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Polyferrocenylsilane-Based Polymer Systems
Vasilios Bellas and Matthias Rehahn*

Keywords:
ansa compounds - block copolymers -

living polymerization -
metallocenes -
R
, L
Fe Si
oA
P
Si
Pl
n
Pl

(_mg_opening 1:3olymer,iz@l",.o,7

tion

ring-opening polymeriza-
M!

=
Fe

I\Ille | %

(@3 . [e]
g—- Bu n?n|—£§> (._—’_"r-

e

o i 5
‘8 W(SimezCHzCHzCHz)xCHzc E‘
o) | ®
= PFS ‘=T
3 5
% < S [}
| N m—'-."

Py yYyYyYy 2N

TTyTTyY

Angewandte

Chemie self-assembly

082 www.angewandte.or; © 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2007, 46, 5082 —5104
g g g g


http://www.angewandte.org

Polyferrocenylsilanes

The study of metallopolymers has blossomed into a mature field over

Angewandte
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the last few decades. Especially, polyferrocenylsilane (PFS) chemistry

has taken a tremendous leap and continues to raise intense interest.

1. Introduction—A Retrospective

Since the discovery of thermal ring-opening polymerization (ROP) of

sila[1]ferrocenophanes, PFSs have been also accessed by anionic,

cationic, transition-metal-catalyzed, and photolytic anionic ROP

methodologies. A plethora of synthetic strategies have been devised,
enabling access to a wide variety of copolymers, polyelectrolytes, and
nanostructured materials. The distinctive physical properties and

functions of many PFS-based polymers have been explored, leading to

their apt exploitation in technical applications. Therefore, it is
conceivable that PFS-related platforms might be indispensable nano-
objects in the near future, as they stand on the verge of a new gener-

ation of sophisticated materials.

1. Introduction—A Retrospective View

Several books and comprehensive reviews have been
devoted to organometallic polymers.!! In particular, there is a
vigorous research activity about polyferrocenylsilane (PFS)
materials in contemporary macromolecular science.’) The
scope of this article is to provide a summary of the topic,
supplementing the existing reviews by highlighting the
recently added achievements as well as the far-reaching
potential of PFS-based scaffolds. Whereas the facile ring-
opening polymerization (ROP) of various ferrocenophanes
(FCPs) is described in a plethora of reports, scarce examples
exist in the case of related ansa complexes, which are at a
much more primitive stage of development. Therefore, the
structural parameters that govern the ROP process of ansa
complexes are also briefly discussed. Moreover, this article is
complementary to the Review by Manners et al. in this issue,
which is focused on strained metallocenophanes and related
organometallic rings, with special emphasis on small-mole-
cule aspects.”)

The field of the metal-containing polymers was opened at
DuPont in 1955 with the synthesis of polyvinylferrocene by
radical polymerization.”! During the next decades the prog-
ress in the synthesis of metallopolymers was tremendous, with
the overwhelming majority to be low-molecular-weight
polymers, mainly metallocene-based. In the early 1980s
Seyferth and co-workers? described the synthesis of high-
molecular-weight ferrocenylphenylphosphine polymers (M,,
up to 161 kDa) by treating PPhCl, with 1,1’-dilithioferrocene
under appropriate conditions (Scheme 1).

S —Li =3 P
W Cl\ /CI
P Et,0
Fe tmeda + — Fe
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Scheme 1. Synthesis of polyferrocenylphenylphosphine; tmeda=
N,N,N’,N'-tetramethylethylendiamine.
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This result is quite unexpected for such a polycondensa-
tion reaction, owing to the inherent limitations of the step-
growth process to access high number-average degrees of
polymerization, that is, the requirements of highest purity of
monomers, exact equivalence of functional groups, and
actually quantitative conversion. Nevertheless, no explana-
tion was proposed, and no speculation was expressed about
the probable in situ formation of the corresponding phos-
phorous-bridged [1]JFCP and its subsequent [fcLi,*/stmeda]-
initiated anionic ROP (fc=1,1"-ferrocendiyl). In the same
paper, it is reported that linear oligomers were isolated when
the phosphorus-bridged [1]JFCP was treated with phenyl-
lithium in ethereal solvents, regardless of the concentration of
the anionic initiator (Scheme 2).
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Scheme 2. Attempted anionic ROP of [1]ferrocenylphenylphosphine.
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The unsuccessful anionic ROP was attributed either to
steric effects or to insolubility. Maybe as a result of this
explanation serious investigation into the synthesis of related
structures was hindered for nearly ten years until Rauchfuss
and Brandt published the synthesis of poly(ferrocenylene
persulfides) from the unstrained trithia[3]ferrocenophane by
a novel atom-abstraction based ROP pathway.® Desulfuriza-
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Scheme 3. Synthesis of poly(ferrocenylene persulfides).

tion takes place in the presence of one equivalent of nBu;P
(Scheme 3).

A few months later new prospects on the field were
opened up as a result of the synthesis of high-molecular-
weight PFSs through the thermal ROP of the corresponding
silicon-bridged [1]FCPs, marking a major milestone in the
history of organometallic polymers (Scheme 4). The first

Scheme 4. Thermal ROP of sila[1]ferrocenophanes.

report on this important achievement was published by
Manners et al. in 1992; a few months later, similar results
were described by Pannell et al.”! The Manners group had
initially focussed on the ROP behavior of the disilane-bridged
[2]FCP, concluding that these species are reluctant to undergo
thermal ROP®! Therefore, they decided to access relevant
structures through the Wurtz coupling of [fc(SiMe,Cl),].
However, the reaction between [fcLi,?/stmeda] and two e-
quivalents of Me,SiCl, afforded an orange polymer rather
than the anticipated disubstituted ferrocene derivative. Moti-
vated by curiosity, they analyzed the polymer, whereupon a
1:1 ratio of ferrocene units to SiMe, groups was revealed,
contrary to the expected 1:2 ratio according to the reaction
stoichiometry. Since the molecular weight was well over
300 kDa, they suspected that a chain-growth reaction took
place involving the ROP of the in situ formed dimethylsi-
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la[1]ferrocenophane. This assumption was confirmed by
repeating the reaction of [fcLi,*/stmeda] and Me,SiCl, in an
equamolar ratio, leading to isolation of the strained [1]FCP,
and finally thermal treatment at 130°C, thereby providing an
amber solid material, identified as PFS.

2. Ring-Opening Polymerization
2.1. The Paramount Importance of Ring-Opening Polymerization

Since many interesting polymer properties are accessible
only if the molecular weight exceeds a certain value, powerful
synthetic pathways are needed to reach the desirable chain
length. Conventional polycondensation routes are unable to
produce high-molecular-weight metallopolymers. This failure
arises from the difficulty to achieve both high purity levels of
the reactive organometallic species and precise stoichiometry
between the monomers. Therefore, such polycondensation
reactions usually do not proceed to near completion, causing
the formation of low-molecular-weight macromolecular
chains only.

It is noteworthy that the first efforts to prepare PFS by
polycondensation routes were patented in the 1960s.”) Two
different pathways were used: the first one involved con-
densation of FeCl, with Li,[(CsH,),SiMe,], while in the other
1,1'-dilithioferrocene was treated with R,SiCl, (R=Me or
Ph). However, both methods afforded low-molecular-weight
samples. Later on, the same strategy was exploited for the
synthesis of polyferrocenylstannanes from dilithioferrocene
and R,SnCl, (R =Me, Et, nBu, or Ph).l"!

On the other hand, chain-growth processes enable the
synthesis of high-molecular-weight polymers even at low
levels of monomer conversion, owing to the rather high
reactivity of the propagating species. ROP reactions represent
an efficient way for the formation of high-molecular-weight
polymers, as they occur through a chain-growth mechanism.
ROP is used successfully for the synthesis of a wide variety of
inorganic polymers, such as polycarbosilanes, polysiloxanes,
polysilanes, polysilazanes, and polyphosphazenes.'!! In con-
trast, although a plethora of metal-containing rings exist,
there are limited studies concerning their polymerization
behavior. The first reports for the ROP synthesis of polymers
bearing transition metals in the backbone appeared in 1989 by
Roesky and Liicke, and are the only reported before the
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discovery of polymerizable FCPs.' Roesky and Liicke
synthesized [{(CsMe;)TaN(Cl)},] and [{-N=MCl;-N=P(Ph,)-
N=P(Ph,)-},] in refluxing xylene from the corresponding
cyclic metal nitride and metallophosphazenes (M =Mo or
W), respectively.

2.2. Ring-Opening Polymerization Behavior of Ansa Compounds

The deviation from an unstrained sandwich structure with
an ideal coplanar ring orientation can be described with the
angles a, 3, 6, and ¢ (Figure 1). [1]Metallocenophanes with a

Figure 1. Common set of angles to describe [1]metallocenophanes; for
details, see text. E=bridging moiety.

large dihedral angle between the two cyclopentadienyl (Cp)
rings (tilt angle, &) are highly strained and strongly susceptible
to strain release by undergoing ROP reactions. In such ansa
complexes the linkage between the two carbon rings not only
results in a substantial distortion from planarity. but the metal
center also tends to lie closer to the ipso-carbon atoms and
therefore the C—C bond opposite the ipso-carbon atoms is
shortened. Moreover, the angle 6 at the bridging atom E is
considerably lower than expected for an ideally hybridized
atom.

