotection of the alcohol functionality under ambient conditions.
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The deprotected PFDMS-OH was then deprotonated using KH
to give an alkoxyanion, which can initiate the anionic poly-
merisation of DMAEMA monomer, giving the PFDMS-b-
PDMAEMA BCP with well-defined block lengths and fairly low
dispersities (M,, = 11 000, PDI = 1.3).

An alternative method to yield PFDMS-b-PMMA (PMMA:
poly(methylmethacrylate)) BCPs involved the preparation of
a PFS-based atom transfer radical polymerisation (ATRP)
macroinitiator.”*® Firstly, PFDMS was prepared by anionic
polymerisation and capped with a siloxypropylchlorosilane
which was followed by deprotection and isolation to give a
PFDMS-OH polymer. The material was subsequently reacted
with 2-bromoisobutyric acid to give the desired PFDMS macro-
initiator. MMA monomer was then polymerised using the PFS
macroinitiator and an ATRP-active Ru-based catalyst to give the
PFDMS-b-PMMA BCP. The PFDMS content and molecular
weights of these materials was easily controlled through varying
the macroinitiator-to-monomer ratio, whilst maintaining
materials with relatively narrow molecular weight distributions
(PDI < 1.2).

PFDMS-»-PMMA has also been synthesised through moderation
of the reactivity of the propagating anion site (see Scheme 13).>*
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Synthesis of poly(ferrocenyldimethylsilane)-block-polydimethylaminoethylmethacrylate (PFDMS-b-PDMAEMA).
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This is necessary in order to hinder side reactions involving
nucleophilic attack at the carbonyl functionality of the MMA. This
was achieved using two additional steps that were performed
in situ and involved the use of dimethylsilacyclobutane (DMSB)
and diphenylethylene (DPE). DMSB was used as a ‘“‘carbanion
pump” to ensure efficient coupling of the DPE at the PFDMS chain
terminus. MALDI-TOF analysis of model systems suggested the
level of DMSB incorporation was 1-3 repeat units. Significantly, the
increased steric bulk associated with the anionic DPE-capped
chain end promotes attack at the alkenyl double bond in MMA
instead of the carbonyl group. This allowed successful formation
of PFDMS-b-PMMA BCPs of controlled molecular weights (M,, =
27 000-84 500) and low polydispersities (PDI < 1.1). This approach
for reactivity mediation has allowed the synthesis of a number
of other PFS BCPs previously unavailable by anionic poly-
merisation such as, for example, PFDMS-b-P2VP,**® PFDMS-b-
PtBMA (PtBMA: poly-tert-butylmethacrylate),”*” PFDMS-b-PEO
diblock copolymers,**® PS-b-PFDMS-b-PMMA>** and PS-h-PFEMS-
b-P2VP triblock terpolymers,®*® and PMMA-b-PFDMS-b-PS-b-
PFDMS-b-PMMA pentablock terpolymers.>**

A number of PFS-b-polypeptide BCPs have been prepared
by different methods for self-assembly studies and for their
potential in biological applications.****** PFDMS-b-PBLG (PBLG:
poly(y-benzyl--glutamate)) was prepared by a two-step route.**>
Firstly, the PFS segment was synthesised by anionic polymerisation
and capped with a protected amine group (see Scheme 14), which
was subsequently deprotected upon precipitation into MeOH
due to the lability of the protecting group in lower alcohols to
give PFDMS-NH,. This telechelic polymer was used to induce
the ROP of y-benzyl-i-glutamate to afford PFDMS-b-PBLG BCPs
with controlled molecular weights (M, = 15300-30200) and
narrow molecular weight distributions (PDI = 1.13-1.21). This
method has also been used for the formation of PFDMS-b-PZLys
(PZLys: poly(e-benzyloxycarbonyl-i-lysine))>** and a range of
PFS-b-tetrapeptide materials.”*>**® Use of hydroxyl-functionalised
PFDMS as an initiator for the ROP of p/i-lactide has allowed
the preparation of PFDMS-b-PLA (PLA: poly-n/i-lactide).>*”
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Scheme 15 Synthesis of polyferrocenyldimethylsilane-arm-(polyiso-
prene)s (PFDMS-arm-(Pl)s) heteroarm star polymer.

A further strategy to access PFS-b-polypeptide BCPs involves
the conjugation of two independent homopolymers through
a Diels-Alder cycloaddition mechanism to form PFDMS-b-
PBLG.**

Organometallic-organic heteroarm star polymers have also
been prepared.”*® A PFDMS-arm-(PI); was synthesised in a two-
step method (see Scheme 15); firstly PFS was prepared by
anionic polymerisation and was quenched by dropwise addition
to an excess of tetrachlorosilane to give a PFDMS-SiCl;. This was
to ensure that only one polymeric chain was grafted onto each
silane capping agent. After purification, the PFDMS-SiCl; was
added to an excess of polyisoprenyllithium as a capping agent,
which ensured complete substitution of all 3 Cl groups to afford
the desired star polymer. Linear-dendritic PFS-containing BCPs
have been synthesised by quenching living PFDMS chain ends
with chlorine-functionalised PBE (PBE: poly(benzyl ether)) first-
or second-generation dendrons.*****
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polyphosphazene (PFDMS-b-PP).

A PS-b-PFDMS-b-PS triblock copolymer with unsymmetrical
PS blocks was prepared via a similar method in a “universal
methodology” for the preparation of BCPs using chemoselective
stepwise coupling between living polymer chains and a hetero-
bifunctional linking agent.>*' PS-b-PFDMS was prepared by
living sequential anionic polymerisation and the living chains
were quenched with chloro(3-chloropropyl)dimethylsilane to yield
a Cl end-functionalised BCP. The PS-b-PFDMS was subsequently
used to quench living PS anions to yield the desired triblock
copolymer. This system could essentially allow the preparation of
BCPs with block sequences that are unobtainable for materials
exclusively prepared by sequential living anionic polymerisation
methods.

The formation of the organometallic-inorganic BCP, PFDMS-
b-PP (PP: polyphosphazene) was reported®*” by combining the
living anionic ROP route to PFS with the living cationic poly-
merisation of phosphoranimines®*?* (see Scheme 16). This
was achieved by capping living PFDMS anions with an excess of
chlorodiphenylphosphine to give PFS-PPh, after purification.

1) nBuLi, THF, RT
2) TSEBA

3) MeOH

4) MeONa, MeOH/THF
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The homopolymer end group was then chlorinated using
hexachloroethane to give the dichlorodiphenylphosphino-
functionalised PFS derivative. The telechelic PFS-PPh,Cl,
reacted with different amount of phosphoranimine monomer
and finally the material was treated with an excess of NaOCH,CF;
to make the materials air- and moisture-stable. Materials were
prepared with a range of molecular weights (M,, = 27 170-84 490)
and block ratios with narrow molecular weight distributions
(PDI = 1.09-1.19).

The combination of living anionic polymerisation techni-
ques with copper-catalysed azide-alkyne Huisgen cycloaddition
(CuAAC) “click” chemistry has facilitated the rapid expansion
of accessible functional macromolecular materials.>*® This type
of approach has been used for the convenient preparation of a
range of PFS-containing diblock copolymers (see Scheme 17),”
of which several have not been previously possible to access
through sequential anionic methods. Alkyne-functionalised
PFDMS was synthesised by quenching living PFDMS chains
with the protected alkyne, 4-[(trimethylsily)ethynyl]lbenzaldehyde
(TSEBA). The polymer was deprotected, reacted with a small
excess of the relevant azide-functionalised polymer with a Cu(i)
catalyst and subsequently purified to give the targeted BCP in
high yield. This method has been effective in the preparation of
PFS three-armed miktoarm star materials by sequential click
reactions of azide-terminated polymers to a central functional
core molecule.**

4.1.2.2. “Photocontrolled” living anionic ROP involving Fe-Cp bond
cleavage. In the presence of light, silicon-bridged [1]ferrocenophanes
can also be polymerised by anionic reagents which are insufficiently
reactive to attack the bridging silicon atom. The unusual and
interesting mechanism has been shown to involve Fe-Cp bond
cleavage and therefore differs from the aryl- or alkyllithium-initiated
living anionic polymerisation in which Cp-Si bonds are broken.>*®
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Scheme 17 Synthesis of polyferrocenyldimethylsilane-block-poly(N-isopropylacrylamide) (PFS-b-PNIPAM) via an azide—alkyne Huisgen cycloaddition
(CuAAC) “click” reaction (TSEBA: 4-[(trimethylsilyllethynyllbenzaldehyde; PMDETA: N,N,N’,N",N”-pentamethyldiethylenetriamine)).
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Scheme 18 Synthesis of polyferrocenyldi(t-butylacetylidyl)silane-block-
polyferrocenyldimethylsilane (acetylide PFS-b-PFDMS) via photolytic living
anionic polymerisation.

The detailed role of light has not been fully elucidated but it
appears to involve enhancement of electrophilicity of the Fe
centre via the population of excited states with some ligand
character, presumably accompanied by solvent co-ordination at
iron and a haptotropic shift of the Cp ring.®” Mildly basic
cyclopentadienyl anions [CsH4R]™ (R = H/Me), rather than
highly basic reagents such as nBuLi, have been used as the
anionic initiators. This leads to a relatively mild protocol that is
functional group tolerant and a useful method for the synthesis
of PFS BCPs with substituents that are inaccessible by the aryl-
or alkyllithium-initiated route due to side reactions.

An example of such a BCP prepared through the “photo-
controlled” living anionic ROP method is acetylide PFS-b-PFDMS
(see Scheme 18) which possesses acetylide groups attached to
silicon.>*® Initially, an acetylide-substituted monomer in THF
was irradiated with UV light in the presence of Na[CsH;] initiator
to yield living PFS with pendant acetylide groups. After turning
off the irradiation source, dimethylsila[1]ferrocenophane was
added and the reaction mixture was irradiated again. The
acetylide PFS-b-PFDMS was isolated after addition of methanol
to quench the reaction giving BCPs with predictable molecular
weights (based on the monomer to M[CsH;] ratio) and low
polydispersities. This method has also allowed the formation
of a range of BCPs, including PFE-b-PFDMS (PFE: polyferrocenyl-
ethylene),”*® PFPP-b-PFDMS,>*® PFPP-b-PFS;*° (PFSg: PFS with
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fluorinated side groups), PFEMS-b-PFS,**' (PFS,: PFS with amino-
alkyl side groups) and PFS-b-PCE>** (PCE: poly(cobaltoceniu-
methylene)) materials to be synthesised.

