E% University of
OPEN (2} ACCESS BRISTOL

Hailes, R., Oliver, A., Gwyther, J., Whittell, G., & Manners, |. (2016).
Polyferrocenylsilanes: synthesis, properties, and applications.
Chemical Society Reviews, 45, 5358-5407 .
https://doi.org/10.1039/c6¢cs00155f

Peer reviewed version

Link to published version (if available):
10.1039/c6cs00155f

Link to publication record in Explore Bristol Research
PDF-document

This is the accepted author manuscript (AAM). The final published version (version of record) is available online
via Royal Society of Chemistry at https://doi.org/10.1039/C6CS00155F. Please refer to any applicable terms of
use of the publisher.

University of Bristol - Explore Bristol Research
General rights
This document is made available in accordance with publisher policies. Please cite only the

published version using the reference above. Full terms of use are available:
http://www.bristol.ac.uk/red/research-policy/pure/user-guides/ebr-terms/


https://doi.org/10.1039/c6cs00155f
https://doi.org/10.1039/c6cs00155f
https://research-information.bris.ac.uk/en/publications/02c9c1b8-8477-41e3-b9d7-c184785fc9ae
https://research-information.bris.ac.uk/en/publications/02c9c1b8-8477-41e3-b9d7-c184785fc9ae

Chemical Society Reviews Page 2 of 145
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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 1990’s by ring-opening polymerisation (ROP) of
silicon-bridged [l]ferrocenophanes ([1]silaferrocenophanes). Thermal, transition metal-
catalysed, and also two living different 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, PF'S 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 are formed. Block copolymers
with a crystallisable PFS core-forming block were the first to be found to undergo “living

crystallisation-driven self-assembly” in solution, a controlled method of assembling block
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copolymers into 1D or 2D structures that resembles a living covalent polymerisation but on a

longer length scale of 10 nm - 10 pm.
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1. Introduction

Metals centres plays 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 entanglement molecular weight has proven to be a
significant challenge. Although pioneering studies in the metallopolymer field were initiated
shortly after the 2" World War, examples of well-characterised truly macromolecular
materials (with molar masses above 10,000 g mol™) that exhibit chain entanglement were not
reported until in the 1970s. However, only since the mid 1990s has much more rapid progress
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 now

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
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involved thermal treatment of the monomer (ca. 130 — 150°C) but the synthetic toolbox has
rapidly 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 Figure 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 previously reviewed.*’ This article, while aiming to be

comprehensive, has a particular focus on more recent developments over the past decade

although key work from earlier is also discussed.

Figure 1. PFSs isolated as a powder and after fabrication into films and shapes by solution-

of melt-processing.
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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'-tetramethylethylenediamine (TMEDA).’ The orange crystalline solid
isolated after work up has been shown to have the bulk formula of (nS-C5H4Li)2Fe-TMEDA
although single crystal X-ray analysis has shown that other compositions are possible.'” !
Reactions between the dilithioferrocene-TMEDA complex and dichloroorganosilanes give a
wide range of sila[l]ferrocenophanes with symmetrically and unsymmetrically substituted
silicon atoms bearing alkyl or aryl groups (Scheme 2[A]).'"*'* Alternatively, chlorine has
been introduced as a substituent through the reaction of Fe(nS—C5H4Li)2-TMEDA with SiCly
or RSiCl;, which, via subsequent nucleophilic substitution reactions at the SiCl,- or SiCIR-
bridge, provides a facile route to [l]ferrocenophanes with alkoxy, aryloxy, and amino
substituents at silicon."”” Hypercoordinate silicon-bridged [1]ferrocenophanes can also be
synthesised from chlorosila[ 1 [ferrocenophanes Fe(nS-C5H4)ZSiRR’ (R=R’=Clor R =Me,
R = Cl) and Li[2-CcH4CH;NMe,] or Fe(nS-C5H4)ZSiC1(CH2C1) and N-methyl-N-

(trimethylsilyl)acetamide.'® '’

These pentacoordinate 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]ferrocenophanes 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
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importance in the preparation of PFS materials as they function as crosslinkers during

polymerisation reactions.

s n-BuLi, TMEDA c‘ L rrisicl, FQ/
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Scheme 2. Synthesis of sila[ 1 ]ferrocenophanes from ferrocene.