In the UV/Vis spectrum of the strained FCPs, the longer
wavelength band is red-shifted and the absorption coefficient
of this band increases with the extent of ring tilt. In most cases,
in the >C NMR spectra of the [1]JFCPs a remarkably large
upfield chemical shift is observed for the ipso-carbon atom
attached to the bridging atom. This distinguishing feature
clearly reflects the structural distortion from a planar
geometry imposed by the bridging moiety. Furthermore, the
extent of the upfield shift, within one series of similar
compounds, can be taken as an indication of the overall ring
strain present in the system. Consequently, the release of ring
strain through ROP leads to a downfield shift of the ipso-
carbon signals.

Calculations using density functional theory indicate that
the tilt angle a plays a key role in determining the ROP
propensity of FCPs.3) Accordingly, the energy required to tilt
the Cp rings is similar to the experimentally determined
AHyop value. This implies that the ring tilting is the most
considerable factor in determining the thermodynamic ten-
dency of the rings to polymerize. Upon tilting, the frontier
orbital energies of metallocenes are increased and the
symmetry is reduced from Dy, to C,. Furthermore, the
HOMO-LUMO energy gap decreases as the tilt angle
increases and is slightly modified by the nature of the bridging
element. Dimethylsila[l]ferrocenophane has a low-lying
empty orbital, partially located on the ipso-carbon atom,

Angew. Chem. Int. Ed. 2007, 46, 5082 —5104
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which is a possible site for nucleophilic attack during the ROP
process.

FCPs with methylated Cp rings have also been polymer-
ized. The tilt angle is 18.6(3)° for the dimethylated species
[(W’-CsH;Me),FeSiMe,] and 16.1(3)° for the fully methylated
analogue [(n’-CsMe,),FeSiMe,].""! These values, compared
with those of their nonmethylated counterparts, revealed that
with increasing ring methylation, the tilt angle decreases
significantly. Whereas the onset temperature for the thermal
ROP increases by increasing the methylation level, the
corresponding enthalpy AHyep is not substantially affected,
as revealed by differential scanning calorimetry (DSC)
data.™

As the d° ferrocene unit is relatively reluctant to bend,
there is appreciable strain energy in forming the ansa ring. as
evidenced by the greater departure from planarity at the ipso-
carbon atoms. Contrary to FCPs, early-transition-metal ansa
metallocenes are thermally more stable and much less prone
to rupture at the ansa bridge."! Generally, a longer bridge
results in a less constrained geometry.

Therefore, whenever a silicon atom is replaced by boron
the tilt angle is enlarged, whereas replacement by Ge or Sn
results in a smaller tilt angle. Incorporation of a pair of vicinal
ansa bridges adds further strain to the molecule, as in the case
of bis(disilane)-bridged [2][2]metallocenophanes (M =Fe or
Ru). Steric and electronic effects also influence the course of
the ROP process. In many cases the thermal ROP was
monitored by DSC, thereby allowing the determination of the
ROP enthalpy (Table 1) as well as the ROP onset.

In other cases, the melt transition of the monomer (sharp
endotherm) is overlapped with the ROP process (broad
exotherm), leading to an underestimation of the AHyp value.
Many examples of reactive and resistant FCPs towards
thermal ROP are presented in Tables 2-6.

Table 1: Strain energies [k] mol™'] of [1]FCPs.

Ansa —AHgop Ansa —AHgop Ansa —AHgop
bridge bridge bridge

SiMe, 80 S 130 SntBu, 36
SiPh, 60 Se 110 PPh 68

B=N(SiMe;), 95
(=)P(men)® 83

Sn(Mes),® 18 (—)P(bon) 81

[a] Mes =2,4,6-trimethylphenyl, bor=bornyl, men=menthyl.

Table 2: Polymerizable sila[1]ferrocenophanes by thermal ROP.

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Ansa a[] Ansa a ]

bridge bridge

Si(OMe), 18.6(1)" Si(C=CPh), 19.23(12)%!
SiMe, 20.8(5) SiMe(C=CPh) 20.53(14)%!
sicl, 19.2(4)1" SiMePh 21.0(2)%
Sifc, 20-22 Si(CH,);® 20.61(8)"
SifctMe  21.3%" Si(fc)# 19.4(2)%
SiH, 19.1(1)# SiMe(0-CgH,-CH,NMe,)"! 21.27(1)%
SiPh, 19.2% Si(OtBu), 20.3%
SiMeCl  19.37(32)"  SiMeN{(CH,);SiMe,- 21.0(2)k°

(CH,),SiMe,}

[a] Spirocyclic. [b] Pentacoordinated.

www.angewandte.org
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Table 3: Polymerizable FCPs by thermal ROP.

Ansa compound a [
[Fe(n’-CsH,),CH,CH,] 21.6(4)B"
[Fe(n*-CsH,)Se] 26.4(2)1
[Fe(m*-CsH,),S] 31.05(10)%
[Fe(n’-CsH,),B=NiPr,] 31.0(2) and 31.4(2)RB!
[Fe(n®-CsH,),B=N(SiMe3),] 32.4(2)P1E4

[(M*-CsH4) Fe(’-CsMe,) CH,PPh] 14.8(3) and 15.0(4) B
[(W*-CsH,)Fe(’-CsMe,) CH,PMes] 18.1(2) and 18.3(2)F B!
[Fe(n’-CsH;tBu),SiPh,)] 18.8189

[(’-CsH,) Fe(*-CsMe,) CH,S] 18.5(1)%

M. Rehahn and V. Bellas

Table 6: Metallized sila[1]ferrocenophanes that are resistant against
ROP.

Ansa bridge a ]
SiMe{Co,(CO)4C,Ph} 19.09(21 )[541
SiMe{Co,(CO)(C,nBu} 19.51(19)F
Si{Co,(CO)¢C,nBu}, 19.87(22)%
SiMe{Mo,Cp,(CO),C,Ph} 20.93(20)%
SiMeCo(CO), 19.98(5)%
SiMe{Ni,(Cp),C,Ph} 21.21(21)F¢
SiMe{Ni(dppe)C,Ph}® 20.38(10)%
SiMe{Ni(dmpe)C,Ph}#! 19.90(13)F

[a] Two independent molecules in the unit cell. [b] The largest value in the
literature.

Table 4: Polymerizable Ge- and Sn-bridged FCPs by ROP.

Ansa bridge al’]
GePhcl 18.487
GeMe, 19.0(9)k®
GePh, 16.65%
GeMe,GeMe, 3.9461140)
Sn(CgH,iPrs), 14,741
SntBu, 14.1(2)1

SnMes, 14.5(2), 15.3(2), and 15.7(3)"!

[a] The digermanium-bridged compound has a smaller tilt angle than the
CH,CH,- and SiMe;SiMe;-bridged FCPs, as expected. It is resistant
against both thermal and anionic ROP. Under mild conditions in the
presence of Pd" or Pt" complexes, the Ge—Ge bond undergoes a facile
oxidative addition reaction, yielding high-moleculare-weight polymers in
good yields. In this case the ROP process is mainly entropically driven,
because as the monomer is incorporated to the macromolecular chain,
the degrees of freedom are increased, similarly to the ROP of
octamethylcyclotetrasiloxane. [b] Three independent molecules in the
unit cell.

Table 5: FCPs resistant against thermal ROP.

Ansa compound al’]
[Fe(1’-CsH,),SiMe, fcSiMe,)] 4.9(3)
[Fe(n’-CsH,),SiMe,SiMe,] 4.19(2)M
[Fe(n*-CsH,),SiR,0SiR,], R=Me or Ph 2.5(12)!
[Fe(n’-CsH,),SiMe, (OSiMe,),], x=2 or 3 1.5(5)1!
[Fe(n’-CsH,),Pt(PEt;),SiMe,] 11.6(3)1"
[Fe(n*-CsH;SiMe;),SiMe,SiMe, ]! 5.9(6)“
[Fe(n’-CsH,),Ge(C,Me,)] 18.981
[(SiMe,SiMe,),Fe(n*-CsH;),] 7.2(3)®10e
[(W’-CsH,)Fe(’-CsMe,)CH,P(Ph) (Me)]*CF;SO;~ 11.4(7)8
[(W*-CsH,)Fe(’-CsMe,)CH,SiMe,] 11.8(1)
rac-[Fe(n*-CsMeg),SiMe,] 13.0 and 13.8[91
[Fe(ns'CSHA)ZSi(OCSHA'p'NOZ)Z] 18.6(2)11P9
[Fe(1’-CsMeg) (*-CsH,) SiMe,] 17.259%
[(*-CsHa) Fe(n*-CsMe,) CH,GePhy] 11.81(5)"
[(-CsH,) Fe(n*-CsMe,) CH,GeMe,] 10.99(2)"4
[(*-CsH,)Fe(’-CsMe,) CH,SntBu,] 664(2)[52]
[(*-CsH,) Fe(n*-CsMe,) CH,SnMes,] 7.1(1)62
[(*-CsH,) Fe(n*-CsMe,) CH,SnMe,] 75(1)[”1
[(*-CsH,) Fe(n*-CsMe,) CH,ZrCp,] —5.5(2)1

[a] Incorporation of one sterically demanding SiMe; group per Cp ring
increases the tilt angle. [b] Even the more strained bis(disilane)-bridged
on adjacent positions [2][2]FCP is resistant. [c] Two independent
molecules in the unit cell. [d] The nitro and the hexamethylindenyl
derivatives are decomposed at elevated temperatures. Attempts to
polymerize [Fe(1>-CsMeg) (1°-CsH,) SiMe,] with PtCl, (C¢Dg, RT) were also
unsuccessful. [e] The negative value denotes tilting away from the C—Zr
bridge.
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[a] dmpe =1,2-bis(dimethylphosphino)ethane. [b] dppe=1,2-bis(diphe-
nylphosphino)ethane.