Organic-organometallic PS-b-PFS BCPs have been prepared
by a combination of conventional and photocontrolled anionic
polymerisation.>®® Firstly, PS was prepared using an alkyl-
lithium initiator and the living anionic chain ends were capped
with dichlorodimethylsilane. The resulting PS-SiMe,Cl homo-
polymer was subsequently reacted with magnesocene and
then chlorotrimethylsilane to give a PS-Cp macroinitiator. The
telechelic polymer was irradiated with UV light in the presence
of acetylide-functionalised sila[1]ferrocenophane monomer to
give the targeted PS-b-PFS diblock copolymer. Materials were
prepared with excellent molecular weight control and narrow
distributions (PDI < 1.2). This synthetic approach has been
extended to use with ferrocenophane monomers with pendant
ruthenocene units.*

4.1.3. Post-polymerisation functionalisation of PFS BCPs.
A further route to targeted PFS-based BCPs involves post-
polymerisation functionalisation using side groups introduced
during living anionic ROP. For example, PFDMS-b-PBLG BCPs
were prepared by hydrogenative cleavage of the benzyl group
in the PBLG block with H,/Pd.*** This yielded amphiphilic
PFDMS-b-PGA (PGA: poly-L-glutamic acid) BCPs which were
soluble in 0.1 M NaOH.

A highly metallised PFS-based BCP has been prepared by
post-functionalisation of acetylide PFS-b-PFDMS.>*® The pendant
acetylide groups were reacted with a nickel-based cluster reagent
[NiCp(CO)], (Cp = n*-CsHs) (see Scheme 19), forming NiPFS-b-
PFDMS materials which can form novel bulk-state morphologies
with Ni/Fe and Fe only domains. Similar methods have been
used to functionalise organic-organometallic PS-b-PFS BCPs
with cobalt and gold complexes.**?

Recently, a general route for the controlled functionalisation
of PFS-b-PMVS via a thiol-ene “click” reaction has been
reported (see Scheme 20).>** Firstly, PFDMS-b-PMVS was
synthesised by sequential living anionic polymerisation. This
was followed by functionalisation of the pendant vinyl groups
along the PMVS block backbone with a range of thiols using UV
irradiation and a photoinitiator. However, due to the localised
density of vinyl groups within the block, significant cross-
linking occurred along the PMVS block. Copolymerisation of
the PMVS block with PDMS to reduce the number of vinyl
groups and decrease unintended cross-linking was performed,

Bu Bu

CpNi—\—C C— NiCp

VAR Y

NiPFS-b-PFDMS

Scheme 19 Synthesis of highly metallised NiPFS-b-PFDMS through post-polymerisation functionalisation of acetylide PFS-b-PFDMS with [NiCp(CO)l.,.
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Scheme 20 Functionalisation of polyferrocenyldimethylsilane-block-polymethylvinylsiloxane (PFDMS-b-PMVS) via a UV initiated thiol-ene “click”
reaction (dmpap = the photoinitiator 2,2-dimethoxy-2-phenylacetophenone).

which increased the efficiency of thiol functionalisation.
This approach is particularly effective for tuning the solubility
of the resulting material or for incorporation of complex
functionality for specific applications.

Linear-hyperbranched PFS BCPs have been prepared by
post-polymerisation functionalization.>*® First, a linear diblock
copolymer was prepared by sequential photocontrolled anionic
ROP of dimethyl[1]silaferrocenophane and methylvinyl[1]-
silaferrocenophane. The second block was then functionalised
by the hydrosilylation polyaddition of different silane-based
AB, monomers.

5. PFS BCPs: properties and
applications
5.1. PFS BCP self-assembly in bulk and thin films

5.1.1. Self-assembly of PFS diblock copolymers to form
phase-separated materials. PFS BCPs phase-separate on the
nanoscale due to the immiscibility of the PFS block with a
wide range of organic or inorganic coblocks. This allows the
formation of a variety of interesting nanostructured materials
with periodic iron-rich domains and varied morphologies.>*®
Following initial reports in the mid 1990s,*® bulk and thin
film self-assembly has been studied in detail for a variety
of PFS-containing BCPs including PFDMS-b-PMMA,****” PI-b-
PFDMS,**® PS-b-PFDMS,?***° PS-h-PFEMS*?*!19*61 and PS-b-
PFiPMS.>' TEM micrographs of different solid state bulk
morphologies for PS-b-PFEMS,*® PFDMS-b-PMMA (blended
with homopolymer),>>” and PMMA-b-PFDMS-b-PS-b-PFDMS-b-
PMMA BCPs are shown in Fig. 22.*' Phase diagrams®®* for
both PS-b-PFDMS?**® and PS-b-PFEMS**?'® BCPs have been
reported previously. In the bulk, microtomed sections of these
materials can be observed by TEM without the need of staining
due to the increased scattering ability of the electron-rich PFS
domains compared to those of organic polymers.*® Complica-
tions can arise during the solid-state self-assembly of PFS BCPs
with symmetrical n-alkyl substituents at the silicon centre
(e.g. poly(ferrocenyldimethylsilane), PFDMS) due to the semi-
crystallinity of the PFS block; this is because crystal break-out
competes with the incompatibility of the blocks as the driving
force for self-assembly.>*®> Formation of self-assembled struc-
tures with a high volume fraction of the organometallic PFS
block has also proved challenging, however examples of these
have now been reported.”*'® In the case of lamellae-forming
PS-b-PFDMS, crystallisation of the PFDMS can be confined by
the higher T, organic domains.*** The effect of crystallisation
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Fig. 22 TEM micrographs for morphologies in the bulk state of PS-b-
PFEMS (a—c), PFDMS-b-PMMA (blended with homopolymer) (d) and
PMMA-b-PFDMS-b-PS-b-PFDMS-b-PMMA. (e and f) Reproduced with
permission from ref. 49 (copyright 2005 American Chemical Society),
ref. 231 (copyright 2004 John Wiley & Sons Inc.), and ref. 257 (copyright
2004 American Chemical Society).

can be avoided by using unsymmetrically substituted PFSs
(e.g. poly(ferrocenylethylmethylsilane), PFEMS) which do not
crystallise.”® It has been shown that, for the PS-b-PFDMS and
PI-b-PFDMS systems, oxidation of the PFDMS block influences
the order-disorder transition temperature of the phase-separated
morphologies.”®>**® Moreover, in depth studies of the thermo-
dynamic interactions in PS-b-PFDMS by birefringence, SAXS, and
SANS allowed the determination of the Flory Huggins interaction
parameter y between PS and PFDMS to be ca. 0.037 at 25 °C, and
is similar to that for PS and PL>® The value of ypi_prrms has been
estimated as 0.17.>

Self-assembled BCP thin films can be prepared by spin coating
dilute solutions of the BCP onto surfaces. The orientation
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of cylinder-forming self-assembled PFS BCP thin films can be
controlled through manipulation of the film thickness.**®
When the films were thinner than the equilibrium periodicity
of the microdomains, cylinders orientated themselves
perpendicular to the substrate, whilst films with a thickness
close to the equilibrium periodicity exhibited in-plane cylin-
ders. Annealing conditions also affected the orientation of the
cylindrical nanostructures.

PFS BCPs can form mesoscale dendritic structures when
subjected to hybrid annealing conditions, where thermal
and solvent annealing are implemented simultaneously, via
dewetting phenomena.>®® These hybrid annealing conditions
are essential to forming mesoscale morphologies, as using only
one of these annealing methods does not lead to notable
mesostructures. Alteration of film thickness and the solvent
annealing time can lead to the formation of different types of
mesostructure.

Blending of a PFS BCP with a different incompatible BCP
has shown to allow the preparation of host-guest-type hybri-
dised thin films that cannot be prepared with an individual PFS
BCP on its own.>”® For example, blending of PS-b-PDMS and
PS-b-PFDMS BCPs has afforded hexagonally perforated lamellae
thin films with PFDMS “guest” spheres, coated in PS spheres in a
PDMS “host” matrix. These kind of hybrid films are unattainable
without blending of two BCPs.

The effects of confinement upon the self-assembly of
PS-b-PFDMS diblock copolymer has been studied in order to
understand how topographically patterned substrates affect the
packing and morphology obtained.””'>”* PS-b-PFDMS thin
films were assembled under confinement in etched nanochannels
with differing widths (30-80 nm) followed by O, RIE.*”**”> When
the row spacing of the diblock copolymer and the channel
width were equal, spheres of PFDMS were formed. As the width
of the nanochannels increased, thereby becoming incommen-
surate to the period of the BCP, elliptical domains were
obtained due to distortion of the PFDMS spheres, as shown in
Fig. 23. Once the nanochannel became wide enough to support a
second row of spheres the ellipsoidal distortion was removed.

Fig. 23 SEM images of PS-b-PFDMS thin films following O, RIE in (a)
channels of different confinement widths (b) and in V-shaped grooves.
Reproduced with permission from ref. 274 and 275. Copyright 2006
American Chemical Society.
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Confinement in V-shaped grooves promoted the formation of
a well-ordered face-centred cubic (fcc) close packed sphere
morphology within the trough; this is in contrast to the body-
centred cubic (bee) packing that is obtained with the equilibrium
bulk state. Studies into the topographical ordering of a statistical
BCP PI-b-PFDMS-stat-PFEMS has also been reported.”’® These
manipulations of the BCP morphologies using different sub-
strates are seen as a useful route for the formation of new
geometries and features via BCP lithography.

The effect of periodic 3D confinement on the behaviour of a
PS-b-PFEMS in two different colloidal crystal (CC) templates
was examined by TEM and energy-dispersive X-ray spectroscopy
(EDX).>””*”® In the bulk state with no confinement a lamellar
structure was observed. In the CC lattice consisting of air
spheres in a silica matrix, concentric shells were obtained,
whilst in a CC lattice composed of silica spheres in an air
matrix, a lamellar structure oriented perpendicular to the silica
spheres surface was observed.