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 (o = 0°), can be taken as an indication of the strain
present. Typical values of a for sila[l]ferrocenophanes lie between 16 - 21°.'% 2 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 kJ 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 (B), and
decreased Fe—Si distances: the permethylated analogue of dimethylsila[l]ferrocenophane
analogue has an o angle of 16.1(3>)°,22 due to the greater energetic penalty in deforming the
octamethylferrocenediyl unit the potential energy of the ferrocenediyl unit is increased
compared to the substituted case.” Other angles that are used to describe the structure of
[1]metallocenophanes include: 8, the Cpeentroid—M—Cp'eentroia angle; and 0, the Cipo—E—C'ipso

angle (Figure 2).
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Figure 2. Geometric parameters used to describe the structure of [1]ferrocenophanes.

In addition to loss of planarity, another consequence of the ansa bridge in [1]ferrocenophanes
is that the 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. Furthermore, the angle 0 is far lower than is expected compared to that of ideal

hybridisation at the bridging atom, E.*

Silicon-bridge [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) reactions to
give polyferrocenylsilanes (PFSs). It is noteworthy that even [1]silaferrocenophanes with
highly sterically-demanding substituents at silicon such as Si(SiMe;); still undergo ROP."
Reported synthetic methods to prepare high molecular weight PFSs involve: thermal,
transition metal-catalysed, vy-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 (60 - 80 kJ

mol™) driving the reaction. Due to its relatively high functional group tolerance, a wide range

Page 8 of 145



Page 9 of 145

Chemical Society Reviews

of strained ferrocenophanes 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]ferrocenophane 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).

¢l ROH, Et3N / \  .OR heat RO@;OR

Fe SiQ Fe  Si< Fé

<j ~cl O/ ~oR Sib n
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Fe Sl NRo |:
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Scheme 3. Thermal ring-opening polymerisation of sila[ 1]ferrocenophanes to give PFSs.

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 the a different degree of methylation,
nonselective 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
appreciably affect the enthalpy of polymerisation, AH,, as measured 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
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in high molecular weight polymers.” Radicals also do not appear 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"),** 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 =
[OTA], [PF¢]) initiated the ROP of [l1]silaferrocenophanes 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.37 For silicon-bridged
ferrocenophanes in which one Cp ring is methylated, Pt"-catalysed ROP proceeds solely by
selective cleavage of the Si-Cp' (Cp" = CsHy)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 2.2.4.1), or the high temperatures used in thermal
ROP.* The method therefore allows the use of many monomers that would otherwise
decompose under more aggressive reaction conditions. However, in contrast to PFS prepared
by anionic ROP, polydispersities remain typically in excess of 1.4. When transition metal

catalysed ROP of sila[ 1]ferrocenophanes is carried out in the presence of a termination agent
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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 such materials with Si—H groups has allowed the preparation of regioregular, comb-shaped
graft copolymers, star-shaped polymers, and block copolymer architectures.*® Chlorosilanes
such as CIMePhSiH are more effective terminating agents than Et;:SiH due to steric
considerations, and also introduce a Si-Cl end functionality on 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

27, 41
d 5

performed, (Scheme 4). However, broad molecular weight distributions result with all

terminating agents.

