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Motivation and Objectives 
	

Poly(ethylene	glycol)	 (PEG)	 is	applied	 in	biology,	medicine,	 food,	health	and	personal	care,	

because	 of	 its	 biocompatibility	 and	water-solubility.	 This	 thesis	 used	 the	 “PEG–backbone”	

due	 to	 these	 properties	 to	 generate	 metallocene-containing	 multi-stimuli	 responsive	

materials	that	may	be	applied	for	applications	going	beyond	those	of	“normal”	PEG.	

It	is	synthesized	via	anionic	ring-opening	polymerization	(AROP)	of	ethylene	oxide	(EO).	The	

copolymerization	 of	 EO	 and	 a	 more	 hydrophobic	 epoxide	 monomer	 leads	 to	 thermo-

responsive	 polymers	 with	 lower	 critical	 solution	 temperature	 (LCST)	 behavior.	 Therefore,	

hydrophobic	 metallocene-containing	 monomers	 were	 designed	 for	 copolymerization	 with	

EO	to	combine	thermo-responsivity	with	redox-responsive	properties	of	inorganic	sandwich-

complexes.	

In	 2013,	 our	 group	 introduced	 ferrocenyl	 glycidyl	 ether	 (fcGE),	 the	 first	 ferrocene	epoxide	

monomer.	 FcGE	 was	 copolymerized	 with	 EO	 leading	 to	 linear,	 water-soluble	 and	 dual-

stimuli-responsive	 polymers.	 The	 following	 milestone	 was	 to	 synthesize	 an	 even	 more	

hydrophilic	 polymer	with	more	 ferrocene	 (mol%)	 incorporated.	 This	 aim	was	 achieved	 by	

copolymerization	 of	 fcGE	with	 glycidol	 leading	 to	 hyperbranched	 polyethers	with	multiple	

hydroxyl	groups,	which	increased	the	hydrophilicity.	The	increased	hydrophilicity	is	indicated	

by	an	increased	cloud-point.	

To	introduce	a	third	stimulus,	a	novel	monomer	had	to	be	designed.	A	five	step	reaction	to	

an	orthogonal	monomer,	vinylferrocenyl	glycidyl	ether	(VfcGE),	fulfilled	this	objective.	VfcGE	

could	be	copolymerized	with	EO	in	the	AROP	under	the	same	reaction	conditions	as	for	fcGE	

and	 EO.	 The	 resulting	 polymers	 carry	 vinyl	 functionalities	 for	 post-polymerization	

modifications,	 which	 was	 used	 to	 introduce	 a	 pH-responsive	 group	 via	 thiol-ene	 addition	

reaction.	 Therefore,	 3-mercaptopropionic	 acid	 and	 cysteamine	 have	 been	 used	 as	 model	

compounds	 for	 the	 introduction	 of	 a	 carboxylic	 acid	 and	 an	 amine	 groups.	 The	 triple-

responsive	 behavior	 of	 the	 resulting	 polymers	 was	 investigated	 on	 a	 glass	 surface	 and	 in	

solution.	 VfcGE	 was	 also	 homopolymerized	 in	 a	 free	 radical	 polymerization.	 The	 multiple	

epoxide	functionalities	were	utilized	for	redox-responsive	nanoparticle	formation.	
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PEG	 is	 a	 well-established	 polymer	 for	 biomedical	 applications	 and	 is	 used	 as	 hydrophilic	

segment	 in	 various	 self-assembled	 structures	 and	 other	 nanomaterials.	 Transmission	

electron	 microscopy	 (TEM)	 is	 often	 used	 to	 visualize	 these	 materials,	 however,	 PEG	 is	

typically	 invisible	 due	 to	 its	 low	 electron	 density.	 Metallocene-PEGs	 have	 high	 electron	

density	 and	 therefore,	 the	 iron	 center	 in	 fcGE	 is	 substituted	 by	 ruthenium,	 which	 has	 an	

approximately	 69%	 higher	 electron	 density.	 Ruthenocenyl	 glycidyl	 ether	 (rcGE)	 is	

copolymerized	with	EO	 leading	 into	PEG	with	a	 low	amount	of	 rc.	PEG	with	up	to	2	 to	3%	

rcGE	 exhibit	 high	 water-solubility,	 barely	 different	 than	 pure	 PEG,	 whereas	 its	 electron	

density	is	much	higher	and	thus	its	visualization	in	electron	microscopy	(EM)	is	much	better.	

FcGE	is	also	a	key	monomer	to	synthesize	PEG-based	“smart	surfactants”.	These	can	be	used	

in	miniemulsion	polymerizations	for	stabilization.	But	other	than	usual	surfactants,	they	can	

be	 washed	 off	 after	 oxidation	 and	 reused.	 The	 synthesis	 of	 a	 redox-	 and	 pH-responsive	

amphiphilic	macromolecule	is	performed	by	the	homo	polymerization	of	fcGE	using	mPEG	as	

macroinitiator.	The	resulting	polymer	 is	amphiphilic	with	a	hydrophobic	PfcGE	block.	But	 if	

the	 fc	 units	 are	 oxidized	 to	 the	 ferrocenium	 ion,	 the	 block	 copolymer	will	 become	 totally	

water-soluble.	

The	 copolymerization	 of	 fcGE	 with	 EO	 was	 analyzed	 in	 details	 by	 real-time	 1H	 NMR	

spectroscopy.	 The	 microstructure	 is	 found	 to	 be	 random.	 1H	 NMR	 analysis	 of	

copolymerizations	 of	 epoxide	 monomers	 with	 overlapping	 proton	 signals	 are	 hard	 to	

accomplish.	This	is	the	case	for	copolymerization	of	allyl	glycidyl	ether	(AGE)	and	fcGE,	which	

is	 performed	 in	 bulk.	 Real-time	 13C	 NMR	 spectroscopy	 in	 a	 conventional	 NMR	 tube	 is	

developed	to	analyze	this	system.	The	natural	abundance	of	13C	isotopes	in	bulk	is	sufficient	

enough	 to	 analyze	 the	 copolymerization	 behavior	 of	 both	monomers	 by	 measuring	 NMR	

spectra	within	a	few	minutes.	
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Abstract 
 

The	 focus	 of	 this	 work	 is	 on	 the	 synthesis	 of	 novel	 water-soluble	metallocene-containing	

polyethers.	Linear	and	hyperbranched	(co-)polymers	and	block	copolymers	with	ferrocene	or	

ruthenocene	units	have	been	prepared.	New	monomer	syntheses	have	been	developed	and	

their	 polymerization	 behavior	 has	 been	 studied	 in	 detail.	 Further,	 the	 stimuli-responsive	

properties	in	solution	and	also	applications	on	surface	are	presented.		

Chapter	1	 gives	a	 short	 introduction	 to	water-soluble	metallocene-containing	polymers	by	

summarizing	 all	 synthetic	 routes	 to	 such	 structures	 and	 also	 clarifying	 the	motivation	 and	

underlying	 idea.	 Not	 only	 ferrocene,	 but	 also	 cobaltocenium-	 and	 ruthenocene-containing	

polymers	 are	 discussed.	 If	 applicable,	 applications	 of	 these	 systems	 are	 shown	 and	

unexplored	possible	applications	are	mentioned.		

Chapter	2	deals	with	the	synthesis	of	novel	water-soluble	metallocene-containing	polymers.	

The	 polymerization	 of	 a	 known	 ferrocene	 monomer	 (fcGE)	 with	 glycidol	 (G)	 to	 novel	

hyperbranched	 structures	 (Chapter	 2.1),	 the	 synthesis	 and	 polymerization	 of	 a	 novel	

orthogonal	 ferrocene	 monomer	 (VfcGE;	 Chapter	 2.2)	 and	 its	 functionalization	 to	 triple-

stimuli-responsive	materials	 (Chapter	2.3)	as	well	as	 the	synthesis	and	polymerization	of	a	

novel	ruthenocene	monomer,	ruthenocenyl	glycidyl	ether	(rcGE),	is	described	(Chapter	2.4).	

In	 collaboration	 with	 Dr.	 Rebecca	 Klein	 the	 copolymerization	 of	 fcGE	 with	 G	 to	

hyperbranched	structures	and	 their	properties	 in	 solution	were	 investigated	 (Chapter	2.1).	

The	relation	between	thermo-	and	redox-responsivity	for	this	material	is	analyzed	further	by	

Mößbauer	spectroscopy.	

In	 Chapter	 2.2	 the	 synthesis	 of	 a	 novel	 orthogonal	 ferrocene	 monomer,	 namely	

vinylferrocenyl	glycidyl	ether	(VfcGE),	and	its	radical	and	anionic	polymerization	is	described.	

The	 radical	 homopolymerization	 leads	 to	polyalkylene:VfcGE	with	multi-epoxide	 functions.	