5.1.2. Self-assembly of linear PFS triblock terpolymers to
form phase-separated materials. Although diblock copolymers
are the simplest and most well-studied BCPs for thin film
self-assembly, they are mostly limited to simple line and
dot pattern geometries which restricts their potential device
applications,>?*24279:28% By increasing the complexity of the
system used, for example by using ABC triblock terpolymers or
miktoarm star polymers, a host of previously unattainable
morphologies become available with a diverse range of possible
geometries and applications. For example, a polystyrene-block-
polyferrocenylethylmethylsilane-block-poly(2-vinylpyridine) ~ (PS-b-
PFEMS-b-P2VP) triblock terpolymer was spin coated and annealed
to give bulk and films under different solvent annealing conditions
composed of a PS core/PFEMS shell cylinder morphology in a P2VP
matrix perpendicular to the film (Fig. 24a).>*° Thin films of a
polyisoprene-block-polysyrene-block-polyferrocenylethylmethylsilane

Fig. 24 Bright field TEM images of (a) the bulk morphology of PS-b-PFEMS-
b-P2VP and (b) Pl-b-PS-b-PFEMS triblock terpolymers. Reproduced with
permission from ref. 230 (copyright 2009 American Chemical Society) and
ref. 281 (copyright 2011 American Chemical Society).
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(PI-b-PS-b-PFEMS) and PI-b-PS-b-PFEMS/PS homopolymer blend
have been used to prepare nanosquare symmetrical arrays of PI
and PFEMS cylinders in a PS matrix (Fig. 24b).>®! Both of these
examples are unobtainable with simple AB diblock copolymers
and demonstrate the complexity of the nanostructures that can
be achieved with PFS BCPs.

Topographical studies of PFS triblock terpolymers have
also been performed. The PI-b-PS-b-PFEMS/PS blend was also
studied on silicon substrates with shallow grooves etched into
the surface.”®"*** The orientation of the PFS cylindrical domains
could be manipulated by treatment of the substrate with a PS
brush whilst the periodicity of the square array templates could
be controlled upon varying trench width. Increasing the thick-
ness of the film allowed the formation of in-plane cylinders
where the influence over their orientation once again could be
controlled using a PS brush. Preferential wetting of the central
PS block to the trench wall alters the lattice vector of the PFEMS
square array from 90° to 45° with respect to the trench edge. In
addition, the grain size of the square pattern could be greatly
increased to several microns.?®* This was achieved through a
combination of using brush layers, specific solvent annealing
conditions and using templates composed of topographical
sidewalls and posts.

5.1.3. Self-assembly of PFS star triblock terpolymers to
form phase-separated materials. A miktoarm star polymer is
a star polymer consisting of arms with different chemical
composition originating from a central core. The simplest
miktoarm star material with each arm with different composi-
tion is a p-ABC miktoarm star, with one arm each composed of
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polymers A, B and C respectively. These materials have shown
interesting bulk self-assembly with complex and novel
morphologies,*®* such as Archimedean tiling patterns. However,
until recently, the thin film behaviour of miktoarm star polymers
and their use in nanolithography had not been investigated.
Examples of these types of morphologies are shown in Fig. 25
for a range of polyisoprene-arm-polystyrene-arm-polyferrocenyl-
ethylmethylsilane (p-ISF) miktoarm star terpolymers where
different polymer block lengths afforded cylinders, lamellae
and two different Archimedean tiling patterns.>*”*%”

5.2. Applications of PFS BCP thin films

The incorporation of blocks containing inorganic elements together
with complementary organic segments into BCPs is desirable as
such materials typically have high y values and greater etch
selectivity when compared to all-organic materials.”®**">*° The
presence of iron and silicon atoms in the backbone of PFS
means that it has a high resistance to reactive ion etching (RIE)
when compared to organic polymers.>*® For example, PMMA
has an O, RIE etching rate of 200 nm min ™, whilst PFS has an
etching rate of 4 nm min '."°® Films containing PFS have
shown the formation of an iron/silicon oxide layer at the film
surface, in contrast to many organic polymers which are
volatised and are removed from the surface. This allows the
formation of nanopatterned surfaces derived from PFS after the
removal of organic coblocks with a variety of uses and
applicationS.5’6’288’290’291

5.2.1. PFS BCP thin films for carbon nanotube formation.
Periodic PFS nanodomains have been shown to be converted

Fig. 25 Microscopy images and schematic representations of some of the obtained morphologies of p-ISF; (a) TEM image of unblended bulk film; (b—d)
SEM images of thin films blended with varying amounts of PS homopolymer on Si wafer; (e and f) SEM images of thin films blended with varying amounts of
PS homopolymer on P2VP-coated surface. Scale bars are 200 nm. Reproduced with permission from ref. 267. Copyright 2013 American Chemical Society.
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(1) PS-b-PFEMS
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Fig. 26 (a) SEM images for single-walled carbon nanotubes (SWCNT) synthesised by chemical vapour deposition (CVD) with PS-b-PFEMS derived
catalytic ceramic particles; (b) schematic and AFM height images of high throughput field effect transistors (FET) prepared from SWCNTSs via PS-b-PFEMS
derived catalytic ceramic particles. Reproduced with permission from ref. 294 (copyright 2005 American Chemical Society) and ref. 297 (copyright 2006

American Institute of Physics).

into iron-containing nanostructured ceramics that can be uti-
lised as catalysts in the formation of single-walled carbon
nanotubes (SWCNTs).>?>2% PS-h-PFEMS thin films were self-
assembled and treated with UV-ozone to remove volatile organics
and convert non-volatile inorganics into SiO, and Fe,O;. After
pyrolysis, the films were used for chemical vapour deposition
(CVD) growth of SWCNTs, which were subsequently charac-
terised by scanning electron microscopy (SEM), atomic force
microscopy (AFM), X-ray photoelectron spectroscopy (XPS) and
Raman spectroscopy. Films with uniformly distributed SWCNTs
were prepared where the growth density was easily and reprodu-
cibly controlled. Fig. 26a shows a SEM image of a SWCNT array
prepared by CVD onto a PS-b-PFEMS film.”** The ability of PFS
BCP to generate catalytically-active Fe nanoparticles for the
formation of SWCNTs is significantly greater than that shown
by PFS homopolymers. This appears to be a consequence of the
formation of smaller, higher surface area particles from confined
PFS nanodomains.>*® Multi-walled carbon nanotubes (MWCNTS)
have been grown off of PS-h-PFEMS films by an analogous
method using a plasma treatment approach.***

The SWCNTs grown from PS-b-PFEMS films could then be
used in high throughput individually addressable field-effect
transistors (FETs) with high device yield (96%).>®” The sche-
matic in Fig. 26b shows the method for the preparation of high
throughput FETs from SWCNTs. Facile preparation of over 160
devices on a 15 x 15 mm? chip were achieved which are ideally
suited to a variety of nanoscale sensing applications due to the
excellent uniformity and dispersity of the SWCNT films. In a
similar vein, self-assembled PS-b-PFEMS films have been used
as a template for the generation of suspended SWCNTSs across a
large surface area.*®

5.2.2. PFS BCP thin films for nanolithography and nano-
templating. The ability for BCPs to phase separate into a number
of different morphologies has meant they have generated signifi-
cant interest in nanolithographic applications.>***%8299730> Cps
with a metalloblock have garnered significant attention with
respect to the formation of nanotemplates. One of the earliest
examples involves the formation of arrays of tungsten-capped
cobalt nanodots using a PS-b-PFDMS diblock copolymer thin film,
which is outlined in the schematic in Fig. 27.>°° First, the diblock
copolymer was spin-coated followed by O, and a subsequent

This journal is © The Royal Society of Chemistry 2016

CF;H RIE, removing the PS matrix and underlying silica layer
respectively. Further CF, + O, RIE and successive ashing
allowed direct pattern transfer to the underlying tungsten layer.
Finally an ion beam etch was used to form the desired
tungsten-capped cobalt dots which has dimensions and whose
pattern is inherent of that of the original PS-b-PFDMS film.
These methodologies are promising for the preparation of high
density materials for data storage.

Densely packed arrays of high aspect ratio (>200) single
crystalline Si nanowires have been prepared using a similar
combined approach of metal-assisted etching and BCP litho-
graphy.’”” Gratings were also used to show effective prepara-
tion of high aspectratio Si nanowires on topographical
substrates which facilitate the application of these arrays as
photonic and sensing devices.

Similar methods have been used for the preparation of a
nanotextured Ag surface from a PS-b-PFEMS diblock copolymer.*®
Initially a thin film of the diblock copolymer was self-assembled
into hexagonally close-packed standing cylinders of PFS in a PS
matrix, followed by UV-ozonation to remove the matrix and convert
the PFS into iron/silicon oxide nanocylinders. A thin layer of Ag was
then sputtered over the cylinders to afford the nanotextured silver
surface (Fig. 28). Such materials have great promise as Surface
Enhanced Raman Spectroscopy (SERS) substrates. In this case,
Raman spectroscopic analysis of adsorbed benzenethiol showed
uniform enhancement factors of up to 10° Significantly, this
system can be tailored effectively to change the size and spacing
of the cylinders merely by changing BCP segment lengths, as
well as allowing facile reproduction and fabrication of uniformly
enhancing SERS-active substrates.

A sample of PS-b-PFEMS BCP that forms cylindrical domains
of the metalloblock has been pyrolysed following self-assembly
into a thin film with an orientation of the PFEMS cylinders
perpendicular to the substrate. Crosslinking of the PS using
UV-light followed by pyrolysis at 600 °C afforded arrays of
magnetic ceramic cylinders that were characterised by magnetic
force microscopy.®®

A PS-b-PFiPMS BCP has been used to prepare wire grid
polarisers with extremely high aspect ratios over cm” areas.*'®
Firstly, an amorphous layer of silicon (2-Si) was deposited onto
a fused silica substrate by plasma-enhanced chemical vapour

Chem. Soc. Rev., 2016, 45, 5358-5407 | 5385
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Fig. 27 Schematic (a—f) for the fabrication of W-capped Co nanodot arrays using PS-b-PFDMS thin film BCP lithography and TEM images for (g) the
preparation of silica pillars with polymer cap and (h) Co nanodots with W caps. Reproduced with permission from ref. 306. Copyright 2001 John Wiley &

Sons Inc.

deposition (PECVD). This was followed by spin coating a thin
film of PS-b-PFiPMS which was shear aligned and the resulting
PS domains were removed by O, RIE. Finally, the o-Si layer was
deeply and anisotropically etched through the BCP mask layer
by SF¢ using the Bosch process. The substrates were charac-
terised by SEM, AFM and UV/visible spectroscopy, showing the
formation of «-Si nanowire grids with widths of 15 nm and
heights of 80 nm (see Fig. 29). These grids can be used as wire
grid polarisers on UV-transparent substrates, with polarisation
efficiencies as high as 90% for deep UV light (193 nm), signifi-
cantly greater than for other reported compact transmission
polarisers.