/ (I TMcat ROH, EGN_ RO
Fe SI\R i Fe
< D

Scheme 4. Transition metal catalysed ROP of a strained sila[l]ferrocenophane, and

subsequent main chain functionalisation.
2.2.3 ROP Induced by y-Irradiation and Cationic Initiators

PFDMS (PFDMS: Poly(ferrocenyldimethylsilane)) can be synthesised from the crystalline
monomer in the solid state, with the use of y-irradiation at elevated temperature (60 °C). It
was 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 that observed, would be

10
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expected to afford lower molar mass polymers. Solid state polymerisation of crystalline
[Fe(n’-CsHy),SiMePh] yielded stereoregular PFMPS (PFMPS:
poly(ferrocenylmethylphenylsilane)), in a topotactic process based on NMR analysis.** Thus,
the tacticity of the polymer was inherited from the arrangement of substituents in the
monomer of the crystal were inherited as the tacticity of the polymer. 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 appears 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

44, 45
> and

Living anionic ROP of sila[l]ferrocenophanes was developed in the mid 1990s,
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 (Figure 3) and

with narrow molecular weight distributions (PDI < 1.2). Thus, this process is an example of a

11
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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’-
CsHy),SiRR’ with bulky substituents have shown that if R = H, R'= N(SiMejs), does not
undergo anionic ROP, despite forming a polymer under thermal ROP conditions. It was
proposed that this was due to a lack of propagation at the hindered Cp-based sp” carbanion,
presumably due to steric protection of the silicon centre by the bulky N(SiMes), substituent.'*
Generally the rate of living anionic ROP decreases as the size of the substituents on silicon

increases.”’

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.ﬁ’52 In
addition, sequential polymerisation of different monomers can occur to produce a range of
block copolymers.53 If 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(l)-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.*” terz-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.

12
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Figure 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-BuLi initiated synthesis of
PFEMS (PFEMS: poly(ferrocenylethylmethylsilane)) (R = n-Bu, E = H). Reproduced with

permission from references 45 and 48.

/ g Me RLI Me Me HZO or Me Me /
Fe ‘Me Fe Fe
SiMe;Cl R

Scheme 5. Living anionic ring opening polymerisation of sila[ 1]ferrocenophanes. R = Fc, Ph,

or n-Bu; E = H or SiMe;.
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 (A > 310 nm)
in a donor solvent, such as THF. The subsequent, presumably solvated, ring-slipped structure
reacts with the anionic initiator, sodium cyclopentadienide (N a[CsHs]).> Cleavage of the Fe—

n'-cyclopentadienyl bond in the photoexcited monomer affords a ring-opened species

13
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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 preparation of a PFS with pendant
alkynyl,”” amino,’" and fluoroalkyl groups.”® Also, PFS with a pendant ruthenocenyl group
was prepared via “photocontrolled” anionic ROP to give monodisperse, 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[CsHs].”® Remarkably, photolysis of a solution containing
dimethylsila[ 1]ferrocenophane, Na[CsHs], and 7Busterpy resulted in dissociation of both

ferrocenophane Cp rings.

?_ “R M[CsH4R] >3100m Ry _CHiOH_ o
&

14



Chemical Society Reviews

Scheme 6. Photocontrolled living anionic ring opening polymerisation of

sila[ 1]ferrocenophanes.

Irradiation of [Fe(n’-CsH,),SiMe,] in the presence of 4,4'-dimethyl-2,2"-bipyridine, a
substitutionally more labile ligand than Cp, initiated ROP to give a distribution of cyclic
PFSs and linear oligomers.64 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
process (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 temperatures
(Scheme 7). As a consequence, at elevated temperatures 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).”’

15
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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 &; to form a
ring-opened monomer, which undergoes chain propagation (with rate constant k,) in the
presence of more photoexcited monomer.”” The photoexcited monomer M* is presumed to

possess a ring-slipped structure.®

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 organosilyl 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.