Highly metallized sila[1]ferrocenophanes, although they
possess large tilt angles, are resistant against ROP, either
thermally or transition-metal-catalyzed, possibly owing to
sterical hindrance. Moreover, attempted anionic ROP with
BuLi caused declusterization. Several examples of phospho-
rous-bridged [1]FCPs are presented in Table 7. The phospho-

Table 7: Polymerizable phosphaferrocenophanes by thermal ROP.

Ansa compound al
[Fe(n’-CsH,),PPh] 27.0(1)
[Fe[n*-CsH (SiMe;)],PPh] 27.5(6)
[Fe[n’-CsH;(SiMey)],P(S) Ph] 25.3(3)1)
[Fe(n*-CsHa)P (p-CeH,-tBu)] 26.9(3)"
[Fe(n*-CsH.),P(Ph)-BH;] 24.33(10)2
[Fe(n*-CsH,),P(Ph)-BCl] 25.01(4)1

[a] Attachment of the sterically demanding SiMe; substituents to the Cp
rings introduces further strain, as in the case of the SiMe,SiMe, bridge.

nium-bridged derivative [Fe(n>-CsH,),P(Ph)(Me)]*-
(OSO,CF;)~ possesses a tilt angle of 24.4(5)° and undergoes
both thermal and PtCl,-catalyzed ROP.F"! Thermal ROP was
also accomplished for the chiral (—)menthylphospha- and
(—)bornylphospha-bridged [1]JFCPs. The former complex
possesses a large tilt angle (a=27.43°).") Ruthenoceno-
phanes possess greater tilt angles than the analogous iron
species, owing to the larger size of the Ru atom (Table 8).

Attempted transition-metal-catalyzed ROP of (on adja-
cent positions) silicon-bridged [1][1]zirconocenophanes
[(SiMe,),(1n*-CsH;),Zr(NEL,),] and [(SiMe,),(n’*-
C;sH,),ZrCl,] were both unsuccessful.® Contrary to ferro-

Table 8: ROP behavior of ruthenocenophanes.

Ansa a[’J® ROP
compound behavior
[Ru(n®-CsH,),SiMe,SiMe;,] 7.8(5) [+3.6]" unreactive
[(SiMe,SiMe,),Ru(1’-CsHs),] 12.9(2) [+5.7]* unreactive
[Ru(n’-CsH,),CH,CH,] 29.6(5) [+8.0]*4 reactive
[Ru(m®-CsH,),Zr(CsH,tBu),] 10.4 [+ 4.4]® unreactive
[Ru(m’-CsH,),SnMes;] 20.9(3), 20.2(3), reactive

and 20.8(4)®! [+5.5]

[a] The value in the brackets denotes the deviation from the FCP
counterpart. [b] Three independent molecules in the unit cell.

Angew. Chem. Int. Ed. 2007, 46, 5082—5104
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cene compounds, zirconocene complexes are bent inherently,
and therefore the effective tilt angle o’ (i.e. the deviation from
the nonbridged bent analogues) is used to describe their
structure. The effective tilt angles for the above compounds
are 18.9° and 15.4°, respectively. Attempts to induce anionic
or thermal ROP to the germolyl compound [Fe(n’-
GeC,H,),Si(SiMe;),] also failed.[*”

Carbon-bridged FCPs have been polymerized by transi-
tion-metal-catalyzed ring-opening metathesis polymerization
(ROMP). From the tilt angle values (Table 9), it is noteworthy

Table 9: Polymerizable FCPs by ROMP.

Ansa bridge Tilt angle a [°]
CH=CH 22.6/68
C(OMe)=CH—CH=CH 7.16 and 11.0791€
CH=CH—CH=CH 6.7
C(tBu)=CH—CH=CH ~ Qo
C(Phy=CH—CH=CH 8.2t
C(Mes)=CH—CH=CH 10.271

CH=CH—CH, 11.3172

[a] Two independent molecules in the unit cell.

that even when Cp rings are virtually planar and parallel to
each other, as in the case of the C(fBu)=CH-CH=CH bridge,
ROMP occurs. The driving force in such cases is the
substantial bond angle strain in the bridge, arising from the
steric bulk of the bridging moieties.

As already mentioned, Rauchfuss and co-workers utilized
the desulfurizing activity of nBusP to polymerize [(n’-
C;H;R),FeS;] (R=1Bu or H), producing poly(ferrocenylene
persulfides). NMR analysis of the product obtained by ROP
of the corresponding S-Se-S-bridged derivative revealed that
selenium is abstracted. Therefore, the ROP mechanism is
based on the abstraction of the central atom of the bridge and
does not rely on strain release.”™ Using the same concept,
polymeric networks were formed from the bis(trithia)bridged
[3][3]JFCPs."™ Finally, deselenization of [nBufcSe;] gave
polymers with moderate molecular weight and high polydis-
persity.”!

Except for the relatively numerous reports about the ROP
behavior of metallocenophanes, there are limited studies
dealing with related ansa complexes. A remarkable example
is the ROP behavior of the dimethylsila[1]chromarenophane,
which exhibits a tilt angle of 16.6(3)°. Whereas this
monomer has no tendency to undergo either thermal or
anionic ROP, it can be copolymerized by both methods with
[fcSiMe,] to produce low-molecular-weight random hetero-
bimetallic copolymers, in which the chromarenophane incor-
poration does not exceed 38 %. The inability of this monomer
to undergo thermal ROP was attributed to the low Cr-arene
bond energy, as evidenced by the exclusive formation of Cr
mirror at elevated temperatures. Attempted thermal ROP of
bora[1]chromarenophane also resulted in decomposition and
deposition of chromium metal.’”! Facile transition-metal-
catalyzed ROP of the SiRR'-bridged (R =Me, R"=Me or Et)
chromarenophane was achieved in the presence of Karstedt’s
catalyst at ambient temperature.”®! Recently, preliminary

Angew. Chem. Int. Ed. 2007, 46, 5082 —5104
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experiments revealed that [{(n%-C¢Hs)Mn(n’>-CsH,)}SiiPr,]
(a=16.97°) undergoes ROP.™

Ansa-cycloheptatrienyl-cyclopentadienyl complexes
have also been examined. The diphenylsila[1]trovacenophane
[{(W'-CHg)V(n’-CsH,)}SiPh,] is strained (a=17.3°), but is
relatively thermally robust, thereby failing to be polymer-
ized.”! A DSC study of the [{(n-C,;H)Ti(n’-CsH,)}SiMe,]
(a=24.1°) indicated the formation of irregular poly(trotice-
nyldimethylsilane), which includes all possible Cp-Si-Cp, Cht-
Si-Cht, and Cp-Si-Cht linkages (Cht = cycloheptatrienyl).™"!
Contrary to the thermally induced ROP, regioregular oligo-
merization was achieved in the presence of a catalytic amount
of the [Pt(PEt;),SiMe,]-bridged troticenophane, resulting in a
structure with exclusively Cp-Si-Cht sequences.®™!! The dime-
thylsila[1]trochrocenophane  [{(n-C;H)Cr(n’-CsH,)}SiMe,]
(a=15.6°) undergoes ROP in the presence of Karstedt’s
catalyst, yielding low-molecular-weight polymers with high
conversions.’” Attempted copolymerization with either
dimethyl- or methylphenylsila[1]ferrocenophane yielded the
corresponding PFS homopolymers. Attempted photolytic
ROP was also unsuccessful.

2.3. ROP Methodologies

Thermal ROP at elevated temperatures either in solution
or in bulk (melt) affords high-molecular-weight polymers with
broad polydispersity indices. Owing to its relatively high
tolerance towards functional groups, a wide range of strained
monomers have been used. To gain insight into the mecha-
nism of the thermal ROP of silicon-bridged [1]FCPs, Pudelski
etal. polymerized monomers bearing unsymmetrically
methylated Cp rings.®® The reaction proceeds through a
nonselective cleavage of Si—Cp" and Si—Cp™° bonds as
evidenced by '"H NMR microstructure analysis, cyclic voltam-
metry, as well as ESR data on the oxidized product
(Scheme 5). The nature of the propagating species is not
known with certainty. A carbanionic mechanism is ruled out
completely, because the ROP of monomers bearing chloro-
silyl groups results in high-molecular-weight polymers. Intri-

C ‘\\Me

/ O

F\e Si

\

1 e
150 °C
Me Me Me Me
L\ \s
ST

e Fe Fe

/§i2§§§- s
“, ‘, n

Me  Me Me/ “Ve

Scheme 5. Synthesis of amorphous PFS by thermal ROP.
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guingly, the thermal ROP of monomers bearing chloropropyl
groups gives moderate-molecular-weight polymers. Since
such groups are well-known chain-transfer agents, a mecha-
nistic process involving radicals should not be dismissed.
Nevertheless, more studies are needed to elucidate the
thermal ROP mechanism.

A heterolytic mechanism involving initiation by trace
quantities of nucleophilic impurities was proposed in the case
of the solution ROP of tin-bridged [1]JFCPs (Scheme 6).%4
Noticeably, the ROP process is dramatically accelerated upon
addition of amine nucleophiles. The dimethylgermyl- and
dichlorosilyl-bridged analogues also undergo ROP in the
presence of pyridine, whereas the dimethylsilyl counterpart is
resistant. The rate of the ROP process relies on the stabiliza-
tion of the pentacoordinated intermediate, which is strongly
affected by steric effects and the electrophilicity of the
bridging atom.