Using the same PS-b-PFiPMS diblock copolymer, large-area
nanoscopic square arrays of distinct layers of the BCP were
prepared that had been shear-aligned perpendicular to each other.*"*

(a) Posts Posts and
15 nm Ag
Ag
sputtering
—_—

This in turn allowed the fabrication of dense, substrate-supported
arrays of different nanostructures depending on the final step,
as shown in Fig. 30. Initially the diblock copolymer was spin
coated onto the substrate and film ordering was induced by
shear alignment (Fig. 30a). The film was exposed to UV irradia-
tion to cross-link the PS block (Fig. 30b). A second layer was
subsequently spin-coated on top of the first layer and aligned
with the same shearing conditions perpendicular to the direc-
tionality of the first shear, followed by removal of the PS matrix
by O, RIE to give a nanosquare grid composed of PFiPMS
residues (Fig. 30e). These domains’ resistance to SFs RIE
allowed the preparation of nanowells by deep Si etching via
the Bosch process (Fig. 30f), giving wells up to 80 nm deep,
which could potentially be used to contain individual bio-
molecules or as a master mould for nanoimprint lithography.
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Fig. 28 (a) Schematic and corresponding AFM height images for the preparation of a silver nanotextured surface for SERS using a PS-b-PFEMS diblock
copolymer thin film; (b) corresponding SERS of benzenethiol on nanotextured Ag films. Reproduced with permission from ref. 308. Copyright 2006

Institute of Physics Publishing.
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Fig. 29 (a—e) Schematic for fabrication of high aspect ratio wire grid
polarisers formed from PS-b-PFiPMS diblock copolymer thin films; (f) SEM
images of wire grid polarisers after Bosch etching and (g and h) of cross-
sections formed by etching of a-Si layers. Reproduced with permission
from ref. 310. Copyright 2014 American Chemical Society.

Fig. 30 (a—e) Schematic towards the preparation of a cross-pattern by
sequential perpendicular shear alignment of PS-b-PFiPMS diblock copolymer
thin films for the subsequent formation of (f) square nanowells, (g) square arrays
of nanoposts and (h) metal nanodot arrays. Reproduced with permission from
ref. 311. Copyright 2014 American Chemical Society.

Treatment by controlled wet etching with 5% HCI yielded a
square array of nanoposts (Fig. 30g), which could be used to
permit further patterning into the substrate. If the nanosquare
grids are treated by metal evaporation and subsequent lift-off
by sonication in 5% HCI, metal nanodot arrays are formed
(Fig. 30h) which are of particular interest for high density
magnetic storage and plasmonics. The pattern symmetry of
these structures can easily be manipulated by changing
the molecular weights of the BCPs and through controlling
shear directions, allowing square, rectangular and rhombic
structures to be formed.

Blending of a PFS BCP with a different incompatible BCP
to form hybridised host-guest-type thin films has allowed

This journal is © The Royal Society of Chemistry 2016
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Fig. 31 SEM images of PS-b-PFEMS-b-P2VP triblock copolymer thin films
after annealing in (a—c) chloroform and (d—f) a chloroform/acetone mixture
for 4 h followed by O, RIE; (a and d) plane view, (b and e) side view, (c and f)
bottom view. Scale bars are 200 nm. Reproduced with permission from
ref. 230. Copyright 2009 American Chemical Society.

the preparation of hollow phase change memory devices.*'?
A PS-b-PFDMS BCP, when blended with a PS-b-PDMS BCP,
formed hexagonally perforated lamellae thin films with PS coated
PFDMS spheres in a PDMS matrix. These systems were optimised
to form dot-in-hole structures on Ge,Sb,Tes/TiN/(Ti)W/SiO,/Si
phase-change memory substrates to allow formation of ring-
shaped nanostructures through a combination of Pt evaporation
and a pattern-reversal process. The high-density nanoring patterns
exhibited a low switching current and could be effectively extended
to other non-volatile memory device applications.

Nanoscale arrays of rings have been prepared from a PS-b-
PFEMS-b-P2VP triblock terpolymer.>*® These are of particular
interest in the fabrication of memories or sensors and in
quantum devices. Spin-coating and annealing of the material
gave a PS core/PFEMS shell-cylinder morphology in a P2VP
matrix perpendicular to the film substrate with a period of
50 nm, as shown in Fig. 31. The PS and P2VP domains were
removed by O, RIE, leaving partially oxidised PFS nanorings
with a diameter and width of 33 nm and 11 nm respectively.
The remaining PFS pattern could be used as a mold for pattern
transfer and was imprinted into a PS layer, showing this is a
useful system for self-assembled nanolithography.

Thin films of PI-b-PS-b-PFEMS and PI-b-PS-b-PFEMS/PS
homopolymer blend have been used to prepare square symme-
trical arrays.*®"*®> Such a geometry is essential for furthering
BCP lithography in areas such as developing array structures in
integrated circuits. Square-packed cylinders of PI and PFEMS
in a PS matrix were formed in thin films of both materials,
however addition of PS homopolymer improved the long-range
ordering of the morphology by allowing relaxation of the highly
stretched triblock terpolymer chains by occupying volume
between the PI and PFEMS cylinders. PI and PS domains were
removed by O, RIE to give square-packed PFEMS cylinders with
a 40.5 nm period. This pattern was transferred into a 30 nm
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Fig. 32 (a) Schematic for formation of pattern transfer to prepare square arrays
of silica posts from Pl-b-PS-b-PFS diblock copolymer thin films; (b) corres-
ponding SEM image showing highly-ordered square arrays of PFS microdomains
within topographical HSQ sidewalls. Reproduced with permission from ref. 281
and 282 (copyright 2011 American Chemical Society).

thick silica film by successive CF, RIE and O, RIE (see Fig. 32),
affording silica posts 30 nm in height and 20 nm in diameter
with a greater aspect ratio than that of the original PFEMS posts.

Surface reconstruction of thin films of a PI-b-PS-b-PFEMS/PS
blend resulted in either a positive pattern of PFEMS posts by O,
RIE or a negative pattern of holes using a selective solvent for the
PI block. Square arrays of posts, pits and inverted pyramids were
fabricated in silicon substrates by dry and wet etching pro-
cesses.*™® Coexisting post and hole patterns could also be formed.

The negative hole pattern described above has been exploited in
the hierarchical templating of BiFeO;-CoFe,O, multiferroic vertical
nanocomposites, which is outlined in the schematic in Fig. 33.>"
A thin film of a PI-b-PS-b-PFEMS/PS blend with the negative
hole pattern was prepared on a Nb-doped SrTiO; (STO) substrate
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by surface reconstruction in hexane (a PI selective solvent). The
residual polymer layer on the bottom of the holes was removed by
a short O, RIE (Fig. 33, iii). The pattern was used as a mask to etch
pits into the substrate by wet etching with aqua regia, followed by
calcination to remove the polymer template. CoFe,O, (CFO) nuclei
were selectively grown into the patterned pits (Fig. 33, v) and a
thin layer of BiFeO; (BFO) was deposited to cover the unetched
area of the substrate. The BiFeO;-CoFe,0, thin film was then
used as a guide to grow a thick layer of the nanocomposite,
composed of CoFe,O, pillars in a BiFeO; matrix (Fig. 33, vii).
This hierarchical process whereby one self-assembling system
templates the epitaxial growth of oxide nanocomposite films
could allow the incorporation of multiferroic nanocomposite
structures into magnetic memory or logic devices.

Thin film self-assembly of a PI-b-PS-b-PFEMS (u-ISF) miktoarm
star polymer blended with PS homopolymer was studied for the
preparation of 2D Archimedean tiling patterns to be utilised in
nanolithography.”*’?'® Self-assembly was achieved by solvent
vapour annealing in chloroform, and samples were characterised
by SEM, TEM and AFM. A range of Archimedean tiling patterns
were obtained, as shown in Fig. 25, and the morphology could be
controlled by altering solvent annealing conditions, the amount of
blended homopolymer and the substrate used. Pattern transfer
from the tiling arrays was demonstrated following CF, and O, RIE
to remove the PI and PS domains, leaving only oxidised PFEMS
domains and the resulting pattern was effectively transferred into
a silicon substrate. These kind of geometries are not obtainable
through linear BCPs and can provide a toolset for the preparation
of novel patterns for nanolithographic applications, as well as the
potential to form surfaces with chemical heterogeneity that can be
used in a host of nanoscale devices.

The self-assembly behaviour of the pure p-ISF miktoarm polymer
was studied, which yielded a novel morphology described as a
“knitting pattern”, which had been previously predicted from
simulations (see Fig. 34).*'® Films were prepared by spin-coating
onto silicon wafers followed by solvent vapour annealing in chloro-
form, giving films that showed extraordinary periodicity composed
of undulating PFEMS lamellae and alternating PI and PS cylinders.
The morphology of the knitting pattern could be controlled by
altering the film thickness and the etching process. Interestingly
some films showed sharp 90° bends and T-junction configurations

v)

(iv)
_ Q_

Fig. 33 (i—vii) Schematic for the fabrication of a templated BiFeOs—CoFe,O4 nanocomposite thin film by thin film self-assembly of PI-b-PS-b-PFS/PS
blend. Reproduced with permission from ref. 314. Copyright 2014 American Chemical Society.
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Fig. 34 TEM images of p-ISF (a) before staining and (b) after staining with OsOy; (c) SEM image of bottom interface of u-ISF; schematics showing (d) thin
film patter and (e) its chain conformation within the microdomain. Scale bars are 300 nm. Reproduced with permission from ref. 316. Copyright 2014

American Chemical Society.

which had only previously been observed with diblock copoly-
mers by using topographical or chemical templates. Transfer of
various patterns into silicon substrates was also possible by RIE
of the films.

5.2.3. Redox-properties: fabrication of surface relief gratings
and protein arrays. Stable surface-relief gratings (SRGs) can
be written into complexes of phase-separated PFS block poly-
electrolytes assembled with azobenzene-based surfactants.*'”
The presence of the redox-active and etch-resistant PFS polymer
allows the SRGs to be post-modified. For example, on oxidation,
enhancement of the modulation depth occurs, allowing feature
sizes to be tuned. In addition, as a result of their excellent etch
resistance, the organic components can be removed leaving
behind ceramic SRGs.