The	 anionic	 ring-opening	 copolymerization	 (AROP)	 with	 ethylene	 oxide	 leads	 to	 water-

soluble	copolymers	with	vinyl	groups	for	further	functionalization.	
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The	 post-polymerization	modification	 to	 triple-stimuli-responsive	materials	 is	 described	 in	

Chapter	 2.3.	Material	 properties	 in	 solution	 and	 at	 the	 interface	 by	 covalent	 linkage	 to	 a	

glass	surface	have	been	investigated.	

In	 Chapter	 2.4	 a	 new	 PEG-staining	 strategy	 for	 electron	 microscopy	 (EM)	 is	 described.	

Therefore,	 a	novel	 epoxide	monomer	bearing	 ruthenocene	 is	designed	and	 copolymerized	

with	ethylene	oxide	in	a	AROP.	Ruthenocene	was	chosen	for	high	stability	reasons	and	also	

high	electron	density,	which	is	necessary	for	high	contrast	in	EM.	

Chapter	3	presents	amphiphilic	ferrocene-containing	block	copolymer	structures.	In	Chapter	

3.1	fcGE	is	homopolymerized	using	mPEG	as	macroinitiator.	In	collaboration	with	Sarah	Wald	

this	 block	 copolymer	 is	 used	 as	 smart	 surfactant	 for	 miniemulsion	 processes.	 Emulsions	

could	 be	 stabilized	 successfully	with	 this	 amphiphilic	 block	 copolymer	 and	 destabilized	 by	

the	responsive	fc-containing	block	via	pH	and	various	oxidizing	agents.	

In	 Chapter	 4	 the	 copolymerization	 behavior	 of	 two	 monomers	 in	 an	 oxy-anionic	

polymerization	 is	 investigated.	 Since	 it	 is	 hard	 to	 gain	 knowledge	 from	 the	 resulting	

copolymer,	 real-time	 NMR	 spectroscopy	 is	 the	 key	 method	 to	 easily	 analyze	 the	

microstructure	 of	 copolymers.	 The	 copolymerizations	 were	 performed	 in	 a	 conventional	

NMR	tube	and	NMR	spectra	were	measured	during	polymerization.	

In	collaboration	with	Dr.	Adrian	Natalello	the	copolymerization	behavior	of	fcGE	and	AGE	to	

multifunctional	 ferrocene-containing	 materials	 is	 determined.	 The	 polymerization	 war	

carried	 out	 in	 bulk	 at	 100	 °C.	Under	 these	 conditions	 no	 isomerization	 of	 the	 allyl	 double	

bonds	 was	 observed,	 which	 was	 unexpected.	 Since	 the	 copolymerization	 could	 not	 be	

followed	 by	 1H	 NMR	 spectroscopy,	 because	 of	 overlapping	 signals	 of	 the	 two	monomers,	

real-time	 13C	NMR	spectroscopy	was	 introduced	 to	determine	 the	 incorporation	 ratio.	The	

resulting	 copolymer	 was	 post-modified	 via	 thiol-ene	 addition	 reaction	 of	 the	 allyl	 double	

bonds	and	a	protected	cysteine-derivative,	namely	N-acetyl-L-cysteine	methyl	ester.	
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1.1 Water-Soluble Metallocene-Containing Polymers 
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Abstract	

	

Metallocenes	 are	 organometallic	 compounds	 with	 interesting	 chemical	 and	 physical	

properties.	 The	 participation	 in	 reversible	 redox	 processes	 with	 tunable	 oxidation	 and	

reduction	 potentials	 –	 depending	 on	 the	 metal	 and	 substituents	 at	 the	 cyclopentadienyl	

rings	–	 is	essential	 for	many	applications	 like	catalysis	or	 sensing.	Metallocenes	have	been	

introduced	in	macromolecules	to	combine	the	redox-activity	with	polymer	properties.	There	

are	many	 examples	 of	 such	 hydrophobic	 polymer	materials,	 but	 much	 less	 water-soluble	

examples	are	found	scattered	in	the	polymer	literature.	However,	in	terms	of	drug	delivery	

and	other	biological	applications	the	water-solubility	is	inevitable.	For	this	very	reason,	this	

review	 collects	 and	 discusses	 all	 synthetic	 routes	 to	water-soluble	metallocene	 containing	

polymers.	 This	 review	 focuses	 on	 ferrocene-	 and	 ruthenocene-containing	 neutral	 and	

cobaltocenium-containing	 macromolecules	 (i.e.	 symmetrical	 sandwich	 complexes).	 The	

synthetic	protocols,	self-assembly	behavior,	and	other	benefits	of	the	obtained	materials	are	

discussed.	

	

	

Introduction	

	

Ferrocene	(fc)	is	probably	the	most	famous	and	best	understood	iron	complex	and	belongs	

to	the	so	called	“sandwich”	complexes,	consisting	of	Fe(II)	and	two	cyclopentadienyl	ligands.	

It	 was	 discovered	 simultaneously	 in	 1951	 by	 Miller	 et	 al.1	 and	 Kealy	 and	 Pauson.2	 The	

structure	was	determined	 later	by	Wilkinson	et	al.3	and	Fischer	et	al.,4	who	were	awarded	

the	 Nobel	 Prize	 in	 Chemistry	 in	 1973.	 Ferrocene	 is	 a	 stable	 18-electron	 complex	 allowing	

redox	chemistry	in	organic	environment.	Other	sandwich-complexes	are	known	with	either	

metal	or	 ligand	variations	derived	from	ferrocene	such	as	ruthenium,	i.e.	ruthenocene	(rc).	

Also	 other	 ligands	 than	 cyclopentadienyl	 can	 be	 used;	 for	 example	 benzene	 as	 it	 is	 in	
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bis(benzene)chromium.	More	exotic	structures	have	also	been	reported,	e.g.	with	uranium	

forming	a	sandwich-complex	with	two	cyclooctatetraenide	ligands,	i.e.	uranocene	(U(COT)2).	

In	 addition	 to	 these	 symmetric	 structures,	 also	 unsymmetrical	 sandwich-complexes,	

particularly	 half-sandwich	 complexes	 like	 methylcyclopentadienyl	 manganese	 tricarbonyl	

(MMT)	 are	 known,	 which	 are	 often	 used	 in	 catalysis.5	 Catalysis	 is	 the	 largest	 field	 of	

application	for	sandwich	complexes,6	especially	asymmetric	catalysis,	for	example	in	Ziegler-

Natta	 polymerizations.7,8	 Other	 applications	 for	 sandwich-complexes	 are	 based	 on	 their	

redox-profile,	e.g.	 in	amperometric	glucose	sensors,	where	they	act	as	mediators	between	

the	 analyte	 and	 the	 electrode.9-14	 They	 are	 also	 used	 as	 antiknock	 agents	 in	 gasoline	 to	

increase	its	octane	rating,5	or	are	discussed	in	modern	cancer	therapeutics.15-17	

As	a	hydrophobic	material	with	a	relatively	high	vapor	pressure	(e.g.	purification	is	achieved	

by	 sublimation),	 ferrocene’s	use	 is	 limited;	polymerization	of	metallocene-derivatives	 is	an	

attractive	 strategy	 to	 expand	 the	 application	 potency.	 The	 combination	 of	 polymer	

properties,	such	as	no	vapor	pressure,	plasticizing	and	the	combination	with	other	materials	

properties	 by	 copolymerization	 are	 just	 a	 few	 examples	 to	 rationalize	 metallocene	

incorporation	 into	 polymers.	 Today,	 many	 publications	 describe	 the	 synthesis	 of	

metallocene-containing	 polymers,	which	 are	 in	most	 cases	 hydrophobic	materials.	 Several	

reviews	and	books	describe	such	materials	extensively.18-22	

Interestingly,	the	number	of	water-soluble	metallocene-containing	polymers	is	much	lower,	

despite	the	stable	redox	properties	 (also	 in	water)	and	the	presence	of	various	hydrophilic	

polymers	for	mainly	biomedical	applications.	Herein	we	summarize	the	synthesis	routes	and	

techniques	 to	 water-soluble	 metallocene-containing	 polymers.	 An	 overview	 about	 all	

possible	synthetic	strategies	 is	given	in	Scheme	1.	This	 is	the	first	review	with	the	focus	on	

metallocene	polymers	of	variable	structure	in	water	and	for	different	aqueous	applications.	

This	review	is	attractive	for	researchers	working	in	bio-related	fields,	since	ferrocene	and	its	

derivatives	 are	 relevant	 in	 anticancer	 research.	 Its	 redox-responsive	 behavior	 makes	

ferrocene	 interesting	 as	 a	 component	 for	 drug-delivery	 systems.	Also	 researchers	working	

with	responsive	materials	may	benefit	from	water-soluble	redox-responsive	properties.	It	is	
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also	a	guideline	on	how	to	transfer	hydrophobic	organometallic	structures	or	reactions	into	

water,	e.g.	to	avoid	organic	solvents	and	achieve	green	chemistry.	