The first report of living carbanionic ROP appeared in
1994, and this process permitted the synthesis of PFS with
predictable molecular weights and narrow molecular-weight
distributions.™ Since thermal ROP is unable to produce
materials with a high degree of molecular and compositional
homogeneity, living carbanionic ROP is of high value here.
Importantly, this methodology provided access to a wide
variety of novel copolymers with well-defined structures and
architectures, provided that only functionalities that are inert
toward carbanions are present at the monomer. However, an
exhaustive purification of reagents is required to avoid
premature termination. The mechanism is based on a Cp—Si
bond cleavage, as evidenced by the structure of the oligomers,
prepared by either ferrocenyllithium- or dilithioferrocene-
initiated ROP.

In 1995 two groups independently described the transi-
tion-metal-catalyzed ROP of sila- and germaferroceno-
phanes.’” Various platinum (Pt°, Pt"), palladium (Pd’, Pd"),
and rhodium (Rh') complexes catalyze the ROP in solution at
room temperature to yield high-molecular-weight polymers.
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Scheme 6. Nucleophile-assisted ROP of tin-bridged [1]FCPs at ambient temperature.
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- Compared to living carbanionic ROP, this convenient
approach does not require extremely high purity
levels. Contrary to thermal ROP, where in many
cases high polymerization temperatures are needed,
the transition-metal-catalyzed ROP occurs under mild
conditions, rendering many monomers reactive which
otherwise decomposed upon attempted thermal ROP.
Using this route, a crystalline material with a regiore-
gular microstructure was produced from the corre-
sponding FCP with different levels of methylation at
the Cp rings, contrary to the amorphous polymers
obtained from thermal ROP. In this case, ROP
proceeds exclusively by a selective Si—Cp" bond-
cleavage mechanism, because the Si—Cp™® bond is
resistant against PtCl,-catalyzed ROP, as concluded
from the failure of [(’-CsMe,),FeSiMe,] to undergo
ROP under these conditions (Scheme 7).[%!
Phosphorus(III)-bridged [1]JFCPs are resistant
against transition-metal-catalyzed ROP, presumably
owing to the ligation of the phosphorous lone pair to

M
e S
) Me 1mol % s ~
Q ..s“ PICI, G \s| )
—
/@ / \ toluene Fe Fe
/Ty 0

Me Me

Scheme 7. Synthesis of regioregular PFS by PtCl,-catalyzed ROP.

the catalyst’s metal center. Up to now, there is no successful
organolithium-initiated or transition-metal-catalyzed ROP of
tin-bridged [1]FCPs.

Transition-metal-catalyzed ROP was initially believed to
proceed through homogeneous reactions.® Subsequent stud-
ies suggested a heterogeneous catalytic route with colloidal
metal as the main active catalyst (Scheme 8).'”! The gener-
ated platinasila[2]ferrocenophane acts as a precatalyst. The
heterogeneous mechanism was supported by end-group
analysis of the isolated [{Fe(n’-CsH,),SiMePh},] polymer,
revealing that the dimethylsilylferrocenophane component of
the precatalyst does not incorporate into the growing
polymer. This observation was additionally confirmed by
using [Fe(n>-CsH,),Pt(1,5-cod)SnsBuy,] as a precatalyst. More-
over, significant retardation of the reaction was observed in
the presence of mercury, a well-known inhibitor for hetero-
geneous reactions. Since no inhibitors for homogenous
reactions were checked to find out whether a relevant
retardation occurs or not, the coexistence of homogeneous
catalytic reactions should not be ruled out.

In 2000 the first photolytic ROP was published.” The
monomers that were used were the phosphorous-bridged
[1]JFCPs coordinating to an organometallic fragment: [Fe(n’-
CH)P(PNX]  (X={Mn(-GH)(CO)),  (Mn(n™-
CsHMe)(CO),}, or {W(CO)s}; Scheme9). The monomer
[Fe(©’-CsH,),P(Ph)W(CO);] possesses a tilt angle of 25.6°.
Since the *'P{'H} NMR spectrum of the produced polymer
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N Heating of this intermediate gave a poly-
@\ JMe /@ & \\ monomer °q mer, signifying that it indeed possesses
) Si:“ - (: \"’J\ - ®e o structural characteristics requisite for ROP.
N\ [P(1,5-cod),] 16cod  Fe M i Replacement of P(OMe); by the stronger-
@/ Me @/& - 15c0a  Tteollod C(l)ordin.ating. agent PMe; revealed that the
1'-Cp ring dissociates completely from the
Me, ~ Me monomer iron center and is bonded to phosphorous

. (Scheme 11).
<O;7//S' These results support a mechanism in
which reactive intermediates are initially
Fe E—— F formed and afterwards react with the
D remaining monomer, thereby propagating
- \>/ \>/ the ROP (Scheme 12). Recently, it was
Moo _aMe Me found that the photolytically induced hap-
~_ SI o totropic shifts are reversible upon heat-
s monomer (‘) monomer e .
ing.”™ These encouraging results promted
Fe Fe " investigation of the photolytic living carba-
@\ /_CJS\ D / @/ e nionic ROP of [fcSiMe,].”"! Preliminary
Si . .

S /\/ o experiments  revealed that neither
e e (CsH,Me)Li nor UV broad-band irradiation

Scheme 8. Proposed mechanism for the transition-metal-catalyzed ROP of [fcSiMe,];

cod = cyclooctadiene.

ML UV (mercury
" arc lamp)

h THF, 0°C

ML,={Mn(C,H,Me)(CO),},
{Mn(C4H,)(CO),} or
{W(CO)s}

Scheme 9. ROP of phosphal[l]ferrocenophanes under broad-band UV
illumination.

showed only a sharp signal, the ROP process is completely
regioselective. Nonchlorinated donor solvents (THF, aceto-
nitrile) promote the regioselectivity, whereas apolar and
chlorinated ones give rise to complicated *P{'H} NMR
spectra. This is the only report in which a metallized FCP
undergoes ROP. An appreciable advantage of this method-
ology is the well-defined structure of the final polymer,
because the pendant group is present in every repeating unit.
Other strategies, in which the organometallic fragments are
introduced through side-chain functionalization reactions of
polymers, suffer from incomplete incorporation of the
metallic moieties.”® Thermal and transition-metal-catalyzed
ROP of the metallized monomers were both unsuccessful.
Catalytic amounts of nBuLi induced anionic ROP to the
Mn derivatives, while a relevant experiment was not
attempted in the case of the W compound.

To elucidate the photolytic ROP mechanism, various
phosphall]ferrocenophanes were irradiated with UV light in
the presence of a large excess of P(OMe), (Scheme 10).0%
The molecular structure of the product was determined by X-
ray crystallography and revealed an 1’ —n' haptotropic shift.
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(A>300nm) alone causes a ring-opening
reaction to this monomer. However, the

A‘r
r P—E
excess P(OMe),

Fe P

\ A THF, UV, 0°C Fe—.

oy - 4

| C (MeO),P P(OMe),
E=S, Ar=Ph

E=nothing, Ar=Ph
E=nothing, Ar=Mes

Scheme 10. Photolysis of FCPs in the presence of P(OMe),.

N L
- Ph —~—P—S§
F/ / excess PMe, @/
e P\ T
r\ \/ g THF, UV, 0°C R
{ C,D )/ M83P | PMe3
PMe,

Scheme 11. Photolysis of FCPs in the presence of PMe;.

monomer reacts with (CsH,R)Li (R=Me or H) in the
presence of UV light by a Fe—Cp bond-cleavage mechanism
(Scheme 13).

The UV photoirradiation further weakens the already
relatively weak Fe—Cp bond of the highly strained [fcSiMe,]
complex, thus facilitating the nucleophilic attack at the iron
center. Under the same conditions, using higher monomer
loadings, low-molecular-weight polymers were formed with
polydispersities ranging from 1.18 to 1.35. However, living
photolytic carbanionic ROP was achieved using (CsHs)Na as
an initiator. Kinetic studies revealed retardation with increas-
ing temperature, thus providing mechanistic insight
(Scheme 14).”! Upon irradiation some monomers (M) are
promoted to a photoexcited state (M*). The photoexcited
monomer M*, which is potentially solvated, then reacts with
the initiator (I, with rate constant k;) to form a ring-opened
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Scheme 14. Proposed mechanism for photolytic living ROP; M =mo-
nomer, | =initiator.

substituted monomers generates amorphous polymers,

whereas the y-ray-induced ROP forms stereoregular materi-
als.

Scheme 12. Proposed mechanism for the photolytic ROP of phos-

pha[1]ferrocenophanes.