The controlled adsorption of the iron-containing cage pro-
tein ferritin to stimuli-responsive self-assembled PS-b-PFEMS
BCP thin films has also been studied.*'® A thin film with
an orientation of the PFEMS cylinders perpendicular to the
substrate was prepared. To prevent any spontaneous protein
adsorption on either block, the electrolyte pH was selected
to leave the ferritin negatively charged, and the protein con-
centration and solution ionic strength were carefully tuned.
Selective adsorption of ferritin on the PFS domains of the self-
assembled thin films was triggered in situ by applying a positive

Fig. 35 TEM images for the micelles formed from (a) Plzxo-b-PFDMSs3
(6:1) and (b) Plzg-b-PFDMSeq (1:2) in hexane/THF (9:1) and (7: 3) respec-
tively. Reproduced with permission from ref. 221. Copyright 2002
American Chemical Society.

This journal is © The Royal Society of Chemistry 2016

potential, simultaneously oxidising the PFS and attracting the
ferritin electrostatically.

5.3. Self-assembly of PFS BCPs in solution

5.3.1. General considerations for PFS BCP solution phase
self-assembly. The solution self-assembly of organic coil-coil
BCPs has been very well studied. These materials self-assemble
in block-selective solvents to form core-shell nanoparticles
referred to as micelles.>*®2%%31932% 1t is well established that
the increase in volume of the solvent-swollen corona relative to
the dry state favours curvature of the core-corona interface.
Generally, the effect causes phase diagrams of BCPs in selective
solvents to be shifted so as to generate an expanded region
of phase space corresponding to the spherical morphology
relative to the analogous phase diagram in the bulk state. For
BCPs with relatively short coronal chain lengths relative to those
for the core-forming block an extraordinarily broad range of
morphologies have been characterised. These are often difficult
to predict in advance. The lack of predictability and increased
complexity compared to self-assembly in the bulk state arises
from two main factors. First, additional competing interactions
between the different blocks and the solvent exist. Second, the
low or negligible rates of unimer exchange for micelles formed
by high molar mass amphiphiles leads to a high propensity to
form kinetically-trapped rather than equilibrium structures.**!

As anticipated based on the well-established behaviour of
all-organic analogues, PFS BCPs also form micelles in selective
solvents. The presence of PFS in the core or corona is attractive
for a variety of applications based on the properties of the
material established through the studies of the homopolymer
(see Section 3). To date, the vast majority of the reported
investigations have focused on micelles in which the PFS con-
stitutes the solvophobic block that forms the micelle core to
minimise enthalpically or entropically unfavourable interactions
with solvent molecules. Colloidal stabilisation is provided by
the swollen solvophilic corona formed by the complementary
organic or inorganic solvophilic block.
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As for the studies in bulk and thin films, many of the
investigations of PFS BCPs in solution have aimed to exploit the
inherent functionality provided by the PFS block. In addition,
studies of the solution self-assembly of PFS BCPs have made an
unexpected contribution to the broad field of polymer and colloidal
science through the emergent discovery of a process termed “Living
Crystallisation-Driven Self-Assembly (CDSA)”. Living CDSA provides
a route to nanomaterials with tailored complexity and dimensions
that is of potentially broad significance and this method is
discussed within the following sections below.

5.3.2. Crystallisation-driven self-assembly of PFS BCPs in
solution. The overwhelming majority of the literature reports
on BCP self-assembly in solution involve materials in which
the core-forming block does not crystallise. Studies of the self-
assembly of BCPs with an amorphous PFS core-forming block
reveal behaviour that is broadly similar to that observed for
the well-studied all-organic analogues. Nevertheless, the redox-
activity of the PFS block has been utilised to create stimuli-
responsive self-assembling systems that reversibly form micelles
on oxidation and disassemble on reduction.**> Redox-active
vesicles with a cationic PFS polyelectrolyte as the corona have
also been prepared.**

Investigations of BCPs with a short crystallisable PFDMS
core-forming block in the late 1990s revealed highly unexpected
results with a preference for the formation of micelles with
lower mean curvature of the core-corona interface such as
cylinders rather than spheres.*® This subsequently led to the
discovery that the crystalline cores at the micelle termini were
able to elongate by the addition of further BCP.>** The use of
small seed micelles (generated by sonication of longer cylinders)
as “initiators” led to a process that is analogous to a living
covalent polymerisation of molecular monomers.*** This process,
termed “Living Crystallisation-Driven Self-Assembly (CDSA)”,
permits control of micelle dimensions, the formation of low
length dispersity samples, and the formation of segmented or
“block comicelles” (see the next Section 5.3.3).

BCPs with a PFS core-forming block that is symmetrically
substituted at silicon (e.g. R = R’ = Me, PFDMS; R = R’ = Et,
PFDES) and is able to crystallise can self-assemble in various
solvents to produce a number of different micellar morphologies
including cylinders,>>>?°%?¢ tubes,**”*° fibres,**° platelets®*!
and, if the core-forming block does not crystallise, usually
spheres.*®?%?3! As an example, when a sample of PFDMS;,-b-
PDMS;,,, with a block ratio of 1:6, was heated and then cooled
in a selective solvent for the PDMS block such as n-hexane,
cylindrical micelles were obtained composed of a PFDMS core
and a PDMS corona. These nanostructures are easily visualised
by TEM because the PFDMS core is electron-rich, allowing
effective contrast for imaging without the need for staining.>*®
The crystallisation of the core-forming PFDMS was believed to
be the driving force for the formation of a cylindrical rather
than spherical morphology, and the ordered nature of the core
and the chain packing has been explored by wide angle X-ray
scattering (WAXS).”%?

Spherical micelles are obtainable in certain cases such as
when cylindrical micelles are heated above the Ty, of the PFS
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core-forming block and the solution is then rapidly cooled to
prevent core-crystallisation or when an unsymmetrical PFS
block, such as poly(ferrocenylethylmethylsilane) (PFEMS), is
the core-forming block.*®3**23* Unsymmetrically substituted
PFS blocks generally cannot crystallise and, to date, have only
been observed to form spherical micelles in solution. This
implies that the crystallinity of the core-forming block is a key
factor to the formation of one-dimensional micellar structures.
BCPs with an amorphous core-forming PFS block can undergo
redox-controlled micellisation due to an induced polarity change
resulting from partial oxidation of the PFS block.>***** Spherical
micelles that have been formed with a crystallisable PFS block in
an amorphous state due to rapid precipitation®*® have been
shown to transform into cylinders with a crystalline core after
a maturation period in a corona-selective solvent over a period of
weeks or months.?**

The block ratio plays a key role in determining which
morphology is obtained.**' For example, PI;,,-b-PFDMSs; has
a block ratio of 6: 1 (PI: PFS) and self-assembles into cylindrical
micelles in PI-selective hexanes, however PI;,-b-PFDMSq,,
which has a block ratio of 1:2, forms tape-like platelet micelles
(see Fig. 35). Although both materials have similar PFS block
lengths, the significant difference in coronal block lengths has
an obvious effect on the morphology formed. As the PI coronal
block length increases, there are increased coronal repulsions
which favours greater curvature at the core-corona interface,
and cylindrical micelles are preferred.*®

The effect of molar mass and solvent selectivity upon micellar
morphologies and the transitions between these architectures
has been investigated in detail.**” Three PFDMS-b-P2VP BCPs
were prepared with the same block ratio (1:6) but different
molar masses and it was shown that sphere-to-cylinder transi-
tions in isopropanol was greatly slowed by increasing the molar
mass. Furthermore, increasing the content of THF (a common
solvent for both blocks) improved the solvation of the PFS core-
forming block, which allowed core crystallisation via a plastici-
sation effect. The morphologies obtained also changed from
spheres to cylinders and then to narrow lenticular platelets as
the THF content increased.**’

Shape anisotropic nanoparticles with internal nanostruc-
tures have been reported by self-assembly of an amphiphilic
PFS BCP in an aqueous mixed surfactant system.>*® Nanosheets
with a hexagonal array of PFS cylinders in a P2VP matrix were
formed when a PFDMS-b-P2VP BCP was self-assembled under
neutral wetting conditions (Fig. 36a). Self-assembly of the
PFS BCP with additional PFS homopolymer under the same
conditions formed ellipsoidal particles with an axially stacked
lamellar structure (Fig. 36b). These type of structures are in
contrast to traditional PFS micelle systems as outlined previously.
Spatial control over the distinct domains within the nanoparticles
was exploited to demonstrate morphological transitions between
the two structures.

Several amphiphilic PFS-containing BCPs have been shown
to be able to self-assemble in water when hydrophilic blocks create
the micelle corona.’****° PFDMS,-b-PDMAEMA;, was prepared
as outlined earlier (see Section 4.1.2.1), and the PDMAEMA
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Fig. 36 (top) TEM images showing (a) nanosheets with a hexagonal
packed cylinder structure and (b) ellipsoidal particles with an axially
stacked lamellar structure formed from blending of PFS-b-P2VP and PFS
homopolymer. (bottom) TEM images showing (c) irreversibly and (d)
reversibly crosslinked PI-b-PFDMS micelles. Scale bars are 250 nm. Repro-
duced with permission from ref. 338 (copyright 2015 American Chemical
Society), ref. 344 (copyright 2003 American Chemical Society), and
ref. 349 (copyright 2011 American Chemical Society).

block quaternised with methyl iodide. Whilst a range of
morphologies were obtained for the unquaternised PFDMS,-
b-PDMAEMA;,, including polydisperse spherical aggregates
upon direct dissolution into water, the quaternised analogue
was self-assembled into cylindrical micelles upon dissolution
in alcoholic solvents. Dialysis of these micelle solutions against
water was effective in the preparation of cylinders dispersed in
water. The PFS core within the micelles surprisingly appeared to be
amorphous by wide-angle X-ray scattering (WAXS). This was similar
for PFDMS-b-PMMA BCPs**' upon self-assembly in acetone where
variable temperature "H NMR studies showed an amorphous core
in a mobile state and solvent molecules could easily penetrate into
the micelle core. It was deduced that the polar solvents used in both
these cases were the driving forces for micellisation, with high
interfacial energy caused by the exposure of hydrophobic PFS core
to polar solvents, instead of the crystallisation of the core driving the
formation of aggregates.