	

	

Scheme	 1.	 General	 overview	 about	 synthetic	 strategies	 to	 metallocene-containing	 water-

soluble	polymers.	

	

	

Ferrocene	and	its	derivatives	in	cancer	treatment:	ferrocifen.	

	

Ferrocene	 is	 a	water-insoluble	 compound	and	becomes	hydrophilic,	when	 it	 is	 oxidized	 to	

the	 17	 electron	 complex,	 i.e.	 the	 ferrocenium	 ion,	 which	 is	 not	 as	 stable	 as	 ferrocene.23	

Especially	in	terms	of	cytotoxic	ferrocenes	for	cancer	treatment,	water-solubility	of	the	final	

drug-complex	is	necessary	for	targeting.24		

A	 famous	 example	 of	 such	 a	 ferrocene-containing	 molecule	 combining	 the	 important	

properties	 of	 water-solubility	 and	 cytotoxicity	 is	 ferrocifen.16,25-27	 There	 are	 also	 other	

organometallics,28-31	ferrocenium	salts,32,33	or	ferrocene	derivatives34-36	with	cytotoxicity	and	
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even	other	 examples	 showing	 antifungal	 properties,37	 antimalarial	 activity,38,39	which	have	

been	investigated.	Ferrocifen	(2)	is	derived	from	tamoxifen	(1),	which	is	a	chemotherapeutic	

agent	for	patients	with	hormone-dependent	breast	cancer.40,41	

	

	

Figure	1.	Structures	of	tamoxifen	(1)	and	ferrocifen	(2).	

	

Jaouen	 and	 co-workers	 substituted	 the	 phenyl	 rings	 in	 established	 drugs	 with	 ferrocene	

groups	and	discovered	different	derivatives	of	ferrocifen.42-46	

	

	

First	ferrocene-containing	water-soluble	polymers:	motivation	and	objective.	

	

Since	Ringsdorf’s	early	studies,	polymers	have	been	regarded	as	drug	carriers.47-49	 In	1989,	

Neuse	 et	 al.	 presented	 the	 first	 water-soluble	 polymers	 (poly(aspartamide))	 carrying	

ferrocene	 units	 in	 the	 side	 chains,	 which	 exhibit	 enhanced	 cytotoxicity.50-55	 Neuse	 and	

coworkers	 studied	 water-soluble	 ferrocene-containing	 polymers	 before,	 when	 they	

synthesized	poly(ferrocene)	and	oxidized	it	with	FeCl3	to	a	polycation.56	They	assumed	that	

an	 enhanced	water-solubility	would	 lead	 to	 an	 enhanced	 cytotoxicity,	 since	water-soluble	

ferrocenium	 salts	 always	 show	 at	 least	 good	 antiproliferative	 and	 antineoplastic	 behavior	

against	human	transplanted	tumors.32,57	Since	the	ferrocenium	cation	is	instable	in	aqueous	

medium	at	physiological	pH,	the	half-lives	in	the	vascular	circulation	system	is	too	short	for	

effective	survival	en	route	to	the	target	cells.	Therefore,	they	had	set	themselves	the	task	to	
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increase	 the	 hydrophilicity	 of	 ferrocene	 by	 functionalizing	 a	 polymer,	 which	 is	 known	 for	

high	water-solubility,	with	ferrocene.		

	

Neuse	 et	 al.	 has	 shown	 that	 polyaspartamide	 can	 be	 used	 as	 polymeric	 carrier	 for	

ferrocene.50,52	Therefore,	polyaspartamide	is	modified	with	poly(ethylene	oxide)	side	chains	

to	enhance	the	water-solubility.	The	polymer	is	further	functionalized	with	ferrocene	leading	

to	 water-soluble	 ferrocene-bearing	 polymers.	 Selected	 conjugates	 are	 tested	 for	

antiproliferative	activity	against	HeLa	and	LNCaP	human	cancer	cell	 lines.	The	results	show	

IC50	values	in	the	range	of	2-20	µg	Fe/mL.	

	

	

Scheme	2.	Functionalization	of	PEG-modified	polyaspartamide	with	ferrocene	in	DMF	in	the	

presence	of	2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium	fluorophosphate	(HBTU).50	
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Another	strategy	to	solubilize	ferrocene	and	its	derivatives	in	water	can	be	achieved	by	the	

formation	 of	 inclusion	 complexes,	 e.g.	 with	 cyclodextrine;	 however,	 this	 strategy	 typically	

leads	 to	 an	 inactive	 ferrocene	 unit	 and,	 in	 addition	 the	 stability	 of	 these	 structures	 are	

concentration	dependent	and	will	not	be	discussed	herein.58-60	

	

	

Synthetic	Routes	to	Water-Soluble	Ferrocene-Containing	Block	Copolymers	

	

The	synthesis	of	block	copolymers	 is	 the	most	studied	approach	to	generate	water-soluble	

metallocene-containing	 materials.	 The	 hydrophilic	 segment	 (e.g.	 PEG,	 PNIPAM,	 etc.)	 is	

combined	with	a	hydrophobic	block,	carrying	the	ferrocene	units.		

	

Manners	 and	 coworkers	 studied	 the	 aqueous	 self-assembly	 of	 a	

poly(ferrocenyldimethylsilane)-block-poly[2-(N,N-dimethylamino)ethyl	methacrylate]	(PFS-b-

PDMAEMA)	diblock	copolymer	to	cylindrical	micelles.	The	synthesis	is	based	on	the	anionic	

ring-opening	 polymerization	 (AROP)	 of	 ferrocenyldimethylsilane	 (FDMS),	 initiated	 by	 (tert-

butyldimethylsilyloxy)-1-propyllithium.	After	deprotection	of	the	silyl-protected	initiator,	the	

terminal	 hydroxyl	 group	 is	 used	 for	 the	 subsequent	 anionic	 polymerization	 of	 2-(N,N-

dimethylamino)ethyl	 methacrylate	 (DMAEMA).	 The	 resulting	 diblock	 copolymer	 is	 water-

soluble	 under	 formation	 of	 cylindrical	 micelles,	 which	 is	 characteristic	 for	 the	 crystalline	

PFDMS	block.61	

Generally,	when	a	solution	of	an	amphiphilic	PFDMS	diblock	copolymer	with	a	good	solvent	

for	both	blocks	is	added	to	a	selective	solvent	for	the	hydrophilic	segment	and	a	poor	solvent	

for	 PDMFS,	 these	 polymers	 readily	 self-assemble	 to	 form	 cylindrical	 micelles.62	 The	

crystallization-driven	 self-assembly	 (CDSA)	 has	 been	 shown	 to	 follow	 kinetics	 similar	 to	 a	

’living’	chain	growth	polymerization,	when	additional	block	copolymer	(i.e.	unimer)	is	added	

to	the	micellar	solutions.63,64	With	this	strategy	various	block	copolymers	have	been	used	to	
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generate	 multicompartment	 micelles	 or	 more	 complex	 architectures	 by	 the	 addition	 of	

different	unimers.65	

	

	

Scheme	3.	Synthetic	protocol	of	PFDMS-b-PDMAEMA.61	

	

Gohy	 et	 al.	 synthesized	 an	 amphiphilic	 poly(ethylene	 oxide)-block-poly(ferrocenylsilane)	

block	 copolymer	 by	 the	 AROP	 of	 DMFS	 initiated	 by	 tert-butyldimethylsilyloxy-1-

propyllithium,	which	was	hydrolyzed	after	the	reaction.	The	OH-terminated	PFDMS	was	then	

reacted	than	with	an	isocyanate-functionalized	terpyridine	and	linked	to	the	PEG	block	via	a	

bis(terpyridine)ruthenium(II)	complex.66	
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Scheme	4.	 	Structure	of	PFDMS-b-PEG	block	copolymer	with	a	bis(terpyridine)ruthenium(II)	

complex	linkage	of	the	two	blocks.66	

	

Even	 though	 the	 polymer	 does	 not	 readily	 dissolve	 in	 water,	 cylindrical	micelles	 in	 water	

were	 realized	 after	 transfer	 from	 a	 good	 solvent	 for	 both	 blocks,	 which	 is	

N,N-dimethylformamide	(DMF),	into	water.		