Me
) Me . MeOSO,CF, Me __CH;—S
Q\S"p excess (CHMeLi o BF, -OFt, D
Fe i -
\ UV, THF, RT _— Me Me
5 \Me CH,CI, Fe
D
n
Mg  Me Me  Me Scheme 15. Cationic ROP of carbathio[2]ferrocenophane
4 H,0 LiOH “
O w O
Me
Fe Li+ Fe Me Me /‘
Me C
Me Me e Me /
X=0S0,CF, Fe Me ?
Scheme 13. Ring-opening reaction of [fcSiMe,] upon UV Fe ?H LN : Me Me S
photoirradiation. e \j {‘\_/
i
Me Fe Me CS"‘ X
. . . Me
adduct, which in turn undergoes chain
propagation (with rate constant k,) in the e Me
presence of the M* monomer. At higher itiati ,/\—) -
temperatures, the equilibrium between M nitiation
and M* is expected to lie in favor of the @ S— Me
ground-state monomer, thus negatively ‘
affecting the ROP process. Fe e
The first cationic ROP of a metal- Fe Me +
?ontaining ring appelzare.d in 1998 'and / O x : CH2 Me
involved the polymerization of a strained Me

carbathio[2]ferrocenophane

(Scheme 15). The proposed mechanism is
illustrated in Scheme 16. The cationic ROP
of stanna[l]ferrocenophane was explained
on the basis of the mechanism presented at
Scheme 17.”" Recently, the cationic ROP
of a cyclic pentacoordinated sila[1]ferroce-
nophane was described (Scheme 18)."
Solid-state ROP of symmetrically substi-
tuted sila[1]ferrocenophanes upon “Co
vy irradiation yields high-molecular-weight
polymers with properties similar to the
materials prepared by thermal ROP[!
However, thermal ROP of unsymmetrically
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Scheme 16. Proposed mechanism of the cationic ROP of carbathio[2]ferrocenophane.
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R
o
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j{ R X molecular weight over the range M, =2000-45000,
[COX R 7 with polydispersity index values in the range of 1.1
2.3 (Scheme 19).%! The observed M, value is
propagation *Sr)’/ 3 greater than expected from the feed ratio of
‘, q—/ monomer/Et;SiH, implying that [fcSiMe,] is more
n R R Fe reactive towards the catalytic metal center com-
@ pared to Et;SiH. Apparently, oxidative addition of
B R the Si—H functionality to the catalytic species

Scheme 17. Proposed mechanism of the cationic ROP of stanna[l]ferroceno-

phanes.
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Scheme 18. Cationic ROP of sila[1]ferrocenophanes.

3. Synthesis of Copolymers—Macromolecular Archi-
tectures

Random copolymers were prepared by the thermal ring-
opening copolymerization of [fcSiMe,] with cyclotetrasi-
lanes, '™ and dialkylgerma[1]ferrocenophanes.'”!! Both ther-
mal and PtCl,-catalyzed copolymerization of [fcGeMe,] and
[fcSiMe,] yielded copolymers with a monomodal molecular-
weight distribution."” Transition-metal-catalyzed copoly-
merization of [fcSiMe,] with either benzosilacyclobutane or
tetramethyldisilacyclobutane led to the formation of random
copolymers. In all cases, the copolymer composition was
identical to the initial feed ratio. Thermal copolymerization at
150°C resulted in FCP-rich materials.'"”® Later on, similar
copolymers were obtained by [Rh(1,5-cod),] OTf-catalyzed
copolymerization.['*

Transition-metal-catalyzed ROP in the presence of vary-
ing amounts of Et;SiH allows convenient control of the

Angew. Chem. Int. Ed. 2007, 46, 5082 —5104
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competes with the addition of the strained Si—Cp
bond of the monomer. During the propagation the
concentration of the monomer decreases and
Et;SiH effectively is added to the growing metal-
lomacrocycle, thereby acting as a terminating agent to afford
the telechelic polymer. Later on, functionalized silanes were
found to be more reactive as capping agents than Et;SiH,
allowing molecular-weight control in the low-molecular-
weight range.' The reactivity seems to be dependent on
the electronegativity and steric demand of the silicon
substituents.

This methodology was attempted to extend to other Si—H
substrates, giving access to the synthesis of copolymers with
block, graft, and star architectures. However, this protocol
needs further optimization in order to achieve grafting of
polymeric chains rather than the short ones reported so far.
Cyclic PFS has been also reported to be available through the
transition-metal-catalyzed ROP of [fcSiMe,] in the presence
of BH; THF as a cocatalyst."”

3.1. Block Copolymers

The first block copolymer was synthesized in 1994 by
sequential living anionic ROP of [fcSiMe,] and hexamethyl-
cyclotrisiloxane.'®! Later on, this approach was exploited to
the synthesis of various co- and terpolymers.'” For example,
PDMS-b-PFS-b-PS-b-PFS-b-PDMS was prepared using a
difunctional initiator, whereas PS-b-PFS-b-PDMS-b-PFS-b-
PS through coupling with Me,SiCl, (PDMS = poly(dimethyl-
siloxane), PS = polystyrene).

The synthesis of a water-soluble amphiphilic organome-
tallic block copolymer was accomplished starting from a
hydroxyl-telechelic poly(ethylene oxide) (PEO)."'! The first
step involves the incorporation of the terminal Si—H group
through a condensation reaction between the w-hydroxyl
precursor and methylphenylchlorosilane (Scheme 20). Treat-
ment of the w-hydrosilyl PEO with [fcSiMe,] in the presence
of Karstedt’s catalyst afforded the diblock copolymer. An
amphiphilic metallo-supramolecular copolymer PFS-b6-PEO
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Scheme 20. Synthesis of PEO-b-PFS.
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was also prepared by a multistep methodology based on
terpyridine chemistry.!!

A two-step approach was used for the synthesis of
oligoferrocenylsilane-b-poly[2-(N,N-dimethylamino)ethyl
methacry-late] (Scheme 21).''? Initially, the anionic ROP of
[fcSiMe,] took place in the presence of (tert-butyldimethylsi-
lyloxy)-1-propyllithium. The hydroxyl functionality was
formed upon hydrolysis of the protective group by
nBu,N"F~. Subsequent treatment with potassium hydride
generated a living chain end, suitable to commence the
anionic polymerization of the methacrylic monomer.

High-molecular-weight asymmetric PFS-b-poly(methyl
methacrylate) was prepared
by combining living anionic
ROP and atom-transfer rad-
ical polymerization (ATRP)

Me*IEOCH CHﬂfo Sll H

CISiMe,(CH,),0SiMe, LiCl

M. Rehahn and V. Bellas

the other hand, attempted deprotection by
nBuN'F~ was accompanied by partial
degradation. Subsequent acetylation with
2-bromoisobutyric anhydride generated
the ATRP macroinitiators, which then
polymerized MMA in the presence of a
ruthenium-based catalyst, affording the
Me diblock copolymers.

A novel heteroarm star copolymer,
(PFS)(PI);, was synthesized using control-
led chlorosilane-linking chemistry
(Scheme 23).1% In the first step, a dilute
solution of the living PFS block is added
dropwise to a huge excess of tetrachlorosi-
lane to ensure that only one polymeric chain is selectively
grafted onto the coupling agent. Subsequent to quantitative
removal of the SiCl, excess, the trichlorosilyl-terminated
precursor was treated with an excess of polyisoprenyllithium,
resulting in complete substitution of the remaining chlorine
atoms.

A two-step methodology was utilized for the synthesis of
PFS-b-poly(y-benzyl-L-glutamate) (Scheme 24). Initially,
treatment of living PFS chains with a fivefold excess of 1-(3-
bromopropyl)-2,2,5,5-tetramethyl-1-aza-2,5-disilacyclopen-
tane at low temperature and subsequent precipitation in

ag. AcOH, THF, 24 h

I\MNSiMEE(CHz)aoSiMea ™\

Li
113 - =0 9
(Scheme 22).F ! In the first THF, -70°C SiMe,(CH,),0H
step, MesSiO- or Bu- Fe W
Me,SiO-functionalized PFS Mi@ THE. 20°°C _— OS _'_ A
was synthesized by end-cap- ~ "BUTSI n ’ mnfv e S Bu,AH, THF, 24 h
ping the living precursors Me

with functional chlorosi-
lanes. In the former case the
end-capping was performed
at low temperature, thereby

CISiMe,(CH,),0SiMe,Bu

S

LiCl

ATRP macroinitiator
¢ :
Br

SlMeZ(CHz)a Me

JAVAVAVAVAS S

avoiding nucleophilic attack
of the living chains at the
trimethylsilyl ether moieties.

DMAP, Pyridine, 48 h

Afterwards, the labile pro-
tecting groups were hydro-
lyzed under relatively mild
conditions to prevent chain
scission of the PFS block. On

I o CH C
ATRP macroinitiator MMA, Ru" catalyst, toluene, 80 C
OMe m

Scheme 22. Synthesis of PFS-b-PMMA; MMA = methyl methacrylate, DMAP = 4-(dimethylamino) pyridine.

Me Me JMe aTHF200c  H
. b) MeOH
Me Si-OCH,CH,CH; Li* + Fe Sl\ ¢) nBu,N'F’ e me /Me
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n

d) KH, THF, 0°C

OCH,CH,NMe,
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f) MeOH
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Scheme 21. Synthesis of oligoferrocenylsilane-b-poly[2-(N,N-dimethylamino)ethyl methacrylate].
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Scheme 23. Synthesis of a heteroarm star copolymer; Pl = polyisoprene.
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Scheme 24. Synthesis of PFS-b-poly(y-benzyl-L-glutamate); Bz=benzyl.

methanol yielded a three-component polymeric mixture.!'”!
The mixture comprised of the amino-telechelic organometal-
lic block and its nonfunctionalized counterpart, along with a
significant amount of the corresponding dimer. Since the
protective group is labile toward methanol, complete depro-
tection was accomplished upon precipitation. The amino-
telechelic chains, isolated by silica gel column chromatogra-
phy, served as macroinitiators for the ROP of the a-amino
acid-N-carboxyanhydride. The resulting copolymers exhib-
ited thermotropic liquid-crystalline behavior in bulk and
thermoreversible gelation by a nanoribbon mechanism occur-
ring in toluene.l"® Hydrogenation of the polypeptide block
with H,/Pd resulted in amphiphilic PFS-b-poly(L-glutamic
acid).