PFSs with chlorine substituents at silicon undergo nucleophilic 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(ferrocenylchloromethylsilane) 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
synthesised from PFS (R = Me, R' = C=CCN(Me;SiCH>),), which itself was readily obtained

via a substitution reaction from poly(ferrocenylchloromethylsilane).®® These polyelectrolytes

16
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remained stable in water even after a period of several months. The PFS, [Fe(ns—
CsHy),SiMe(N(CH,)3SiMe,(CH;),SiMe,)], was prepared by the ROP of a ferrocenophane
precursor with a cyclic silylamino substituent via an unexpected rearrangement/ring
expansion process.68 Alternatively, the water soluble cation, poly(ferrocenyl(3-
ammoniumpropyl)methylsilane) was produced by the ROP of [Fe(n’-CsH,),SiCH3(CH,);Cl]
and subsequent amination of the chloropropyl moieties using potassium 1,1,3,3-
tetramethylsilazide followed by protonation (Scheme 8).* Water-soluble PFS polyanions and
polycations have also been synthesised by reaction of poly(ferrocenyl(3-
halopropyl)methylsilanes) (halo = Cl, Br, or I) with a variety of nucleophiles, including alkali

. . . 69-71
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 containing Si—-H
functionalities, which allow access to thermotropic side chain liquid crystalline (LC)

LT3
materials.

Thiol-ene click 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.74 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.

17
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Highly metallised PFSs: [Fe(’-CsH,),Si(Me)(Coy(CO)sC,Ph)],  (Co-PFS), [Fe(n’-
CsHy),Si(Me)(Mo,Cpa(CO)4CoPh)],  (Mo-PFS), and [Fe(n’-CsHy),Si(Me)(Ni,Cp,CoPh)],
(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 clusterisation, the molecular weight and metal content of the PFS,
respectively, 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

SCsHia
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Scheme 8. Examples of post-polymerisation functionalisation methods for

polyferrocenylsilanes.
Another distinct route of modification involves using Cp-substituted sila[1]ferrocenophane

monomers to undergo ROP, but the syntheses of such species are multi-step and often low

yielding.”” Functional groups directly attached to the cyclopentadienyl rings are appealing as
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the redox properties of the iron centres can be directly influenced. In response to the above
problems, successful functionalisation of the Cp groups of PFDMS was reported using low
temperature metalation with /~-BuLi/KO#-Bu in THF, followed by reaction with Me;SiCl. 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 KOz-Bu (8 equivalents), and #BuLi (16.5
equivalents). Notably, lithiation occurred regioselectively on the [3-carbon.78 The substitution
of the Cp ring led to a loss of crystallinity, solubility in alkanes, and a large increase in glass

transition temperatures.
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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
chromatography (GPC). To characterise the solution behaviour of PFS in tetrahydrofuran
(THF), PFDMSs spanning a molecular weight 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 interactions. The Mark—Houwink parameter
for high molar mass PFDMS in THF at 23 °C, a =0.62 (k=2.5x 107, 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 conventional GPC with PS standards for column calibration

: 80,81
also gave a substantial molar mass underestimation.”

The solubility parameter of a polymer (5) 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 & 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),
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THF (18.6), dichloromethane (18.6), chloroform (19.0), methyl ethyl ketone (19.0), styrene

(19.0), chlorobenzene (19.4)).

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,
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
functionalisation can be monitored by NMR spectroscopy. A LC polymer brush with a
mesogenic phenyl benzoate group was characterised by 'H and ?C 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.84

3.2 Morphology in the Solid State: Crystalline and Amorphous Materials
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In the case of PFSs, their physical properties are largely determined by the substituents on
silicon and the Cp rings. PFSs symmetrically substituted at silicon with small alkyl groups
(Me, Et, n-Pr, n-Bu, and n-Pentyl) 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 7,. 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 compared
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.®> PFSs with long flexible substituents at silicon (e.g.