	

	

Scheme	 5.	 TEM	 images	 for	 PFS12-[Ru]-PEO70	 block	 copolymers:	 a)	 without	 staining	 and	 b)	

with	negative	staining.66	

	

Fe

Si

H

O

12

O

N
H

N

N

N

O Ru N

N

N

O
O

70

2 PF6-

2+



	

	

25	

Manners	 and	 coworkers	 synthesized	 water-soluble	 PFS	 block	 copolymers	 via	 the	

alkyne/azide	 click	 reaction.67	 Therefore,	 the	 anionic	 ring-opening	 polymerization	 of	 DMFS	

was	 terminated	 with	 an	 aldehyde	 bearing	 a	 trimethylsilyl-protected	 alkyne.	 After	 the	

removal	of	the	silyl	protective	group,	the	Cu(I)-catalyzed	alkyne/azide	cycloaddition	(CuAAC)	

was	performed	with	different	hydrophilic	azide-terminated	polymers.	By	these	means	PFS-b-

PEG,	 PFS-b-poly(N-isopropylacrylamide)	 (PFS-b-PNIPAM)	 and	 PFS-b-poly(2-

(dimethylamino)ethyl	 methacrylate)	 (PFS-b-PDMAEMA)	 block	 copolymers	 were	 generated	

and	purified	by	dissolution/precipitation	in	selective	solvents.	The	authors	assume	that	this	

method	 should	 be	 readily	 applicable	 to	 other	 polymers	 prepared	 by	 living	 anionic	

polymerization.	

	

			

Scheme	 6.	 Synthetic	 route	 to	 PFDMS-b-R	 block	 copolymers	 via	 CuAAC	 “click”	 chemistry	

(R=PEG,	PNIPAM,	PDMAEMA).67	

	

Natalello	 et	 al.	 developed	 a	 full	 chain-growth	 protocol	 to	 PFS-b-PEG	 block	 copolymers.	

Epoxide	 termination	 of	 living	 PFDMS	 was	 used	 to	 switch	 from	 carbanionic	 to	 oxyanionic	

polymerization.68	 This	 was	 realized	 by	 capping	 the	 living	 PFDMS	 anions	 with	 1,1-

dimethylsilacyclobutane	 and	 1,1-diphenylethylene,	 and	 subsequent	 termination	 with	 allyl	
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glycidyl	 ether.	 The	 generated	 terminal	 hydroxyl	 group	 was	 deprotonated	 to	 form	 a	

macroinitiator	 for	 polymerization	 of	 ethylene	 oxide	 leading	 to	 amphiphilic	 PFDMS-b-PEG	

block	 copolymers	 carrying	 an	 additional	 allyl	 bond	 at	 the	 block	 junction.	 These	 block	

copolymers	also	self-assembled	into	rod-like	micelles	in	alcohol	and	water.	

	

	

Scheme	7.	Synthetic	route	to	PFDMS-b-PEG	block	copolymers	by	switching	from	living	carb-	

to	oxyanionic	polymerization.68	

	

Schacher	 et	 al.	 prepared	 star-block	 copolymers	 consisting	 of	 PFDMS	 and	 PEG	 blocks.	 The	

ring-opening	 polymerization	 of	 DMFS	 was	 catalyzed	 by	 the	 Karstedt’s	 catalyst,	 in	 the	

presence	of	a	four-arm	star-shaped	PEG	macroinitiator.69	This	strategy	was	used	before	by	

Resendes	et	al.	to	synthesize	linear	water-soluble	PEG-b-PFS	block	copolymers.70	
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Scheme	8.	Synthesis	of	a	four-arm	PEG50-b-PFDMSm	star-shaped	block	copolymers.69	

	

The	 crystalline-coil	 PFS-b-PEG	 star-block	 copolymers	were	used	 to	 generate	pH-responsive	

vesicles	via	self-assembly.	A	photoacid	generator	is	encapsulated	for	UV-induced	generation	

of	HCl	and	subsequent	degradation.	

	

	

Figure	2.	UV-induced	degradation	of	PFS-b-PEG	vesicles		using	a	photoacid	generator.69	

	

Water-soluble	 ferrocene-containing	 block	 copolymers	 were	 also	 synthesized	 based	 on	

poly(vinylferrocene)	(PVfc).	Tonhauser	et	al.	have	synthesized	poly(vinylferrocene)	in	a	carb-

anionic	 polymerization	 and	 end-capped	 the	 living	 chain	 end	 with	 benzyl	 glycidyl	 ether.71	
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released	by	hydrogenation	and	used	as	a	second	 initiating	group	at	 the	chain	end	to	 form	

AB2	miktoarm	 star	 copolymers	with	 excellent	water-solubility.	 TEM	 images	 of	 an	 aqueous	

solution	show	agglomerated	micellar	structures.	

	

	

Scheme	 9.	 Synthesis	 of	 PVfc-b-PEG	 block	 and	AB2	miktoarm	 star	 copolymers	 by	 switching	

from	carb-anionic	to	oxy-anionic	polymerization.71	

	

Very	 recently,	 Zhang	 and	 co-workers	 have	 synthesized	 nano-assemblies	 of	 ferrocene-

containing	 block	 copolymers,	 whereby	 the	 morphologies	 underwent	 the	 transition	 from	

worms-to-vesicles-to-multilayer	vesicles.72	
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Figure	3.	Different	morphologies	depending	on	PVFC	block	lengths.72	

	

Therefore,	 a	 PEG-TTC	 (PEG-trithiocarbonate)	 macro-RAFT	 agent	 was	 prepared	 and	 a	

subsequent	 dispersion	 RAFT	 polymerization	 of	 4-vinylbenzyl	ferrocenecarboxylate	 (VFC),	

which	 was	 synthesized	 prior	 from	 ferrocenecarboxylate,	 was	 performed	 leading	 to	

poly(ethylene	 glycol)-block-poly(4-vinylbenzyl	 ferrocenecarboxylate)	 (PEG-b-PVFC).	 The	

same	 strategy	 was	 used	 before	 by	 Xiao	 et	 al.	 to	 synthesize	 PEG-b-poly(2-formal-4-

vinylphenyl	ferrocenecarboxylate)	(PEG-b-FVFC).73	
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Scheme	 10.	Monomer	 synthesis:	 VFC,	 and	 homopolymerization	 using	 a	 PEG-TTC	 as	 RAFT-

agent.72	

	

	

Synthetic	 Routes	 to	 Water-Soluble	 Ferrocene-Containing	 Homopolymers	 and	 Statistical	

Copolymers	

	

Water-soluble	 ferrocene-containing	 polymers	 can	 be	 achieved	 by	 post-modification	 of	 a	

previously	 synthesized	 polymer	 with	 functionalizable	 groups.	 For	 example,	 Hatozaki	 and	

Anson	describe	the	labelling	of	poly(acrylic	acid)	(PAA)	with	ferrocenylethanol	(one	unit)	in	a	

esterification	 reaction.	 It	 was	 enabled	 to	 estimate	 the	 diffusion	 coefficient	 of	 PAA.	

Therefore,	the	fc	unit	was	oxidized	at	a	rotation	disc	electrode,	and	the	diffusion	coefficient	

was	estimated	by	analysis	of	the	rotation	rate	dependences	of	the	measured	currents.74,75	
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Scheme	 11.	 PAA	 is	 labelled	 with	 ferrocenylethanol	 in	 the	 presence	 of	

dicyclohexylcarbodiimide	(DCC)	in	DMF.74	

	

Water-soluble	PFS	can	also	be	synthesized	using	ionic	substituents.	Power-Billard	et	al.	used	

ROP	 of	 a	 chloroalkyl	 side	 chain	 bearing	 ferrocenophane	 and	 4-dimethylaminopyridine	

afterwards	in	a	substitution	reaction	of	the	chloride	leading	to	water-soluble	PFS.76	

	

	

Scheme	12.	ROP	of	ferrocenophane	and	substitution	of	chloride	with	dimethylaminopyridine	

to	a	water-soluble	polycation	structure.76	
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redox	responsive	shells	on	hydrophobic	CdSe/ZnS	quantum	dots	(QDs),	which	made	the	QD	

colloids	stable	in	water	in	both	reduced	and	oxidized	forms	of	the	fc,	whereby	the	two	states	

show	modulated	florescence	changes.82	

	

Watson	 et	 al.	 synthesized	 an	 amphiphilic	 ferrocene-bearing	 norbornene	monomer	 with	 a	

quaternary	 ammonium	 bridge.83	 The	 monomer	 can	 be	 polymerized	 in	 a	 ring-opening	

metathesis	 polymerization	 (ROMP)	 using	 Grubbs’	 first	 generation	 catalyst	 leading	 to	 a	

polymer	with	high	water-solubility.	The	authors	claim	that	this	strategy	can	be	extended	to	

include	many	other	molecules,	which	contain	ammonium	functionalities.	