Graft copolymers were prepared by
grafting living PFS onto poly[styrene-co-
(4-chloromethylstyrene)] (Scheme 25).M17)
Direct reaction of polysilaferrocenyl-
lithium with the macromolecular multi-
functional linking agent was unsuccessful.
However, in the presence of a catalytic
amount of Csl an insoluble product
formed, presumably a result of cross-link-
ing caused by lithium-halogen exchange
and/or single-electron-transfer reactions
and subsequent interchain nucleophilic
substitution reactions. Suppression of

nBu

CH,CI
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these side reactions was achieved
by end-capping the living arm
a  1,1-diphenylethylene
(DPE) unit. The DPE end-cap-
ping reaction was found to be
virtually quantitative by 'H NMR
spectroscopy. However, related
exhaustive MALDI-TOF MS

studies revealed incomplete con-
[118]

+Licl +sici, !

PRV

PI

version.

Well-defined high-molecular-
weight PFS-b-PMMA was syn-
thesized through an exclusively
living anionic process
(Scheme 26)."1  The conven-
tional sequential addition tech-
nique failed to produce the copo-
lymer because of premature ter-
mination. Particularly, polysila-
ferrocenyllithium, even at
—78°C and in the presence of a
H 10-fold excess of LiCl, was found
I to react with the carbonyl group
of MMA, resulting in quantitative
formation of vinyl ketone func-
tionalized chains. To overcome
this problem, the living chain
termini were treated with DPE
to reduce their reactivity, prior to
the MMA polymerization. Since
the direct end-capping method
suffered from incomplete conver-
sion, DPE and 1,1-dimethylsilacyclobutane (DMSB) were
added in succession to the reaction mixture to accelerate the
modification of the chain termini. The thus generated steri-
cally encumbered carbanion served as macroinitiator for the
polymerization of MMA at —78°C. Pentablock terpolymers
PMMA-b-PFS-b-PS-b-PFS-b-PMMA  were synthesized by
using the same strategy and lithium naphthalide as a difunc-
tional initiator.!")

Linear dendritic diblock copolymers were synthesized by
grafting living PFS onto the benzyl chloride group of first- or
second-generation poly(benzyl ether) dendrons.'*"! Polyfer-
rocenylphenylphosphine (PFP) block copolymers (PFP-b-
PDMS, PFP-b-PFS, PS-b-PFP, and PI-b-PFP) were also

Pl
Pl

R=Bz
H,, Pd/C, DMF

R=H

Li Q 367 CH,CPh,Li
0,
2 equiv THF,50°C, 3h Fe living arm
I\(Ie
& i @),
Me
THF, 0 °C
®
L®

living arm

Scheme 25. Synthesis of poly{[styrene-co-(4-chloromethylstyrene)]-g-ferrocenyldimethylsilane}.
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4. Self-Assembly
4.1. PFS Block Copolymers in the Solid State
The solubility parameter—the simplest

numerical value indicating the solubility
behavior of a polymer, which is derived

b) MeOH from the cohesive energy density and thus

PFS Me from the (for polymers hypothetical) heat of

NNV (SiMe,CH,CH,CH,) CH,C CH—(l: H ) vaporization—of the linear polyferrocenyl-
x 2 T MeOLi . . :

=0 dimethylsilane (PFMS) was determined by

(|3Me swelling measurements to be J=

Scheme 26. Synthesis of high-molecular-weight PFS-b-PMMA.
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prepared by sequential living anionic polymerization.'” The
organometallic block contains coordinating atoms suitable for
further functionalization. Reaction of PFP-b-PDMS with
[Pd(1,5-cod)Cl,] and [Fe(CO),(thf)] resulted in partial metal
coordination with PdCl, and {Fe(CO),}, respectively.!?

3.2. Chemical Modification

Pre- and postpolymerization approaches were both suc-
cessfully applied for the synthesis of chemically modified
PFS-based materials.'” Generally, owing to the inherent
sensitivity of PFS towards chain cleavage, strong reaction
conditions should be avoided. PFS-bearing olefinic groups
were quantitatively functionalized by hydrosilylation,
whereas attempts to hydrosilylate the monomer failed.!'”!
Hydrosilylation was also applied for the synthesis of calamitic
thermotropic side-chain liquid-crystalline polymers.*!

Tetrapeptide segments Gly-Ala-Gly-Ala were grafted
onto w-amino-terminated PFS and PFS-bearing pendant
amino groups, producing telechelic and side-chain-function-
alized PFS, respectively.'”! The ability of this tetrapeptide
sequence to form antiparallel f sheets is retained in the
metallopolymer—peptide conjugates and phase separation
occurs.

The first hydrophilic and water-soluble high-molecular-
weight PFS was reported in 2000."*! The applied methods
were ROP of the Si(OR),-bridged monomers (R=
CH,CH,0OMe, CH,CH,0CH,CH,0OMe) in the presence of
Karstedt’s catalyst and treatment of polyferrocenylchlorome-
thylsilane with Me,NCH,CH,OH or oligo(ethylene glycol)
monomethyl ether. Quaternization of the dimethylamino
groups yielded the related cationic polyelectrolytes. Later on,
various anionic and cationic polyelectrolytes were devel-
oped. Tt has been demonstrated that a cationic PFS is an
efficient DNA condensation and transfection agent.!'*"
Redox-controlled permeability and swellability of compo-
site-wall microcapsules has been achieved by using PFS
polyelectrolytes."”! PFS-based water-soluble cationic and
anionic polyelectrolytes were shown to self-assemble in a
layer-by-layer fashion on primed Au, Si, and quartz substrates
to create electrostatic superlattices.*!
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18.7(7) MPa2.*l This value renders PFMS

immiscible with many polymers. Therefore, a

wide variety of microphase-separated mor-

phologies are expected for the related block
copolymers.'*”! No staining is required for the TEM experi-
ments because of the larger scattering power of the iron-
containing organometallic domains compared to the domains
of the common organic polymers, providing sufficient con-
trast for TEM micrographs. For example, in bright-field TEM
images PFS areas are dark whereas the PS areas are lighter.
TEM, small-angle X-ray scattering (SAXS), and rheology
experiments on neat PS-b-PFMS and its blends with the
parent homopolymers allowed plotting of the phase diagram
(Figure 2).1%

m i
o84 0 i
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LI
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0.44 ,WAAAAD
| |
0.10 ‘030 050 070

PFS volume fraction ———»

Figure 2. Phase diagram of PS-b-PFMS diblock/homopolymer blends;
y axis: N+ Np=overall degree of polymerization of the copolymer

(F =ferrocenyldimethylsilane, S=styrene); x axis: overall PFS volume
fraction; ----- : phase boundaries between different ordered morpholo-
gies (symbols: & lamellae, A hexagonally packed cylinders, ¥ double
gyroid, @ body-centered cubic-packed spheres, m disordered, + perfo-
rated lamellae). Neat diblocks and blends are displayed as solid and
open symbols, respectively.

The microphase behavior of PMMA-b-PFMS with differ-
ent compositions (¢ppps = 0.25-0.48; ¢ = volume fraction) was
investigated by TEM (Figure 3).* Since no gyroidic mor-
phologies were observed, the overall behavior of PMMA-b-
PFMS indicates that PEMS is highly immiscible with PMMA,
representing a system in the strong segregation regime.
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Figure 3. PMMA-b-PFMS phase diagram; y axis: N¢+ Ny, = overall
degree of polymerization of the copolymer (F =ferrocenyldimethylsi-
lane, M =methyl methacrylate); ----- : phase boundaries between
spherical and cylindrical morphology (¢~ 0.25), and between cylindri-
cal and lamellar morphology (¢~ 0.40).

Figure 4. TEM image of a blend (overall ¢prys =0.39) comprised of a
PMMA-b-PFMS copolymer (¢peyms =0.45, M,=27.1 kDa) and 6 vol. %
PMMA homopolymer (M,=9.6 kDa). Annealing at 190°C resulted in a
gyroidic morphology. Reprinted with permission from Ref. [135]. Copy-
right 2004 American Chemical Society.

However, a bicontinuous gyroidic morphology was observed
by blending lower-molecular-weight PMMA-b-PFMS with a
relatively low amount (6 vol. %) of a PMMA homopolymer
(Figure 4).I'

The bulk microphase segregation of an asymmetric
PFMS-b-PDMS copolymer (¢ppys =0.20) was examined by
SAXS, bright-field-mode TEM, high-resolution dark-mode
scanning TEM, and electron-energy-loss spectroscopy.!'*"!
The presence of iron in the PFS block complicates interpre-
tation of the SAXS data as iron fluoresces upon absorption of
the Cug, radiation. By using Cog, radiation, the iron
fluorescence can be avoided. The results support an unusual
morphology of concentric cylinders in a PDMS matrix
(Figure 5).