OC;sH37) have been found to undergo side-chain crystallisation.15

Generally, for PFSs with hydrogen substituents on the Cp rings, 7, values can range from -51
°C with long, flexible substituents at silicon, such as R=R'=0C¢H 3, to 99 °C for materials
with ferrocenyl and methyl substituents, demonstrating 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.é’ SORSS SO

A significant increase in 7, also occurs when the hydrogens on the cyclopentadienyl ligands

are replaced with more sterically demanding methyl groups.”’
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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 (7, 2) of 33
°C, and a melt transition temperature (77,) between 122-145 °C depending on the thermal
history of the polymer.*® Experimental T}, comprises a range of values as each of the varying
sizes of crystallite present melt at minutely different temperatures.87 O’Driscoll’s equation: T,
= Tow - KM, describes the relationship between the glass transition temperature at
infinite chain length, 7,., and 7, which reaches a maximum value when the polymer
comprises 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 polymer brush of PFS with poly[6-(4'-butyloxyphenyl-4"-benzoyl)hexyl acrylate] side
chains (Figure 4) was synthesised by atom transfer radical polymerisation.84 It was
demonstrated to form a thermotropic nematic phase in the high temperature region and
smectic A phase in the low temperature region. When compared to the molecular LC, poly[6-
(4'-butyloxyphenyl-4'-benzoyl)hexyl acrylate], the PFS brush material exhibited a lower

glass transition temperature (46 °C vs. 48 °C) and clearing point (118 °C vs. 125 °C).

O(CH,)s0 @—{
4: :Foomg

Me @/
s| F Fé
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Figure 4. A LC PFS with poly[6-(4'-butyloxyphenyl-4"-benzoyl)hexyl acrylate] side chains.

Table 1. Thermal transition and gel permeation chromatography (GPC) molecular weight

data PFS homopolymers, Fe(n’-CsH;),SiRR’.

R R' T(Tw)"/°C M2 PDI° Ref.
H H 16(165) d @0
Me Me 33(122-143) 3.4x10° L5 6
Et Et 22 (108) 48x10° 1.6 6
pr" Pr" 24 (98) 8.5x 10° 2.7 6
Bu" Bu" 3(116, 129) 3.4x10° 26 °
n-CsHy, n-CsHy, -11(80-105)  3.0x10° 1.6 6
n-CeHis n-CeH 26 7.6x10° 1.5 6
Me H 9 (87,102) 42x10° 2.0 6
Me Et 15 29x10° 1.7 6
Me CH,CH,CF; 59 8.1x10° 3.3 6
Me CH=CH, 28 7.7x10° 2.1 6
Me CH,CH=CH, 7 1.1x10° 12 6
Me n-C sHy; 1(16) 5.6x10° 25 6
Me Ph 90 1.5x10° 2.0 6
Me (’-CsHy)Fe(n’-CsHs) 99 71x10° 23 °
Me 5-Norbornyl 81 1.1x10° 1.5 6
OMe OMe 19 1.5x 10° 1.9 6
OFt OEt 0 3.8x10° 2.1 6
OCH,CF; OCH,CF; 16 22x10° 12 6
OBu OBu 43 3.9x10° 2.1 6
OC4H,5 OCgH,5 =51 0.9x10° 2.4 6
O(CH,),;CH; O(CH,);,CHj (-30) 1.9x10° 2.5 6
O(CH,),,CH; O(CHy,),,CH; (32) 23x10° 22 °
OPh OPh 54 23x10° 2.0 6
OC¢H,Bu'-p OC¢H,Bu'-p 89 1.9x 10° 1.9 6
OC¢H,Ph-p OC¢H,Ph-p 97 54x10° 2.4 6
Me OCH,CH=CH, 8 2.8x10° 2.1 6
Me OCH,CH,0COC=CH,(Me) 16 3.0x10° 2.7 6
Me iPr 60 2.9x 10 1.3 50
Me (CH,);Cl 38 1.9x10° 16 7
Me (CH,);1 45 1.9x10° 16
Me (CH,),Br 41 1.5x10° 1.9 70
Me (CH,),SC¢H 5 28 1.5x 10* o ™
Me (CH,),SCoH o -36 1.7x 10* o ™
Me (CH,),SC,Hys -43 1.9x 10* 1.0 b
Me (CH,),SC,sHs; (42) 2.1x10* 1.0 [
Me CH,CH,(CF,);CF; 16 1.8x 10* o ¥
Me CH,CH,CH,C¢Fs 35 1.8x 10* 1.1 >
Me CH,CH,CF; 56 1.5x 10 1.0 >
Me OCH,CH,NMe;COOC¢H,(O(CH,),,CHs); 16 (64) ¢ ¢
Me OCH,CH,NMe;COOC¢H,(O(CH,),,CHs); 15 (78) ¢ L
Me OCH,CH,NMe;COOC¢H,(O(CH,),cCHs); 13 (85) ¢ e
Me' Me' 73 73x10* 1.9 77
Pht Ph¢ 212 1.7x 10° 1.4 77