	

	

Scheme	13.	Synthesis	of	 ferrocene-bearing	norbornene	monomer	and	ROMP	using	Grubbs	

1st	generation	catalyst.83	

	

Le	 Foch	 et	 al.	 have	 synthesized	 water-soluble	 ferrocene-bearing	 polythiophenes	 with	 a	

similar	 strategy.	 They	also	used	a	 cationic	quaternary	ammonium	bridge	 for	hydrophilicity	

reasons.	 First	 3-(2-bromoethoxy)-4-methylthiophene	 was	 synthesized	 in	 a	 2-step	 reaction	

and	then	reacted	with	dimethylaminomethyl	ferrocene.	The	ionic	thiophene	derivative	was	

polymerized	 to	 the	 desired	 product,	 which	 is	 used	 as	 transducer	 for	 electrochemical	

detection	of	DNA.84	
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Scheme	14.	Synthesis	of	ferrocene-bearing	cationic	thiophene	and	polymerization.84	

	

In	 2013,	 our	 group	 developed	 the	 first	 ferrocene	 epoxide	 monomer	 for	 the	 oxyanionic	

polymerization.85	The	monomer,	 ferrocenyl	glycidyl	ether	 (fcGE),	 is	 synthesized	 in	a	3-step	

reaction	 and	 was	 homopolymerized	 to	 hydrophobic	 PfcGE	 and	 copolymerized	 with	 EO	

leading	to	random	P(fcGE-co-EO)	copolymers,	which	was	proven	by	NMR	kinetics	(Figure	4).	

	

	

Figure	4.	Random	copolymerization	behavior	of	fcGE	with	EO.85	
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These	 copolymers	 are	water-soluble	 and	 show	cloud	points	 (LCST)	depending	on	 the	 fcGE	

comonomer	content.	It	was	also	found,	that	low	amounts	of	fcGE	within	the	PEG	chain	did	

not	 show	 any	 cytotoxic	 effect,	 but	with	 fc-contents	 above	 5%	 the	 “ferrocene-PEGs”	were	

efficient	cytostatica.	

	

	

Scheme	15.	Top:	Synthesis	of	ferrocenyl	methyl	glycidyl	ether	(fcGE);	bottom:	anionic	homo-	

and	copolymerization	of	fcGE	with	EO.85	

	

fcGE	 is	 also	 a	 key	 monomer	 to	 water-soluble	 hyperbranched	 copolymers	 with	 glycidol	

exhibiting	 dual-stimuli-responsive	 behavior.	 Comparing	 to	 P[EO-co-fcGE]	 copolymers,	 the	

introduction	 of	 additional	 hydroxyl	 groups	 (from	 glycidol)	 increased	 the	 overall	 water-

solubility	 and	 therefore	 also	 the	 cloud	 point	 temperatures	 for	 a	 certain	 fc-content.	 The	

copolymerization	of	glycidol	(G)	with	fcGE	produces	a	hyperbranched	poly(glycerol)	bearing	

many	fc-units	with	high	water-solubility	(hbP[fcGE-co-G]).	Thus	the	cloud	point	can	be	raised	

from	 7	 to	 49	 °C	 for	 the	 hyperbranched	 structures	 compared	 to	 the	 linear	 P[fcGE-co-EO]	

copolymers	with	the	same	amount	of	fcGE.86	

	

n

Fe

N
O

POCl3
Fe H

O

MeOH, RT, 24 h
NaBH4

Fe

OH

TBAB
benzene/H2O

O
Cl

Fe
O

O
O O-Cs+

THF/DMSO, 60 °C, 24 h

THF/DMSO
60 °C, 24 h

O

O-Cs+

O
O

m
O O

H

O
Fe

n

O
m

O
H

O
Fe

n
O

O



	

	

35	

	

Scheme	16.	Synthesis	of	hyperbranched	copolymers	from	fcGE	and	glycidol.86	

	

The	hyperbranched	 copolymers	 exhibit	molecular	weight	 distributions	 between	Ɖ=1.4-1.7,	

which	 is	 still	 rather	 well-defined	 for	 statistically	 branched	 polymers.	 However,	 if	

monodisperse	 structures	 are	 desired,	 more	 synthetic	 effort	 is	 needed	 to	 prepare,	 e.g.	

ferrocene-containing	 carbohydrate	 dendrimers.	 Ashton	 et	 al.	 synthesized	 carbohydrate-

coated	ferrocene	derivatives	by	connecting	1,1’-dichlorocarbonylferrocene	with	acylated	β-

D-glucopyranosyl	 residues,	 which	 were	 released	 afterwards	 affording	 the	 water-soluble	

dendrimers.	 The	 electrochemical	 behavior	 of	 the	 dendrimers	 were	 investigated	 and	 the	

complex	 formation	 with	 β-cyclodextrin	 were	 studied	 for	 the	 derivatives	 with	 only	 one	

substituted	cyclopentadienyl	ring.87,88	
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Figure	5.	Structure	of	a	dendritic	carbohydrate-functionalized	ferrocene.87	

	

More	recently,	we	introduced	vinyl	ferrocenyl	glycidyl	ether	(VfcGE),	which	is	one	of	the	very	

few	 bivalent	 monomers	 that	 can	 be	 polymerized	 by	 two	 orthogonal	 polymerization	

mechanisms;	 for	 VfcGE	 either	 AROP	 or	 free	 radical	 polymerization	was	 applied.89	 In	 both	

cases,	functional	fc-containing	polymers	are	obtained,	either	carrying	additional	epoxide	or	

vinyl	 pendant	 groups.	 The	 copolymerization	 of	 VfcGE	 with	 EO	 leads	 to	 water-soluble	

ferrocene-PEGs,	 similar	 to	 the	 abovementioned	 P[fcGE-co-EO]	 copolymers.85	 However,	

additional	pendant	vinyl	groups	at	 the	 fc-groups	 remain	after	 the	polymerization	 for	post-

modification	reactions	to	further	alter	the	solubility	profile,	cloud	points,	etc.	
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	Scheme	17.	Synthesis	of	VfcGE	and	its	copolymerization	with	EO.89	

	

The	 cloud	 point	 temperatures	 of	 P(VfcGE-co-EO)	 copolymers	 were	 varied	 by	 post-

modification	with	thioacetic	acid	or	cysteamine	via	thiol-ene	addition.90	This	leads	to	triple-

stimuli-responsive	materials	in	aqueous	solution:	besides	temperature	and	redox	stimuli,	the	

pendant	 carboxylic	 acid	 or	 amine	 groups	 introduce	 an	 additional	 pH	 trigger.	 The	

electrochemical	response	and	catalytic	activity	of	fc	could	be	switched	on	and	off	via	pH	and	

temperature	 changes	 (Figure	6).	Glass	 surfaces	were	also	modified	with	 this	 triple-stimuli-

responsive	material	to	produce	smart	surfaces.	
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Figure	 6.	 Cyclic	 voltammograms	 of	 P[VfcGE1-ran-CAfcGE9-co-EO206]	 below	 and	 above	 the	

cloud	point	temperature.90	

	

	

Synthetic	Routes	to	Water-Soluble	Cobaltocenium-Containing	Polymers	

	

Cobaltocene	 is	a	19-electron	complex	and	therefore	unstable	 in	air.	 It	readily	oxidizes	with	

oxygen	under	release	of	a	single	electron	to	the	cobaltocenium	cation,	which	is	isoelectronic	

with	fc.	Comparing	to	the	ferrocenium	ion,	the	cobaltocenium	cation	is	more	stable,	since	it	

complies	with	the	18-electron	rule.	Cobaltocenium	is	known	to	be	water-soluble,	because	of	

its	 ionic	 structure.	 Nevertheless,	 reactions	 and	 modifications	 at	 the	 aromatic	

cyclopentadienyl	 ligands	 of	 cobaltocenium	 cation	 are	 challenging	 and	 rarely	 found	 in	

literature,	 in	contrast	to	fc	derivatization;	 in	most	cases	substituted	cp-ligands	are	used	for	

the	complexation	of	cobalt	ions.91	

	

Manners	 and	 co-workers	 synthesized	 a	 strained	 dicarba[2]cobaltocenophane	 for	 thermal	

and	 anionic	 ROP.92	 After	 oxidation	 of	 the	 resulting	 polymer	 a	 polycobaltocenium	

polyelectrolyte	is	obtained.93	
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Scheme	 18.	 Flytrap	 synthesis	 of	 dicarba[2]cobaltocenophane,	 and	 anionic/thermal	

polymerization.	

	

Tang	 and	 coworkers	 designed	 a	 cobaltocenium	 acrylate	 monomer,	 namely	 2-

(methacrylolyoxy)ethyl	 cobaltoceniumcarboxylate	hexafluorophosphate	 (MAECoPF6),	which	

is	 synthesized	 from	cobaltocenium	acyl	 chloride	and	2-hydroxyethyl	methacrylate	 (HEMA).	