The behavior of an amorphous PS-b-polyferrocenylethyl-
methylsilane copolymer (¢ps=0.48) under periodic, strong
3D confinement was studied by TEM and energy-dispersive
X-ray spectroscopy (EDX).!*”! The copolymer, which affords
well-defined lamellae in the bulk state, was self-assembled
inside two different templates. In one case, ordered, inter-
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50.7 nm

Figure 5. Schematic representation of the bulk morphology of a highly
asymmetric PFMS-b-PDMS.

connected copolymer spheres surrounded by air voids were
produced. The strong curvature of this template results in the
lamellae wrapping together to form concentric shells. In the
other case, the replica was a matrix of the copolymer
surrounding ordered spherical voids. Because of the strong
confinement imposed by the surrounding silica spheres, the
lamellae are oriented perpendicularly to the sphere surfaces.
The periodic and interconnected nature of the template forces
the lamellae to curve, branch, and join, thereby forming a
phase that follows the topology of the void space. Clearly, the
effects of strong 3D confinement altered both the lamellar
structure and its thickness in comparison with the equilibrium
bulk state (Figure 6).

silica

confinement

Figure 6. Morphology of an amorphous PS-b-polyferrocenylethylme-
thylsilane under periodic, strong three-dimensional confinement.
Reprinted with permission from Ref. [137]. Copyright 2005 American
Chemical Society.

Large area ordering at room temperature in thin films of
PI-b-PFMS was achieved by introducing a low percentage of
ferrocenylethylmethyl units in the organometallic block,
thereby effectively suppressing the PFMS crystallization.*

4.2. PFS Block Copolymers in Selective Solvents

PFS-containing block copolymers self-assemble into
micelles upon exposure to selective solvents.’*! In most
cases the morphology is guided by the crystallization of the
PFMS block.'"! Organometallic nanotubes were prepared
from the self-assembly of highly asymmetric PFMS-b-PDMS
in n-hexane and n-decane. Time- and temperature-
dependence studies revealed that a variety of morphologies
are formed initially, depending on the conditions of sample
preparation, but most of them eventually rearrange to form
nanotubules. TEM analysis suggests that the resulting
micelles are hollow. Encapsulation of n-butylferrocene and
PbnBu, confirmed the presence of a cavity within the tubes.
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The PFMS blocks aggregate and crystallize to form a shell
with a cavity in the middle of the tube, while the PDMS blocks
form the corona. A model was proposed, comprising from a
ribbonlike monolayer of extended PFS chains that fold back
upon themselves, with the PDMS corona chains protruding
from the edge of the ribbon (Figure 7). Finally, the nanotubes

Figure 7. Proposed model for the PFMS-b-PDMS self-assembly in n-
decane. The PFMS chains have a zigzag structure corresponding to
their structure in the crystalline homopolymer, with a 6.4 A spacing
between Fe atoms on adjacent chains. The PFMS chains are drawn as
extended in the direction perpendicular to the long axis of the ribbon.
The dashed line surrounding the structure represents the space
occupied by the PDMS corona. Reprinted with permission from

Ref. [141d]. Copyright 2005 American Chemical Society.

formed at room temperature in n-decane rearrange reversibly
to generate short dense rods upon heating at 50°C and
aging.'"!" This reversible transition reflects the dynamic
nature of the self-assembled structures and demonstrates
that both the tubes and the rods are equilibrium structures.

Self-assembly and shell cross-linking of PFS-b-PMVS
(PMVS = polymethylvinylsiloxane) leads to stable organo-
metallic nanotubes with redox activity and tunable swellabil-
ity.'* These shell-cross-linked nanotubes were used for the
redox-induced synthesis and encapsulation of metal nano-
particles."! Moreover, stable organometallic cylinders with
tunable swellability were created by cross-linking the shell of
cylindrical PI-b-PFS micelles.'™! The presence of a cross-
linked corona was found to permit the pyrolysis-induced
formation of cylindrical ceramic replicas containing size- and
separation-tunable arrays of Fe nanoclusters. In addition,
microfluidic channel-assisted alignment and patterning of the
cross-linked cylinders were achieved.

5. Patternable PFSs
5.1. Micropatterning of Homopolymers and Random Copolymers

PES is relatively resistant against reactive ion etching
(RIE) compared to organic polymers. Large-area PFS
patterns were fabricated by using various soft lithographic
techniques, which afterwards transferred into the underlying
substrate by RIE treatment. A protecting oxide layer acts as a
mask, allowing access to structures with high aspect ratios.[**
Similarly, an ordered 2D array of ferromagnetic Fe/Co
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nanoparticle rings is formed from a PFS precursor that is
highly metallized with cobalt clusters after plasma and
pyrolytic treatment."*”! Magnetically tunable ceramic replicas
are generated upon pyrolysis of freely standing cross-linked
PFS films formed by micromolding techniques."*!

Highly regular concentric ring patterns of PFS on Si
substrate are formed by placing a drop of polymeric solution
within a confined geometry and allowing the solvent to
evaporate.'"”) Subsequent pyrolytic treatment at 1000°C
generates magnetic ceramic rings containing a-Fe crystallites
embedded within a SiC/C matrix.

PFSs bearing pendant methacrylate groups were used as
negative-tone photoresists.® A PFS bearing metal carbonyl
moieties was also used as a negative-tone photoresist and an
electron-beam resist (Figure 8).1°! The main disadvantages of

o TS YrYrewes

Trzud S ey e
—a

Figure 8. SEM image of PFS structures functionalized with cobalt
clusters obtained by electron-beam lithography. Reprinted with permis-
sion from Ref. [151b].

these lithographic approaches are the poor resolution and the
development from organic solvents. The patterned features
can afford magnetic ceramics either by pyrolysis or RIE in a
secondary magnetic field.!™

Tunable microcellular morphologies are obtained upon
exposure of PFS-based polymers to supercritical carbon
dioxide.'™® Surface-constrained polymeric foams with sub-
micron cell sizes can be generated by judicious selection of
exposure conditions.

Pt’-catalyzed copolymerization of [fcSiMe,] and the
spirocyclic cross-linker [fcSi(CH,);] affords PFS microspheres
under mild conditions."* Chemical oxidation of these micro-
spheres leads to positively charged particles which undergo
electrostatically driven self-assembly with negatively charged
silica microspheres to form core—corona composite particles
(Figure 9). Upon pyrolysis, the microspheres are transformed
with shape retention into magnetically tunable ceramic
replicas, which can be organized into ordered 2D arrays at
the air—water interface under the influence of an external
applied magnetic field.

The fabrication of multilayer films was achieved by layer-
by-layer deposition of PFS-based polyelectrolytes.'> Cation-

Angew. Chem. Int. Ed. 2007, 46, 5082—5104


http://www.angewandte.org

Polyferrocenylsilanes

Figure 9. SEM micrograph of negatively charged silica microspheres
electrostatically bound to the surface of positively charged PFS
particles. Reprinted with permission from Ref. [154b]. Copyright 2002
American Chemical Society.

ic and anionic polyelectrolytes were deposited electrostati-
cally onto a variety of substrates including quartz, silicon,
gold, and hydrophilic/hydrophobic-patterned substrates.

5.2. PFS-Assisted Block Copolymer Nanopatterning

Various nanopatterning methodologies have been applied
for PFS block copolymers. Self-assembled PI-b-PFS!'™® and
PS-b-PFSI'™ thin films on silicon substrate were used for one-
step lithography induced by RIE and pyrolysis, respectively.
Remarkably, the former organometallic domains retain their
original structure and no change in domain spacing occurs.

By exploiting the block copolymer lithography strategy it
was possible to form large-area cobalt magnetic dot arrays of
high density.’* A PS-b-PFS copolymer self-assembles to
form PFS spheres embedded in a PS matrix, thereby acting as
a template for the successive etching steps on a multilayer
substrate.

A graphoepitaxial—a technique whereby an artificial
surface relief structure is used for the induction of crystallo-
graphic orientation in thin films—methodology was used for
patterning a PS-b-PFS copolymer with ¢prs=0.20 and
spherical equilibrium morphology in the bulk state.™ The
copolymer behaves elastically and can conform to various
groove widths, leading to PFS sphere arrays with tunable row
spacings that depend on the commensurability between the
groove and the copolymer grain size. The well-ordered
domain patterns were transferred into the underlying silica
through a CHF;-RIE process. Pattern registration is achiev-
able under optimized templated self-assembly processing
conditions (Figure 10).0'"

A modified soft-lithography protocol was applied,
wherein submicron patterns of PS-b-PFS were generated on
a silicon wafer by using an elastomeric mold against solutions
of the copolymer.'®"! After separation of the mold from the
substrate, the sample was annealed and subsequently treated
in oxygen plasma, affording linearly aligned ceramic spheres.

Fabrication of oriented ceramic nanolines was achieved
by a multistep methodology using cylindrical micelles of PFS-
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Figure 10. SEM images of PS-b-PFS domains in a) a 1D template in
which an ordered array of PFS spheres is formed and b) in a 2D
template, which allows the domain positions to be registered to a high
accuracy by a sharp 60° corner. Reprinted with permission from

Ref. [160a].

b-PDMS or PFS-b-PI that exhibit a PFS core."*”! The micelles
are formed in hexane and subsequently are coated onto a
grooved substrate, formed by electron-beam lithography on
PMMA. The deposition of the micelles inside the grooves is
based on capillary forces. PMMA lift-off and subsequent
plasma treatment lead to the oriented ceramic nanolines.