The introduction of functional groups into the micelle
corona allows for the possibility of shell-crosslinking reactions
which give rise to a marked increase in the stability for the self-
assembled structures.>*'** BCPs that have corona-forming
blocks such as PI and PMVS with pendant vinyl groups within
the polymer backbone have been shown to undergo Pt-catalysed
hydrosilylation crosslinking with tetramethyldisiloxane and
Karstedt’s catalyst,>*>****” or by UV-initiated crosslinking.**3*®
As a result of this shell-crosslinking, the micellar structures
are essentially “locked in” and are preserved even if they are
transferred from a corona-selective solvent into a common

This journal is © The Royal Society of Chemistry 2016
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solvent for both blocks.?*>*****® For example, cylindrical micelles
composed from Plz,,-b-PFDMSs; were self-assembled and the
coronal chains were subsequently crosslinked. The micellar
solution was dialysed against THF, which is a good solvent for
both the PFS and PI blocks, but there was no discernible difference
in structure after transferring into THF (see Fig. 36¢).>****® Rever-
sible cross-linking of PI-b-PFDMS BCPs has also been reported.**
By using only Karstedt’s catalyst in the absence of any silanes,
crosslinking of the PI corona occurs through Pt(0)-olefin
coordination which can be reversed through the addition of
2-bis(diphenylphosphine)-ethane (dppe) (see Fig. 36d).

5.3.3. Living CDSA of PFS BCPs. Control over the growth of
PFS-containing cylindrical micelles has been demonstrated by
using living CDSA approaches.

Initial studies into this area focused on the stability of
PFDMS-h-PDMS cylindrical micelles. Upon ultrasonication of
the preformed fiber-like structures, the formation of shorter
cylinders through fragmentation of the micelles was observed
without any apparent change in the micelle width.**® This was
also detected for PI-b-PFDMS cylindrical micelles. Significantly,
it was found that addition of further unimer to these short
micelles resulted in longer cylinders, with the preformed micelles
essentially acting as “seeds” for further unimer nucleation.***
The length of the micelles depended linearly on the unimer-to-
seed ratio and was also found to be of low polydispersity. This
demonstrated an analogy with a living covalent polymerisation
of molecular monomers.”*® The micelles grown by this method
were also shown to be stable with respect to a change in
dimensions in the selective solvent at ambient temperature
over a period of many months with no change in their average
length or the length distribution. This implied that the micelles
were kinetically-trapped in that the constituent BCP chains were
resistant to significant dynamic exchange between micelles
under these conditions. The micelles were stable to fusion in
solution over long periods of time; the addition of BCP unimer
in solution was found to be required for this process to occur.>*
In addition, when a corresponding diblock copolymer unimer
with an amorphous PFS block (PFEMS-b-PMVS) was added, no
growth was detected. This seeded growth method exploits the
crystallisation of the PFDMS block and has been termed as
“living” CDSA.**® Cylindrical micelles with length dispersities
of 1.01 and overall length greater than 2 pm have been prepared
by this protocol (see Fig. 37).3**3%°

An alternative approach to length control of PFS BCP micelles,
termed a “self-seeding” process, has also been reported for the
preparation of monodisperse cylindrical architectures.>>*3>*
To facilitate the process, relatively short cylindrical micelles
were prepared through ultrasonication of long, polydisperse
PI-b-PFDMS cylinders. Within the PFDMS micelle core, regions
of different crystallinity and therefore different melting
points exist. When heated, the least crystalline domains
dissolve first to give unimers. This leaves very short, more
highly crystalline seeds. Upon cooling, the dissolved unimer
will grow from the remaining seed micelle termini via epitaxial
growth to a length that will depend inversely on temperature
(Fig. 38).
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Fig. 37 (a—d) TEM images of monodisperse PFDMS-b-PDMS cylindrical micelles grown from uniform stub-like seed micelles with increasing amounts
of unimer solution added; (e) histogram of the contour length distribution of the samples; scale bars are 500 nm. Reproduced with permission from

ref. 325. Copyright 2010 Nature Publishing Group.

Block comicelles with spatially segregated regions of different
chemistry in the corona can be readily prepared by the sequential
addition of different PFS-containing diblock copolymer unimers to
seeds.*****° For example, addition of PFDMS-5-PMVS to cylinders
of PI-b-PFDMS created block comicelles with a central compart-
ment with PI corona and end compartments with PMVS corona
whilst having a continuous crystalline PFS core. Similar block
comicelles were prepared using a PFDMS-b-P2VP BCPs, where
cylindrical seeds were quaternised, and this was followed by the
addition of neutral PFDMS-b-P2VP unimer to the seed termini.
Composite nanostructures have been prepared from this kind of
block comicelle through the aggregation of nanoparticles or
quantum dots on the quaternised block of the comicelle.>*®

It has been shown that epitaxial growth of cylinder-forming
PFS BCPs can also occur off of the edges of platelet micelles.**”
When the block ratio for a PI-b-PFDMS BCP is 1:1 (PI:PFS),
platelet micelles are formed instead of cylinders when self-
assembled in a solvent selective for the corona-forming block.
These platelet micelles can also be fragmented using ultra-
sound to form small platelets in the same manner as that for
cylindrical micelles, although with much less control over size
and polydispersity. Addition of cylinder-forming unimer to the
platelet seed micelles resulted in epitaxial growth from only two
of the available six faces, forming hybrid “scarf-like”” micelles
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Seeded Growth *

with tassels of uniform length (see Fig. 39a). Hollow “scarf-like”
micelles have been prepared in an analogous manner by dissolving
out a PFDMS-b-PDMS platelet inside a surrounding layer of cross-
linked PI-b-PFDMS diblock copolymer.**

Annealed PFS homopolymer films have been used to seed
the growth of cylindrical micelles.>®” Unimer growth occurred
at steps and ridges at the surface of the crystalline substrate
corresponding to stacked layers of crystalline lamellae.

Fig. 39 (a) TEM images of “scarf”-like micelles and (b) AFM phase image
of cylindrical micelles grown from a PFDMS thin film. Scale bars are
500 nm. Reproduced with permission from reference 357. Copyright
2009 Nature Publishing Group.
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Fig. 38 Schematic for the preparation of monodisperse cylindrical micelles by (top) self-seeding and (bottom) seeded growth methods. Reproduced

with permission from ref. 355. Copyright 2015 American Chemical Society.
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The cylinders formed off the surface grew parallel to the surface
giving a cylindrical micelle mat (see Fig. 39b). In addition, epitaxial
growth from PFS nanocrystals was also demonstrated forming
multi-armed micelles that possessed hierarchical “multipod”
structures with monodisperse and controllable arm lengths.*>®

Heteroepitaxial growth, where unimer containing one core-
forming block can grow off a seed micelle composed of a
different core-forming block, has also been reported.**” In
principle, for this to occur, crystal lattice parameters with a
mismatch of less than 15% in lattice spacing is required.>**>°
Poly(ferrocenyldimethylgermane) (PFDMG) BCPs, isostructural
analogues to PFS BCPs, were studied because PFDMG has a
layer spacing < 5% larger than of PFS.**' PFDMG BCP unimers
were added to both PFS-containing monodisperse cylindrical
micelles and platelets, resulting in the formation of composite
nanostructures via heteroepitaxial growth. PFS BCP unimer
was also effectively added to cylindrical micelles with ends
composed of a PFDMG core.

Addition of BCPs with different composition and function-
ality can allow the preparation of a variety of discrete, well-
defined micelle and block comicelle structures.®>®36273¢6
Branched micelles have been prepared by adding BCP unimer
with a short PFS block to a preformed cylindrical micelle with a
core composed of a longer PFS block.****%” For example,
monodisperse cylindrical micelles were prepared by seeded
growth of PFDMS,g-b-P2VP,,,. A unimer solution of PFDMS,-
b-P2VP,,, was then added to the micelle solution, resulting in
epitaxial growth usually of two branches from either end of the
seed micelle, as shown in Fig. 40A-C. Due to the redox-activity
of the core-forming block, one-dimensional arrays of Ag nano-
particles were prepared through in situ redox chemistry after
shell-crosslinking of the P2VP corona. Branched micelles of
various PFS-containing BCPs have been shown to form by living
CDSA under kinetic control.**®> These branched-type micelles
offer a promising scaffold for the preparation of more complex
branched nanomaterials.

Living CDSA has been effective in the preparation of light-
responsive micellar structures with a photocleavable junc-
tion at the core-corona interface.****°® PFDMS-ONB-P2VP
BCPs (ONB: o-nitrobenzyl junction) were synthesised through
a combination of living anionic polymerisation, reversible

View Article Online
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addition-fragmentation transfer (RAFT) polymerisation and
“click” chemistry. The BCPs were self-assembled into mono-
disperse cylindrical micelles and the coronal chains removed
by UV irradiation (see Fig. 40D). These materials could then be
used effectively to form well-defined branched micelles, as well
as P2VP nanotubes through crosslinking of the coronal chains.

Cylindrical micelles with “patchy” coronal structures have
been prepared through the co-assembly of linear PFDMS-b-
PMVS and brush PFDMS-b-PMVS diblock copolymers that had
been functionalised with n-alkyl branches off of a PFDMS-b-
PDMS cylindrical micelle (see Fig. 40E).>®® Previous attempts at
preparing ‘“patchy” architectures by co-assembly of non-brush
BCPs had apparently been unsuccessful.>®® Co-assembly with
brush BCPs was necessary because the increased steric bulk
hindered micelle growth. Tapping-mode AFM showed that
co-assembly afforded a gradient type structure with an initial
bias for the assembly of the linear PFDMS-b-PMVS over the
brush PFDMS-b-PMVS, which was reversed slowly as the linear
BCP was consumed. A miktoarm-star PFS-containing polymer
has also been shown to form phase-segregated ‘patchy’-type
cylindrical micelles and comicelles.?”°

5.3.4. Non-centrosymmetric PFS block comicelles. As pre-
viously discussed, cylindrical micelles that have a corona with
pendant vinyl groups are able to undergo shell-crosslinking
reactions (see Section 5.3.2). Through a combination of selective
micelle corona shell-crosslinking and living CDSA of PFS-containing
block comicelles, non-centrosymmetric unidirectional micelles
have been prepared (see schematic (a, b) in Fig. 41).>”* For
example, symmetric ABA triblock comicelles with a central
PFDMS-b-PDMS block and outer PI-b-PFDMS blocks can
undergo selective shell-crosslinking of the PI corona (Fig. 41c
and d). If the PI corona is sufficiently long, crosslinking can
effectively cover the ends of the cylindrical micelle which
inhibits the addition of further unimer. The central block can
be removed through the addition of common solvent such
as toluene to the micelle solution, leaving shell-crosslinked
PI-b-PFDMS miicelles with only one open face for unimer addition
and solvated PFDMS-h-PDMS unimer in solution (Fig. 41e). Sub-
sequent evaporation of toluene promoted PFDMS-b-PDMS unimer
addition to the PI-b-PFDMS seeds, forming non-centrosymmetric
AB diblock comicelles that grow selectively in one direction

Fig. 40 (A) Schematic representation, (B) TEM image and (C) AFM height image of branched comicelles of PFDMS-b-P2VP; (D) schematic
representation for coronal photocleavage of PFDMS-ONB-P2VP; (E) schematic representation of “patchy” cylindrical block comicelles from gradient
CDSA. Reproduced with permission from ref. 364 (copyright 2015 American Chemical Society), ref. 365 (copyright 2014 American Chemical Society), and

355 (copyright 2013 American Chemical Society).