The	monomer	is	polymerized	by	free	radical	polymerization	to	PMAECoPF6,	a	water-soluble	

polyelectrolyte.	 The	 effect	 of	 different	 anions	 on	 the	 solubility	 of	 cationic	 cobaltocenium-

containing	 polymers	 were	 explored	 after	 ion-exchange	 processes.94	 RAFT	 polymerization	

leads	 to	narrowly	distributed	PMAECoPF6	homopolymers	and	also	heterobimetallic	diblock	

copolymers	 with	 additional	 fc-units,	 i.e.	 (PMAECoPF6-b-poly(2-(methacrylolyoxy)ethyl	

ferrocenecarboxylate)	 (PMAECoPF6-b-PMAEFc)),	 which	 self-assembled	 into	 heterogeneous	

spherical	micelles	in	selective	solvents.95	Cobaltocenium-labeled	polymers	via	atom	transfer	

radical	 polymerization	 (ATRP),96	 side-chain	 cobaltocenium	 polymers	 via	 metathesis	

polymerization,97	 and	 side-chain	 cobaltocenium-containing	 block	 copolymers	 via	 post-

modification,98	and	dendrimers99	are	also	accessible.	
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Scheme	19.	Synthesis	of	MAECoPF6	and	its	free	radical	homopolymerization.	

	

These	cobaltocenium-containing	polymers	were	used	as	a	precursor	 for	versatile	 inorganic	

cobalt	materials,100	or	also	using	heterobimetallic	block	copolymers	with	ferrocene.101	These	

structures	 were	 used	 against	 multi-drug	 resistant	 bacteria,	 combining	 cobaltocenium-

containing	polymers	with	antibiotics	(Figure	7).102	
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Figure	 7.	 High	 activity	 of	 Antibiotic-Metallopolymer	 bioconjugates	 (compared	 to	

metallopolymers	or	Antibiotics	alone)	against	multi-drug	resistant	bacteria	–	high	efficiency	

especially	for	HA-MRSA	cells.102	

	

Gu	 et	 al.	 synthesized	 cobaltocenium-containing	 (block	 co-)polymers	 via	 ROMP.103	 A	

norbornene	 amino	 derivative	 was	 functionalized	 with	 cobaltocenium	 chlorocarbonyl.	 The	

cationic	monomer	 could	 be	polymerized	using	Grubbs’	 third	 generation	 catalyst	 to	water-
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soluble	homopolymers	as	well	as	diblock	copolymers	with	a	ferrocenium-bearing	block.	The	

diblock	copolymer	synthesis	was	realized	by	sequential	addition	of	the	second	ferrocenium	

monomer,	which	was	synthesized	in	analogy	to	the	cobaltocenium	monomer.	The	resulting	

polymers	were	analyzed	by	 cyclic	 voltammetry	 showing	 reversible	 redox	behavior	and	 the	

molecular	weights	were	determined	using	Bard-Anson’s	electrochemical	method.	

	

	

Scheme	20.	Synthesis	of	a	cobaltocenium	homopolymer	via	ROMP.103	

	

	

Synthetic	Routes	to	Water-Soluble	Ruthenocene-Containing	Polymers	

	

Ruthenocene	as	another	stable	18	electron	complex	can	be	oxidized	to	the	ruthenocenium	

cation,	with	a	reversible	oxidation	depending	on	the	counter	ion;	however,	in	most	cases	a	

reduction	process	cannot	be	performed.104,105	
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(MAERu),	which	was	 synthesized	 in	 a	 4-step	 reaction,	 starting	 from	 ruthenocene	 (Scheme	

21).	 It	 was	 polymerized	 by	 ATRP	 using	 PEG-Br	 as	 a	 macro-intiator	 to	 a	 PEG-b-PMAERu	

amphiphilic	diblock	copolymer.	Another	synthesis	route	to	such	water-soluble	structures	is	a	

controlled	radical	polymerization	of	PEGMA	using	PMAERu-RAFT	as	a	macro-RAFT	agent.106	

These	 amphiphilic	 diblock	 copolymers	 can	 self-assemble	 into	 spherical	 and	 worm-like	

micelles.	

	

	

Scheme	 21.	 Synthesis	 of	 2-(methacryloyloxy)ethyl	 ruthenocenecarboxylate	 (MAERu)	 via	

ATRP	polymerization	using	PEG-Br	as	macroinitiator.106	
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dendrimers	 to	bring	 the	organometallic	 complexes	 into	water-soluble	macromolecules	 are	

available.	 Water-soluble	 block	 copolymers	 are	 in	 general	 amphiphilic,	 resulting	 in	 the	

formation	of	nanostructures	 in	water,	such	as	spherical	or	cylindrical	micelles,	with	the	 fc-

rich	hydrophobic	blocks	building	the	core.	Therefore,	the	reactivity	of	fc	and	also	the	ability	

to	catalyze	in	such	systems	is	lowered;	the	majority	of	the	published	literature	studies	their	

self-assembly	 and	 electrochemical	 behavior.	 Although	 there	 are	 different	 structures	

accessible	 via	 various	 synthetic	 routes,	 applications	 in	 areas	 like	 drug	 delivery,	 sensing,	

catalysis	and	nanotechnology	are	barely	studied	–	especially	in	aqueous	environment.		

With	 the	 synthetic	 routes	 developed	 to	 date,	 the	 era	 of	 organometallic	 (co)polymers	 for	

future	 aqueous	 applications	 is	 still	 to	 come.	With	 the	 self-assembly	 and	 copolymerization	

behavior	understood,	the	basis	for	further	research	is	in	our	hands	and	we	can	be	curious	to	

their	future	applications.	
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2.1 Water-Soluble and Redox-Responsive Hyperbranched Polyether 

Copolymers Based on Ferrocenyl Glycidyl Ether 
	

Published	 in	 Polymer	 Chemistry,	 2015,	 6,	 7112-7118.	 (Published	 by	 the	 Royal	 Society	 of	

Chemistry.)	
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Abstract	

	

Water-soluble	 copolymers	of	 ferrocenyl	 glycidyl	 ether	 (fcGE)	and	glycidol	 are	prepared	via	

anionic	ring-opening	multibranching	polymerization	(ROMBP).	The	resulting	hyperbranched	

materials	 with	 molecular	 weights	 (Mn)	 of	 3	500	 to	 12	300	g	mol-1	 and	 narrow	 molecular	

weight	 distributions	 (Mw/Mn	=	1.40-1.69)	 exhibit	 both	 temperature-	 as	 well	 as	 redox-

responsive	 behavior,	 which	 was	 studied	 via	 turbidity	 measurements.	 The	 cloud	 point	

temperatures	 (Tc)	 were	 adjusted	 between	 45	 and	 60	°C	 through	 variation	 of	 the	 fcGE	

comonomer	content.	Additionally,	these	Tcs	can	be	increased	by	the	addition	of	an	oxidizing	

agent.	The	extent	of	oxidation	of	the	materials	is	also	quantified	by	Mößbauer	spectroscopy	

and	 can	 be	 correlated	 to	 the	 change	 in	 the	 Tcs.	 Furthermore,	 the	 copolymers	 were	

investigated	 via	 1H	 and	 inverse	 gated	 (IG)	 13C	 NMR	 spectroscopy,	 size	 exclusion	

chromatography	(SEC),	MALDI-ToF	mass	spectroscopy	and	differential	scanning	calorimetry	

(DSC).	The	reversible	oxidation	of	the	fc	moities	is	demonstrated	by	cyclic	voltammetry.	

	

	

Introduction	

	

Organometallic	 polymers	 combine	 the	 unique	 properties	 of	 inorganic	 materials,	 such	 as	

redox	activity	with	polymer	properties.	 In	such	polymers,	metals	are	often	 incorporated	 in	

stable	18	electron	sandwich-complexes	to	ensure	durable	polymers	in	bulk	and	in	solution.	

Metallocenes,	such	as	ferrocene	(fc),	can	be	incorporated	either	in	the	polymer	backbone	or	

as	 side	 chains,	 the	 most	 prominent	 examples	 being	 poly(ferrocenylsilane)	 (PFS)107,108	 and	

poly(vinylferrocene)	(PVfc).109	Also	organometallic	acrylates	have	been	reported.110	Recently,	

our	group	 introduced	the	 first	 fc-containing	epoxide	monomer	 for	oxyanionic	 ring-opening	

polymerization,	 i.e.	 ferrocenyl	 methyl	 glycidyl	 ether	 (fcGE).85,89,111	 This	 epoxide	 monomer	

was	 copolymerized	 with	 ethylene	 oxide	 (EO)	 to	 generate	 water-soluble,	 multi-stimuli	

responsive	materials.	

While	there	are	many	studies	on	 linear	ferrocene-containing	polymers,	branched	materials	

with	 fc-units	 have	 been	 reported	 only	 rarely,112	 some	 works	 have	 focused	 on	 fc-
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dendrimers.113	In	recent	years	hyperbranched	(hb)	polymers	have	found	increasing	attention	

as	randomly	branched	analogues	of	dendrimers.	To	the	best	of	our	knowledge	only	very	few,	

albeit	hydrophobic	ferrocene-containing	hyperbranched	polymers,	based	on	hyperbranched	

poly(carbosilane)s	 (hbPCSs),114,115	 poly(3-ethyl-3-(hydroxymethyl)-oxetane)s	 (hbPOs)116	 and	

poly(phenylene)s	(hbPPs),117	have	been	reported	to	date.	