PS-b-PFS cannot be spread at the air-water interface
because both of the components are hydrophobic. However, a
polymer blend composed of symmetric PS-b-PFS and PS-b-
P2VP [P2VP = poly(2-vinylpyridine)] forms Langmuir—
Blodgett films.['®’]

PFS block copolymers were used as catalyst precursors for
templated carbon nanotube (CN) grown.'* Self-assembled
PFS domains are converted into well-ordered iron nano-
particles with a narrow size distribution, thus enabling the
generation of high-quality single-wall CNs (SWCNs).['®]
More importantly, catalyst patterns can be readily generated
by using conventional semiconductor processing. SWCNs
were grown on lithographically predefined sites over a very
large area (Figure 11). Field-effect transistors containing

Figure 11. SEM image of SWCNs at predefined locations. Reprinted
with permission from Ref. [165c]. Copyright 2006 American Chemical
Society.
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high-purity SWCN channels were fabricated with this proto-
col.[1e°!

6. Physical Properties and Potential Applications

Solution characterization of PFMS in THF revealed a
more compact random-coil conformation relative to PS.'*"!

PFSs can be fabricated into films, shapes, and fibers by
using conventional polymer processing techniques.'! ROP
within various templates affords nanostructured materials.'*”
Langmuir-Blodgett monolayers and films of polyferrocenyl-
methylstearylsilane have also been reported.”!

PFMS, which is by far the most studied polyferrocenylsi-
lane, is an amber thermoplastic, exhibiting a T, value at 33°C
and melt transition temperature T, in the range 122-145°C.
The T, value follows the equation T,=T,,—KM, >’ (T,=
glass transition temperature, T, = glass transition temper-
ature at infinite chain length), reaching the maximum at a
length of approximately 90 repeating units. The multiple 7},
values arise from the presence of crystallites of different size,
which melt at slightly different temperatures.'"’!! Whilst a
similar melting behavior exists also for the symmetrically
substituted analogues with short n-alkyl groups (C,—Cs), the
n-hexyl counterpart is amorphous. Thermal transition data for
various silicon pendant groups are listed in Tables 10 and

Table 10: Thermal transition data for [{(CsH,),FeSiR,},] homopolymers.

5098

R Ty (T) [°C]

H 16 (165)

Me 33 (122-145)
Et 22 (91, 108)
nPr 24 (98)

nBu 3 (116,129, 134)
nPen —11 (80-105)
nHex —26

OMe 19 (80-103)
OEt 0

OCH,CF; 16

OnBu —43

OHex —51
O(CH,)CH; (-30)
O(CH,)1,CH; (32)

OCgH; 54

Cl 29 (156, 185)
CH,CH,0OCH;, -31
(CH,CH,0),CH; —53
OC¢H,-p-tBu 89
OCgH,-p-Ph 97

11.0721 Crystallization kinetics of PFMS suggest a 3D spher-
ulitic growth and an instantaneous nucleation mechanism.!"”!

An insight to the possible conformations of PFMS chains
in the solid state was obtained by single-crystal X-ray
diffraction of well-defined oligomers and by molecular-
mechanics calculations.'™ These studies suggest a parallel
packing of trans-planar zigzag polymer chains (Figure 12).
X-ray diffraction techniques on films and fibers revealed the
coexistence of a 3D monoclinic crystalline polymer phase and
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Table 11: Thermal transition data for [{(CsH,),FeSiMeR},] homopoly-
mers.

R Te (Tw) [°C]
H 9 (87,102)
Et 15
CH,CH,CF, 59
CH=CH, 28
nCigHy; 1(16)
Ph 90
ferrocenyl 99
5-norbornyl 81

cl 59
(CH,);NEtPh 26
(CH,)3CeH,4-p-OMe 62
(CH,);-N-carbazole 68
(CH,),Cl 38
(CH,)sl 45
(CH,),Br M
CH,CI 25
(CH,).Cl 14
OCH,CH=CH, 8
CH,CH=CH, 7
CH,CH,SiEt; -8
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Figure 12. View of the crystal-packing arrangement of the pentamer
analogue of PFMS parallel to the [011] plane showing three pairs of
molecules. The terminal ferrocenyl groups are twisted in opposite
directions perpendicularly to the interior, trans-planar, zigzag units.
Periodicity along the macromolecular axis is 13.9 A. Reprinted with
permission from Ref. [86]. Copyright 1996 American Chemical Society.

a 2D mesophase with hexagonal or tetragonal packing of the
chains.l'”! Compared to polyvinylferrocene, which possesses a
high T, value, PFMS is much more conformationally flexible,
probably owing to the ability of the iron atom in each
ferrocene unit to act as a freely rotating “molecular ball
bearing”.

The motions of PFS-based polymers were probed by using
variable-temperature solid-state H NMR spectroscopy.!'’®
The ferrocene moieties appear to be static on the NMR
time scale in the case of the dimethyl and dimethoxy
members, whereas high mobility above room temperature
was observed in the case of the dihexyloxy counterpart. Solid-
state *C NMR spectroscopy revealed that the main chains of
the dimethyl and di-n-butyl analogues are fairly rigid in their
crystalline lattices, although some libration (hindered tilt and
rotational movements of the coupled ferrocenyl groups) is
possible in the latter case, but the n-butyl side chains are very
disordered."”

Single-molecule force microscopy studies revealed that
the dimethyl and the methylphenyl members exhibit similar
elasticity in their parent states, though they bear different side
groups. However, upon oxidation the latter possesses larger
enthalpic elasticity because of steric effects.'” Moreover, an
external chemical or electrochemical stimulus can be used to
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induce reversible elasticity changes of individual PFS chains
on surfaces, which thus renders these materials suitable for
redox-driven single-macromolecule-motor applications. The
entropic elasticity of neutral PFMS chains (Kuhn length
ca. 0.40 nm) was found to be larger compared to the oxidized
ones (~0.65 nm) in the region of lower force.['”!

Quasi-static mechanical analysis of PFMS revealed that it
possesses approximately isotropic properties.'™! Studies of
the optical properties of various polymetallocenes accessible
by ROP revealed exceptionally high refractive indices with
relatively low optical dispersion.®!! PFS-based polymers
represent a suitable material for coating tapered optical
fibers and measurement of subsequent environmentally
induced changes in refractive index.['®”

The presence of two reversible oxidation waves in the
cyclic voltammograms indicates a stepwise oxidation of the
electroactive centers. Initially oxidation occurs at alternating
iron sites as a consequence of interactions between the iron
centers. Thus, as one iron center is oxidized, the neighboring
sites become more difficult to oxidize and therefore do so at
higher potential, resulting in two oxidation waves
(Scheme 27). In contrast, polyvinylferrocene exhibits a
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Scheme 27. Stepwise Fe'/Fe"' redox process of PFS.

single oxidation wave.'"! Electrochemical studies have been
performed for polymeric films deposited on glassy carbon
electrodes!™ and anchored PFS monolayers on gold surfa-
ces.['®]

Since oxidation of PFS is accompanied by a color change
from amber-yellow to green-blue, such materials have rever-
sible electrochromic behavior. The conductivity of PFS
materials, which are insulating (6~ 10" Scm™") themselves,
can be controllably increased by several orders of magnitude,
to values typical of semiconductors (6~ 107*~10"*Scm ™), by
oxidative doping.'® However, the chemical oxidation pro-
cess results in PFS chain cleavage to a significant extent."s”!
The semiconductive nature of these polymers renders them
excellent candidates as protective charge-dissipation coat-
ings."®! Photooxidation of amorphous polyferrocenylmethyl—
phenylsilane thin films in the presence of chloroform and UV
light leads to a significant increase of conductivity, potentially
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applicable to all-solid-state photoconducting and photovol-
taic devices."®)

Controlled cross-linking of PFS yields redox-active sol-
vent-swellable gels, potentially applicable as electrochemical
actuators or switches. The swelling of these gels in organic
solvents depends on the degree of oxidation at the iron sites,
thereby allowing the development of planar colloidal pho-
tonic crystal devices, in which silica microspheres are periodi-
cally arrayed in a cross-linked PFS matrix.'*!

Photoluminescence studies of composite materials com-
prised of CdSe nanocrystals and a [{(n’-CsH,),FeX}, ] polymer
(X=SiMePh, PPh, or P(Ph)=S) revealed that the latter
causes quenching of the band-edge photoluminescence of the
quantum dots, both in solution and in thin films."*") Moreover,
PFMS is an effective quencher for platinum octaethylpor-
phine phosphorescence in toluene solution." Finally, the
optical properties of colloidal photonic crystals can be tuned
by using polyelectrolyte multilayers.!'*

7. Summary and Outlook

It seems reasonable to think that, with all the aforemen-
tioned fascinating properties, PFS-based materials will find
commercial applications and play a crucial role in future
technology, especially as part of the ongoing revolution based
on nanotechnology and nanostructures. It is hard to find
another polymeric material with such a range of promising
and extraordinary properties. However, PFS materials are
still in their initial stages of development. At the moment, the
multistep synthetic procedures needed to access PFS building
blocks as well as the scarcity of commercially available
monomers render any bulk application unrealistic, since the
price is prohibitively high.

Further establishment of structure—property relationships
in PFS copolymers will enable the design of even more
complex PFS-based materials with predetermined properties,
whereby the constructive synergy of different moieties is
utilized. However, this target relies mainly on the develop-
ment of powerful versatile synthetic methodologies that will
allow access to well-defined PFS-based copolymers that bear
the desirable functionalities. In particular, the inherent
instability of the PFS backbone against chain cleavage
should be focused on, and mild conditions should be applied
for postpolymerization functionalization. So far, this issue has
been addressed allusively, thus rendering the chemical
modification difficult and opportunities for combining diverse
chemistries and achieving hierarchical arrangement are thus
limited. Construction of more sophisticated PFS structures
represents a grand challenge and holds enormous potential
for the understanding, tailoring, and optimization of the
overall properties.
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