This journal is © The Royal Society of Chemistry 2016

Chem. Soc. Rev., 2016, 45, 5358-5407 | 5393


https://doi.org/10.1039/c6cs00155f

Published on 27 giugno 2016. Downloaded by Fail Open on 23/07/2025 10:10:15.

Chem Soc Rev

A~‘,\'\"\'v
\]T—

Csrcy;talllm-coll Self-assembled

unimer in ic

soluti micelle with a
crystalline core

B

B-A-B triblock co-
micelle with
blocked ends

View Article Online

Review Article

Daughter micelles
that grow
unidirectionally

Fig. 41 Schematic (a and b) showing the preparation of unidirectional seed micelles; TEM images of (c and d) ABA triblock comicelles with crosslinked
end blocks; (e) crosslinked unidirectional A block seed micelles after dissolution of the central block; (f) unidirectional AB diblock comicelles after removal
of toluene; (g and h) unidirectional AB diblock comicelles after the addition of further unimer. Scale bars are 500 nm. Reproduced with permission from
ref. 371. Copyright 2012 The American Association for the Advancement of Science.

from the singular open crystalline face of the micelle (Fig. 41f-h).
Non-centrosymmetric diblock comicelles have also been prepared
via self-assembly of BCP off PFDMS homopolymer nanocrystals.*>®
A PI-b-PFDMS BCP unimer solution was added to PFDMS
nanocrystals, which acted as a nucleation point for the BCP, to
give cylindrical micelle arms off the central nanoparticle. The PI
coronal chains were crosslinked, and a second PFDMS-b-PMVS
unimer solution was added to afford non-centrosymmetric AB
block comicelles, followed by a second crosslinking reaction for
the PMVS coronal chains. Dissolution of the PFS homopolymer
led to the release of non-centrosymmetric AB cylindrical diblock
comicelles.

As an extension of this work, fluorescent non-centrosymmetric
multi-compartment block comicelles have been prepared that can
act as nanoscale pixels with fully tunable colour emissions.**®
A PFS-containing BCP with a random copolymer corona-forming
block (PFDMSg,-b-[(PDMS4os)/(PMVS,1)]s26) Was prepared through

5394 | Chem. Soc. Rev., 2016, 45, 5358-5407

sequential living anionic polymerisation. The pendant vinyl
groups on the PMVS components within the second block were
then functionalised through a thiol-ene ‘“click” reaction with a
number of different fluorescent dye molecules to form red, blue
and green fluorescent BCPs. Seeded growth of different ratios
of these unimers enabled the preparation of monodisperse
coassembled cylindrical micelles that emitted different colours
depending on the amounts of each fluorescent unimer used.
Individual imaging of each coloured micelle could be tracked
with laser scanning confocal microscopy (LSCM), revealing
that the luminescence was uniform throughout the micelle.
Fluorescent BCP unimers were also added sequentially to a pre-
formed PFDMS-b-PDMS cylindrical seed micelle, followed by a
non-fluorescent PFDMS-b-PDMS BCP to act as a spacer between
each fluorescent block in order to increase optical resolution. This
allowed the formation of centrosymmetric 11-block comicelles
where each colour represented along the micelle can be

This journal is © The Royal Society of Chemistry 2016
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Fig. 42 (a) TEM image, (b) LSCM image and (c) schematic representation
of non-centrosymmetric RGB “nanopixel” block comicelles. Scale bars are
(@) 500 nm and (b) 2 um. Reproduced with permission from ref. 348.
Copyright 2014 Nature Publishing Group.

individually tuned. Furthermore, by using unidirectional cylind-
rical seed micelles, non-centrosymmetric 7-block comicelles
could be prepared through the sequential addition of each
fluorescent BCP followed by small segments of non-fluorescent
BCP (see Fig. 42). The block comicelles are stable over long
periods with no detected rearrangement of the fluorescent
unimers along the length of the cylinders, which indicated that
they exist as static, kinetically trapped structures.

5.3.5. Formation of PFS supermicelles by hierarchical self-
assembly. It has been demonstrated that the level of control
over the formation of individual micelles by living CDSA can

View Article Online
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allow the preparation of a variety of micron-sized superstruc-
tures with coronal nanodomains of different composition and
functionality. For example, the ability to tailor PFS-containing
block comicelles through the assembly of a variety of BCPs
can allow the introduction of amphiphilicity. The resulting
building blocks can be used for the preparation of complex
hierarchical structures.’”>"”

For example, PFS homopolymer can be used to aggregate
short BCP cylindrical micelles into networks.*** End-to-end
coupling of two or more micelles gave linear, linked or branched
structures depending on the composition of the BCP micelle and
the PFS polymer added.

Cylindrical non-centrosymmetric ABC triblock comicelles
composed of two hydrophobic blocks (A and B) and a long
hydrophilic block (C) have been shown to undergo hierarchical
self-assembly in a selective solvent for the hydrophilic coronal
block.>”* The block comicelles self-assembled into star-shaped
supermicelles with a “core” composed of the hydrophobic
blocks and a “‘corona” of the hydrophilic blocks.

The use of amphiphilic ABA triblock comicelles as building
blocks for hierarchical self-assembly can allow the formation of
a range of different supermicellar morphologies (see Fig. 43).”®
Block comicelles with a central hydrophobic PFDMS-b-PDMS
block and terminal hydrophilic PFDMS-b-P2VP blocks can
self-assemble upon dialysing the micellar solutions against
isopropanol, a selective solvent for the terminal hydrophilic
coronal blocks. Depending on the length of the central B block
within the pre-formed micelles, the aggregation number,

Fig. 43 (a—c) TEM images and (d—f) corresponding schematic representations of hierarchical self-assembly of ABA amphiphilic triblock comicelles
with different B block lengths after dialysis against isopropanol. Scale bars are 500 nm. Reproduced with permission from ref. 378. Copyright 2012 John

Wiley & Sons Inc.
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morphology, packing and symmetry of the resulting super-
micelles can be tuned to achieve crossed and elongated
network structures.

As a continuation of this work on amphiphilic block
comicelles, it was reported that the resulting micron-scale
assemblies can be easily controlled through altering the struc-
tural features of the starting block comicelles.*”® Monodisperse
BAB amphiphilic triblock comicelles with either hydrophilic or
hydrophobic central or terminal corona-forming blocks were
prepared. These structures were found to stack either side by
side in non-solvents for the central block, or end to end in non-
solvents for the terminal block, which allows the formation of a
variety of 1D and 3D superlattice structures (see Fig. 44).%7°
These aggregates possess multiple levels of structural hierarchy
on length-scales that are normally only apparent in nature. In
addition, the functionality of the micelle coronas is unchanged
throughout the self-assembly process from the initial stages to
the formation of superstructures. Therefore it is an effective
way of incorporating function to these supermicelles, which is
demonstrated by using BCPs tagged with fluorescent dyes,
allowing fluorescent superstructures to be prepared.

Due to the size of many of these superstructures, they can
be observed using optical microscopy techniques and can be

5000 ) 5000 nim|

Fig. 44 (top) Schematic representations for the formation of 1D and
3D supermicelles and superlattices through stacking of ABA and BAB
triblock comicelles; (a and b) corresponding TEM images and (c and d)
LSCM images of 1D and 3D supermicelle aggregates. Reproduced with
permission from ref. 379. Copyright 2015 The American Association for the
Advancement of Science.
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efficiently manipulated in three dimensions using optical
tweezers.>®® This can allow the fabrication of hierarchical
chain-like superstructures via crosslinking of “arms” of multiple
supermicelles and patterning of supermicelles into arrays by
dynamic holographic assembly, which is outlined in Fig. 45.3%°
These supermicelles are able to undergo further living CDSA
processes and ‘‘grow” under flow conditions with a unimer-
containing solution.

Supermicelles with complex architectures have also been
prepared through a combination of solvophobic interactions
and hydrogen bonding.’®" Amphiphilic block comicelles with a
very short hydrophobic PFDMS-bh-PMVS central block and long
hydrophilic PFDMS-b-P2VP end blocks could self-assemble into
cross-type structures after dialysing into a selective solvent
for the terminal coronal blocks. Following crosslinking of
the central PFDMS-b-PMVS blocks, PFDMS-b-PtBA (PtBA: poly-
tert-butylacrylate) unimer was added to the cross arms, and
the preceding PFDMS-b-P2VP blocks were crosslinked using
Karstedt’s catalyst. Secondly, PFDMS-b-P2VP blocks were grown
off the cross arms and short stub-like seeds of PFDMS-b-
PMVSOH (PMVSOH: hydroxyl-functionalised PMVS) were then
added to the micellar solution. The seeds selectively hydrogen
bonded with the uncrosslinked PFDMS-b-P2VP blocks of
the cross superstructures and following addition of further
PFDMS-b-PtBA unimer, intricate “windmill”-type supermicelles
were formed (see Fig. 46). This approach shows an efficient
methodology towards the fabrication of highly complex and
potentially functional architectures through the use of a range
of different non-covalent interactions.

5.3.6. Living CDSA of PFS BCPs in two dimensions. Despite
the significant work on the formation of one-dimensional micellar
aggregates from PFS-containing BCPs and the excellent control
exhibited, the analogous creation of two-dimensional assemblies
has proven more difficult. Early investigations into the influence
of block ratio on self-assembly yielded two-dimensional platelet
PFS BCP micelles when the block ratio between the two blocks is
1:1.”*' However, recently more systems forming 2D structures
have been reported.

Lenticular platelets have been reported in recent years, how-
ever little to no control over their size was demonstrated.**”*%
Pointed oval platelets have been prepared through a living
CDSA type method by the addition of PFDMS-b-PP BCP unimer
(PP = polyphosphazene) to PFDMS-b-P2VP seed micelles.’®
It was shown that the use of monodisperse rather than poly-
disperse seed micelles led to ovals with a uniform shape and size
by living CDSA. AFM analysis revealed 3D growth around the
PFDMS-b-P2VP seed which occurs due to interplay of the relative
growth rates in all three orthogonal directions. Additionally,
these pointed oval micelles could be used as initiators for the
growth of cylindrical micelles to yield hierarchical assemblies.