Hyperbranched	 polymers	 offer	 potential,	 e.g.,	 for	 biomedicine,	 catalysis,	 membrane	

materials	 and	 coatings.118-120	 One	 benefit	 in	 comparison	 to	 the	 perfectly	 branched	

dendrimers	 is	 their	accessibility	 in	 facile	one-step	syntheses	even	on	 larger	scales,	opening	

their	 use	 for	 industrial	 applications.121	 Hyperbranched	 polyglycerol	 (hbPG),	 which	 is	

synthesized	via	 anionic	 ring-opening	multibranching	polymerization	 (ROMBP)	of	 glycidol,	 a	

latent	 cyclic	 AB2	monomer,	 is	 a	 highly	 interesting	material	 due	 to	 its	water-solubility,	 the	

flexible	polyether	backbone,122,123	high	functionality	and	excellent	biocompatibility.124,125	The	

synthesis	of	hbPG	via	slow	monomer	addition	(SMA)	enables	control	over	molecular	weights	

(6	000	 to	 24	000	g	mol-1),	 narrow	 molecular	 weight	 distributions	 (Ɖ	=	1.3	–	1.8)	 and	 high	

degree	of	branching.126,127	Copolymerization	of	glycidol	with	(functional)	glycidyl	ethers128	or	

the	post-polymerization	modification	of	hbPG	allows	for	the	synthesis	of	stimuli-responsive	

hbPG	showing	temperature-,129-132	pH-,133-135	or	redox-responsive	behavior.136	

In	 this	work,	 the	copolymerization	of	glycidol	and	 fcGE	 is	 introduced	 (Scheme	1),	enabling	

the	 one-pot	 synthesis	 of	multi-stimuli-responsive	materials.	 The	 combination	 of	 the	hbPG	

backbone	 with	 multiple	 hydroxyl	 groups	 provides	 excellent	 water-solubility	 and,	 in	

combination	 with	 the	 hydrophobic	 fc	 groups,	 temperature-dependent	 solubility	 of	 the	

copolymers	in	aqueous	solution	is	achieved,	even	higher	than	for	the	already	reported	linear	

fc-containing	poly(ethylene	glycol)s	P[fcGE-co-EO].85	Furthermore,	the	iron	centers	in	the	fc	

units	 are	 redox-responsive	 and	 can	be	oxidized	 reversibly	 from	Fe(II)	 to	 Fe(III)	 enabling	 to	

vary	the	hydrophilicity	of	the	copolymers.	
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Scheme	1.	Synthetic	AB/AB2	Copolymerization	Strategy	for	Water-Soluble	hbP[G-co-fcGE]	Copolymers.	

	

	

	

Experimental	

	

Reagents.	All	 solvents	and	 reagents	were	purchased	 from	Acros	Organics	or	Sigma	Aldrich	

and	used	as	received,	unless	otherwise	stated.	Glycidol	and	N-methyl-2-pyrrolidone	(NMP)	

were	 freshly	 distilled	 from	 CaH2	 prior	 to	 use.	 fcGE	 was	 synthesized	 according	 to	 the	

published	 procedures,	 purified	 via	 column	 chromatography	 and	 dried	 by	 azeotropic	

distillation	of	benzene	to	remove	traces	of	water.85	

	

Instrumentation.	1H	and	13C	NMR	spectra	were	recorded	at	400	and	100	MHz	on	a	Bruker	

Avance	 II	 400	NMR	 spectrometer.	 For	 SEC	measurements	 in	 DMF	 (containing	 0.25	g	L-1	 of	

LiBr),	 an	 Agilent	 1100	 series	 was	 used	 as	 an	 integrated	 instrument	 including	 a	 PSS	 Gral	

column	 (106/104/102	 Å	 porosity)	 and	 a	 RI	 detector.	 Calibration	 was	 achieved	 using	

poly(ethylene	glycol)	(PEG)	standards	provided	by	PSS.	DSC	measurements	were	performed	

using	a	PerkinElmer	8500	thermal	analysis	system	and	a	PerkinElmer	CLN2	thermal	analysis	

controller	 in	 the	 temperature	 range	 from	 -90	 to	 +100	°C	with	 heating	 rates	 of	 10	K	min-1.	

MALDI-ToF	 MS	 measurements	 were	 performed	 using	 a	 Shimadzu	 Axima	 CFR	 MALDI-TOF	

mass	spectrometer,	employing	dithranol	(1,8,9-trishydroxy-anthracene)	as	a	matrix.	
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Turbidity	 measurements.	 Cloud	 points	 were	 determined	 in	 deionized	 water	 (5	g	L-1)	 and	

observed	 by	 optical	 transmittance	 of	 a	 light	 beam	 (λ	 =	 500	nm)	 through	 a	 1	cm	 sample	

quartz	cell.	The	measurements	were	performed	in	a	Jasco	V-630	photospectrometer	with	a	

Jasco	ETC-717	Peltier	element.	The	intensity	of	the	transmitted	light	was	recorded	versus	the	

temperature	 of	 the	 sample	 cell.	 The	 heating/cooling	 rate	 was	 5	K	min−1,	 and	 values	 were	

recorded	in	1	K	steps.	

	

Cyclic	voltammetry	(CV).	CV	measurements	of	the	copolymer	samples	were	carried	out	in	a	

conventional	 three-electrode	 cell	 using	 a	 WaveDriver	 20	 bipotentiostat	 (Pine	 Intrument	

Company,	 USA)	 and	 deionized	 water	 as	 solvent	 for	 polymer	 solutions	 with	 5	g	L-1	

concentration.	 Potassium	 chloride	 at	 concentrations	 of	 0.1	M	 was	 used	 as	 supporting	

electrolyte.	 A	 glassy	 carbon	 disk	 served	 as	 working	 electrode.	 Ag/AgCl	 and	 platinum	wire	

were	used	as	reference	and	counter	electrodes,	respectively.	

	

Mößbauer	 Spectroscopy.	 57Fe-Mößbauer	 spectra	were	 recorded	 in	 transmission	 geometry	

with	 a	 57Co	 source	 embedded	 in	 a	 rhodium	 matrix	 using	 a	 conventional	 constant-

acceleration	Mößbauer	spectrometer	(“Wissel”)	equipped	with	a	nitrogen	gas-flow	cryostat	

at	 80	K.	 The	 absorbers	were	 prepared	 by	 freezing	 aqueous	 solutions	 of	 samples	 in	 plastic	

holders.	Fits	of	the	experimental	data	were	performed	using	the	Recoil	software.137	Isomer	

shifts	are	given	relatively	to	α-Fe	at	ambient	temperature.	

	

Synthesis	of	hyperbranched	poly(glycerol-co-ferrocenyl	glycidyl	ether)	(hbP[G-co-fcGE]).	In	

a	dry	Schlenk	flask	under	argon	atmosphere,	1,1,1-trimethylolpropane	(TMP)	as	initiator	was	

suspended	 with	 cesium	 hydroxide	 monohydrate	 (0.3	eq)	 in	 5	mL	 benzene	 and	 stirred	 for	

30	min	 at	 60	°C	 under	 static	 vacuum.	 Then,	 remaining	water	 impurities	were	 removed	 by	

azeotrope	distillation	with	benzene	at	60	°C	 for	12	h	under	high	vacuum.	The	 initiator	 salt	

was	dissolved	in	0.5	mL	NMP	at	100	°C.	Glycidol	and	fcGE	were	dissolved	in	a	separate	flask	

in	NMP	to	obtain	a	50	%	dilution.	The	monomer	solution	was	added	slowly	to	the	 initiator	

solution	over	6	hours	via	a	syringe	pump	while	vigorously	stirring.	After	complete	addition,	it	

was	 stirred	 for	 another	 30	min	 and	 methanol	 (0.5	mL)	 was	 added	 to	 terminate	 the	
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polymerization.	 The	 solvents	 were	 removed	 under	 vacuum	 and	 the	 resulting	 polymer	

precipitated	twice	from	methanol	into	cold	diethyl	ether,	to	obtain	the	product	as	brownish	

highly	viscous	liquid.	Yields:	85-90	%.	1H	NMR	(DMSO-d6,	400	MHz):	δ	[ppm]:	4.80	–	4.40	(m,	

OH-groups),	4.23	(s,	fc),	4.14	(s,	fc),	3.76	–	3.19	(m,	polyether	backbone),	1.20	(br,	2H,	CH2-

TMP),	0.80	(br,	2H,	CH3-TMP).		