“ GPC data obtained from the analysis of THF polymer solutions which contained 0.1%
[BusN][Br] and molecular weight values are relative to polystyrene standards. Although in
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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’-CsH3Me),SiMe, ],

¢ [Fe(n’-CsHstBuz):SiPho],

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 isolated 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 (Figure 5).”* Calculations showed the 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.”
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Figure 5. The crystal packing arrangement of the PFDMS pentamer, showing three pairs of
molecules. The terminal ferrocenyl groups are twisted in opposite directions perpendicularly

to the interior, trans-planar, zig-zag units. Reproduced with permission from reference 92.

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
macromolecules, 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 semicrystallinity of PFDMS and symmetrically

substituted analogs with small alkyl groups at silicon, n-hexyl substituted PFS has been

26



Chemical Society Reviews

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 structures with interdigitated side groups.15

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 substituted PFSs with methyl, methoxy, hexyloxy substituents at
silicon were studied where the Cp rings were fully deuterated (Figure 6). Interestingly, when
the Cp rings were deuterium-labelled, a lack of motion in the backbone was observed below
the T, g.% 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 kJ 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 —CD3 or —OCDs groups at silicon provided insight into the
motions of side groups as a function of temperature. For example, 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—CDjs
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 semicrystalline 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
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groups was possible in the latter case.” In addition, the butyl substituents were found to be

significantly disordered.

R = CH3, Xty = 2 R1=CD3, R2 = CH3
R= OCH3, X+y =4 R1 = R2 = OCD3
R= OCGH13, Xty = 4

Figure 6. The polymer backbone motions of polyferrocenylsilanes over a range of
temperatures were studied by solid-state ’H NMR spectroscopy. Either symmetrical methyl
and methoxy substituents at silicon or the Cp rings were fully deuterated, and the resultant

polymers studied.

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

192 However, the device applications of

heterocyclic rings directly on the polymer backbone.
these highly conjugated, organic polymers are often limited by unfavourable optical
properties and insolubility.'™ An alternative approach incorporates high refractive index
inorganic clusters into a polymer matrix.'® For example, RIs 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
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(Si, Ge, Sn, S), substituents 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.'*® '*7

Frequently, as several components are combined in a polymer, the refractive index of the

material is increased further by synergistic effects.

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 A = 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.'®

Table 2. ' The refractive
indices at A = 589 nm of R R' n (589 nm) PFSs
with various CHs CH,CH,CF; 1.599
substituents. CH; CH>CHj3 1.663
CH3 CH; 1.678
CH; CeHs 1.681
CH; p-OCsH4Br 1.682
R«% ?sR' hy CH; Ferrocenyl 1.696
@ n CHs; Thienyl 1.691
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Tapered optical fibres coated with PFS (R = Me, R' = Ph) 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

1_110

signa 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 generally only exhibit a single
oxidation wave for the Fe(Il)/Fe(IIl) redox couple, PFSs display cyclic voltammograms with

two reversible oxidation waves of equal intensity. > °> 1113

This is indicative of a stepwise
process where initial oxidation at alternating iron centres occurs, because as one iron centre 