The formation of lenticular platelets and multicompartment 2D
structures of controlled area has been reported.>®* A range of platelet-
forming PFS BCPs were prepared and unimer solutions of these were
added to short cylindrical seed micelles. The resulting 2D lenticular
platelets were shown to be uniform in size and grew linearly with
unimer-to-seed ratio and with narrow area polydispersity (<1.1).

This journal is © The Royal Society of Chemistry 2016
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Fig. 45 (a—c) Schematic representation showing the assembly process of linking multiple supermicelles together; (d-f) schematic representation of
patterned deposition and growth of supermicelle arrays. Reproduced with permission from ref. 380. Copyright 2015 Nature Publishing Group.

©) /7 ®)

Fig. 46 (a) TEM image, (b) schematic representation and (c) LSCM image of “windmill”-like supermicelles. Scale bars are (a) 500 nm, (c) 5 um and 1 pm
(inset). Reproduced with permission from ref. 381. Copyright 2015 Nature Publishing Group.

Block comicelle platelet structures were also formed through the
sequential addition of different PFS-containing platelet-forming BCP
unimer. These concentric multicompartment aggregates were easily
visualised by LSCM through the use of BCPs functionalised with red,
green and blue fluorescent dyes (see Fig. 47). Single- and double-
headed arrow- and spear-type architectures were also formed
through using both unidirectional non-centrosymmetric and longer
cylindrical seed micelles, respectively.*®*

a) ~
o R

b)

Polydisperse two-dimensional structures have been prepared
by the simple blending of cylinder-forming PFS-containing BCPs
with lamellae-forming PFS homopolymer, where co-crystallisation
plays a vital role in the structure obtained during micellisation.
Self-assembly of the homopolymer and block copolymer blends
leads to the formation of assemblies with elongated 2D cores
and fibre-like protrusions from the core ends. The morphology
obtained could be varied by changing the ratio of homopolymer

Fig. 47 (a) Schematic representation for the formation of uniform concentric 2D lenticular platelets; (b) TEM image and (c and d) LSCM images of
lenticular platelet micelles showing their concentric structure. Scale bars are (b and ¢) 500 nm and (d) 2 um. Reproduced with permission from ref. 384.

Copyright 2014 Nature Publishing Group.
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Fig. 48 (a) Schematic representation for the formation of uniform concentric and hollow rectangular platelet micelles; (b) TEM and (c) AFM images of a
concentric rectangular micelle and (d) TEM image of a perforated rectangular platelet micelle and the corresponding rectangular ring platelet micelle
after crosslinking and subsequent dissolution of the non-crosslinked segment. Reproduced with permission from ref. 386. Copyright 2016 The American

Association for the Advancement of Science.

to block copolymer, as well as the molecular weight of the
homopolymer.*®® The use of a seeded growth approach allows
the preparation of well-defined platelet micelles, including
segmented structures (see Fig. 48). Perforated and hollow
rectangular micelles can be prepared by spatially selective
crosslinking and dissolution procedures.**®

5.3.7. Hybrid mesostructures from PFS-containing materi-
als. Synthetic approaches towards hierarchical materials have
to overcome significant challenges.?*” %% As a result of recent
developments, a number of hybrid mesostructures have been
prepared with PFS-based BCPs and micelles.

Controlled hybrid architectures have been reported by anchoring
PFDMS-b-P2VP seed micelles onto the surface of silica nanoparticles
(see Fig. 49A). The adsorbed seed micelles were active towards living
CDSA and addition of further PFDMS-b-P2VP unimer afforded
“sunflower™-type assemblies.*° Following the same rationale,
when using silica-coated Ni-nanorods, “butterfly”-type architectures

4um

Fig. 49 Images showing hybrid mesostructures possible with PFS-
containing materials; (A) TEM image of “sunflower’-type assembly via
seeded growth off a silica nanoparticle; (B) schematic representation and
SEM image of fibre-basket polymersome by crosslinking of PFDMS-b-
P2VP seed micelles on the surface of a PS bead; (C) TEM image of
PFS—carbon nanotube hybrid structure. Scale bar is (A) 500 nm. Repro-
duced with permission from ref. 390 (copyright 2014 Nature Publishing
Group), ref. 391 (copyright 2014 American Chemical Society), and ref. 392
(copyright 2015 American Chemical Society).
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were formed. Furthermore, when quaternised unimer was added to
the seed micelles, the structures could be functionalised with Au
nanoparticles, showing that the hybrid mesostructures are robust
enough to undergo post-modifications.

In a similar procedure, PFDMS-b-P2VP seeds have been
shown to adsorb onto the surface of PS nanobeads which can
allow the formation of fibre-basket polymersomes via corona-
crosslinking of the micelles (see Fig. 49B).>°" The PS scaffold
acted as a sacrificial template, affording hollow vesicular
assemblies which can be efficiently post-functionalised both
at the micelle cores and corona.

Hybrid ‘“shish kebab”-type mesostructures have also been
prepared through the functionalisation of carbon nanotubes
with PFS-containing materials.>®> PFS homopolymer crystals
were attached to multi-walled carbon nanotubes which could
subsequently act as nucleation sites for PFS-containing BCPs,
yielding the aforementioned hybrid assemblies (see Fig. 49C).
After crosslinking of the surrounding micelles, these architec-
tures could then be used as scaffolds for the growth of Ag
nanoparticles within the micelle cores.

5.4. Applications of PFS BCP micelles

Crosslinking of PFS-containing micelles has been shown to be
necessary for certain applications of cylindrical and nanotube
morphologies. Crosslinking is essential for accessing one-
dimensional PFS nanoceramics in high yield.?*******¢ Pyrolysis of
the shell-crosslinked micelles occurs upon heating to 600 °C which
results in ceramics with excellent shape retention. Uncrosslinked
micelles were also pyrolysed however this lead to the destruction of
the micellar core. Shell-crosslinked micelles have also been aligned
and patterned on silicon substrates by microfluidic techniques,
which may have interesting applications as magnetic memory
materials or catalysts after pyrolysis.>** 2

PFS shell-crosslinked nanotubes have potential for encapsu-
lation of guest particles or compounds within the hollow centre
of the nanotube via in situ redox-reactions using PFS as a
reductant.**>**7?%” Silver nanoparticles were prepared within the
nanotubes through reaction with Ag[PF,]. Partial pre-oxidation

This journal is © The Royal Society of Chemistry 2016
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Fig. 50 (a) Scheme for the generation of Ag nanoparticles within self-assembled PFDMS-b-PMVS nanotube micelles and (b) TEM images with Ag
nanoparticles within micelle cores. Reproduced with permission from ref. 345. Copyright 2005 American Chemical Society.

of the PFS domains with an organic oxidant is needed for efficient
formation of one-dimensional arrays of nanoparticles within the
nanotube (see Fig. 50). Redox-controlled self-assembling PFS BCP
systems and redox-active vesicles have also been studied.*****

Cylindrical PFS BCP micelles have possible applications as
nanolithographic etch resists for semiconducting substrates
like GaAs or Si with potential for the fabrication of magnetic
or semiconducting nanoscopic patterns.>**?* Cylindrical
micelles have been deposited onto a GaAs surface by capillary
forces into grooves etched out by electron beam patterning and,
following plasma etching, generated connected ceramic lines
with reduced size.

PFS BCPs with a polypeptide corona-forming block have been
found to form thermally reversible gels.*** PFDMS-5-PBLG materials
are soluble in hot toluene but upon cooling to room temperature
they form amber, optically transparent gels. The critical concen-
tration for gelation was dependant on the PBLG block length and
the block ratio. However when the block ratio became greater than
1:3 (PFS:PBLG), incomplete gelation was observed.

Functional electrodes composed of glucose oxidase and cross-
linkable PI-5-PFDMS nanostructures including nanoparticles and
cylinders have been shown to be effective as biosensors.>*® The
morphology of the PFS BCP was shown to have a key role in
affecting the electrochemical properties and the catalytic activities
of the enzyme integrated electrodes. The biosensing ability of
optimised electrodes showed good sensitivity at the physiological
concentration of glucose in blood, and could be applicable to
other types of nanostructured enzymatic biofuel cells.

Shape anisotropic PFS BCP nanoparticles have been shown
to exhibit both morphological transitions and shape changes
upon either exposure to selective solvents, or redox agents such
as FeCls, respectively.**® This opens up applications as stimuli-
responsive materials. Fluorescent multiblock comicelles present a
novel approach towards the preparation of encoded nanomaterials
with potential applications in high density data storage materials
and biological diagnostics.>*®

6. Summary and future work

Since the first syntheses of high molar mass examples were
reported in the early 1990s, PFS materials have developed into a
large class of metal-containing organosilicon hybrid polymers.
Living anionic ROP methods have allowed the preparation
of well-defined main chain metallopolymers with controlled

This journal is © The Royal Society of Chemistry 2016

architectures such as end-functionalised homopolymers and
PFS BCPs. As is clear from this detailed review, PFS homo-
polymers and BCPs have attracted much attention as a result of
their interesting properties and functions.

Although many further advances in the area of functional
PFS materials that exploit their unique combination of easy
processing and unusual physical and chemical properties are
anticipated, the development of these polymers has clearly led to an
even broader scientific impact. For example, the phenomenon
“living crystallisation-driven self-assembly” discovered for PFS BCPs
has also now been transposed to other organic BCP systems.*?® %
In addition, PFS materials represent a key new class of readily
accessible metallopolymer®®® and their development has pro-
vided an excellent illustration of the potential of this very broad
and vibrant field." Thus, analogues of PFS with other elements
in the spacer or containing different metals to iron (in some
cases in combination with alternative n-hydrocarbon ligands)
have been prepared and their formation by ROP has been
successfully demonstrated in a growing number of cases. This
provides a route to new and fascinating metallopolymers with
modified properties,”***%°**% and studies of these materials
are likely to constitute a broad new area of future research.

The development of PFS materials has also helped stimulate
further development of other polymer systems with metallocene side
groups, such as poly(vinylferrocene), poly(ferrocenylmethacrylates),
and related materials,*””**® and also side chain polycobaltocenes.**
Important advances in these areas with respect to living poly-
merisation, self-assembly, and applications have been recently
reported. Overall, these considerations all suggest that the
prospects for various polymer classes containing metallocene
units appear to be very bright.
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