	

Two-step	 synthesis	 of	 high	 molecular	 weight	 hyperbranched	 poly(glycerol-co-ferrocenyl	

glycidyl	ether)	(hbP[G-co-fcGE]).	A	literature	protocol	using	a	macroinitiator	was	applied	for	

the	 synthesis	 of	 high	 molecular	 weight	 polymers.	 127	 P1	 (100	mg,	Mn=3500	g	mol-1,	 6.1	%	

fcGE)	and	CsOH.H2O	 (19.1	mg,	0.1	eq)	were	dissolved	 in	benzene	and	dried	 for	15	h	under	

high	vacuum.	The	macroinitiator	salt	was	dissolved	 in	dry	NMP	(0.4	mL)	at	100	°C.	Glycidol	

(338	mg)	and	fcGE	(79	mg)	were	dissolved	in	a	separate	flask	in	NMP	(0.6	mL).	The	monomer	

solution	was	added	slowly	to	the	 initiator	solution	over	10	hours	via	a	syringe	pump	while	

vigorously	stirring.	After	complete	addition,	it	was	stirred	for	another	30	min	and	methanol	

(0.5	mL)	 was	 added	 to	 terminate	 the	 polymerization.	 The	 solvents	 were	 removed	 under	

vacuum	and	the	resulting	polymer	precipitated	twice	from	methanol	into	cold	diethyl	ether,	

to	obtain	the	product	as	brownish	highly	viscous	liquid.	

Note:	During	prolonged	drying	a	partly	oxidation	of	the	sample	was	observed.	

	

	

Results	and	Discussion	

	

Synthesis	and	Molecular	Weight	Determination	

In	order	to	generate	copolymers	of	glycidol	and	fcGE	a	modified	synthesis	procedure	had	to	

be	 devised.138	 First,	 the	 trishydroxyfunctional	 initiator,	 trimethylol	 propane	 (TMP),	 was	

partly	 deprotonated	 (30	mol%)	with	 cesium	 hydroxide	 and	 a	mixture	 of	 glycidol	 and	 fcGE	

was	added	via	slow	monomer	addition	over	6	hours	at	100	°C	(Scheme	1).	 It	 is	essential	to	

use	N-methyl-2-pyrrolidone	 (NMP)	 as	 a	 solvent.	 The	 copolymers	 P1-P5	 were	 obtained	 as	

orange	 to	 brown,	 highly	 viscous	 liquids	 that	 were	 soluble	 in	 aqueous	 solution	 at	 room	
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temperature.	 Detailed	 characterization	 of	 the	 resulting	 polymers	 confirmed	 the	

incorporation	of	both	monomers	and		

	

Table	1.	Characterization	Data	for	hbP[G-co-fcGE]	Copolymers.	
no.	 sample	 Mn

a	

[g	 mol-

1]	

Mn
b	

[g	mol-1]	

Đb	 fcGE	

[mol%]	

DBc	 Tgd	

[°C]	

Tce	

[°C

]	

P1	 hbP[G37-co-fcGE2.4]	 3500	 1600	 1.56	 6.1	 0.54	 -22	 -	

P2	 hbP[G36-co-fcGE5.0]	 4100	 2100	 1.42	 9.9	 0.53	 -17	 60	

P3	 hbP[G67-co-fcGE8.2]	 7300	 2000	 1.55	 10.9	 0.49	 -15	 49	

P4	 hbP[G46-co-fcGE6.3]	 5300	 1700	 1.40	 12.0	 0.40	 -24	 45	

P5	 hbP[G140-co-fcGE7]	 12300	 6800	 1.69	 4.8	 0.62	 -24	 -	

aMn	 determined	 from	 1H	 NMR	 spectroscopy	 in	 DMSO-d6	 by	 end-group	 analysis.	 bMn	

determined	via	size	exclusion	chromatography	in	DMF	vs	PEG	standards	using	the	RI-signal	

detection,	Đ	 =	Mw/Mn.	 cDB	determined	via	 IG	 13C	NMR	spectroscopy	 (DMSO-d6;	 100	MHz)	

according	to	eq.	1.	dGlass	transition	temperature	(Tg)	determined	from	differential	scanning	

calorimetry	(heating/cooling	rate	10	K	min−1;	second	heating	run).	eCloud	point	temperature	

for	a	5	mg	mL−1	solution	of	the	copolymer	in	deionized	water,	measured	with	a	heating	rate	

of	5	K	min−1.	

	

formation	 of	 the	 hyperbranched	 structure	 as	 discussed	 in	 the	 following.	 The	 1H	 NMR	

spectrum	 (cf.	 Supporting	 Information,	 Figure	 S1)	 shows	 the	 resonances	 of	 the	 polyether	

backbone	 (δ	 =	 3.19	 –	 3.76	ppm),	 the	 hydroxyl	 groups	 (δ	 =	 4.40	 –	 4.80	ppm)	 and	 the	

characteristic	signals	of	the	ferrocene	units	at	δ	=	4.14	and	4.23	ppm.	The	comparison	of	the	

integrals	of	the	initiator	

resonances	 (CH3:	 δ	 =	 0.80	ppm	 and	 CH2:	 δ	 =	 1.20	ppm)	 with	 the	 hydroxyl	 and	 ferrocene	

signals,	respectively,	allows	to	determine	the	

incorporation	 ratio	 of	 both	 monomers	 and	 the	 molecular	 weight	 of	 the	 polymer.	 The	

calculated	molecular	weights	are	in	the	range	of	3	500	to	7	300	g	mol-1	with	a	fcGE	content	

of	6.1	to	12.0	%	and	are	 in	agreement	with	the	theoretical	values	based	on	the	amount	of	
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TMP	initiator	employed.	Higher	comonomer	contents	are	certainly	feasible,	however,	have	

not	 been	 targeted,	 since	water-soluble	 hyperbranched	 polymers	were	 in	 the	 focus	 of	 this	

work.	The	molecular	weights	determined	via	SEC	are	consistently	lower	than	the	NMR	values	

(1	600	 and	 2	100	g	mol-1,	 cf.	 Figure	 S4).	 This	 can	 be	 attributed	 to	 the	 use	 of	 linear	 PEG	

standards.	 The	 hyperbranched	 topology,	 the	 multiple	 hydroxyl	 groups	 and	 the	 additional	

ferrocene	units	have	an	impact	on	the	hydrodynamic	volume	of	the	polymers	and	therefore,	

a	 change	 in	elution	 times	and	consequent	underestimation	of	molecular	weights,	which	 is	

often	observed	for	hyperbranched	polymers.139	

	

As	the	controlled	synthesis	of	hbPG	is	 limited	to	6	000	g	mol-1,122	the	synthesis	of	polymers	

with	higher	molecular	weights	 is	conducted	by	a	two-step	approach	using	a	 low	molecular	

weight	 hbPG	 macroinitiator.127	 The	 copolymer	 P5	 was	 synthesized	 using	 P1:	 after	

deprotonation	 (10	%	 of	 hydroxyl	 groups)	 a	 mixture	 of	 glycidol	 and	 5	%	 fcGE	 was	 slowly	

added	via	a	syringe	pump.	The	obtained	copolymer	showed	a	strong	 increase	 in	molecular	

weight	 (Mn	=	12	300	g	mol-1)	 under	 preservation	 of	 the	 low	 molecular	 weight	 dispersity	

(Đ	=	1.69).	Furthermore,	 the	targeted	fcGE	content	of	5	%	was	obtained	according	to	NMR	

characterization.	
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Figure	1.	MALDI	ToF	MS	of	hbP[G36-co-fcGE5.0]	(P2).	

	

Matrix-assisted	 laser	 desorption/ionization	 time-of-flight	 mass	 spectrometry	 (MALDI-ToF	

MS)	was	performed	to	confirm	incorporation	of	both	monomers	 in	the	polymer	backbone.	

Figure	S5	shows	the	mass	spectrum	of	sample	P2,	and	Figure	1	a	zoom	into	the	spectrum:	

the	molecular	masses	of	glycidol	(74.08	g	mol-1,	blue)	and	fcGE	(272.12	g	mol-1,	red)	can	be	

assigned,	 evidencing	 successful	 copolymerization	 of	 both	 monomers.	 Furthermore,	 two	

signals	are	marked	for	the	corresponding	copolymer	cationized	with	H+.	

	

	

Degree	of	Branching	

	

The	degree	of	branching	(DB)	is	an	important	parameter	of	hyperbranched	polymers,	which	

is	 0	 for	 linear	 polymers	 and	 1	 for	 maximum	 branching.	 Inverse	 gated	 (IG)	 13C	 NMR	

spectroscopy	enables	the	 integration	of	13C	resonances	and	thus	calculation	of	the	relative	

2383$

2260$

P[G14,co,fcGE4]H+$

P[G23,co,fcGE3]H+$

∆(G)=$74.08$g$mol,1$
∆(fcGE)=$272.12$g$mol,1$
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abundance	 of	 the	 different	 structural	 units.	 Glycidol	 can	 be	 incorporated	 as	 dendritic	 (D),	

linear-1,3	(L1,3),	linear-1,4	(L1,4)	and	terminal	(T)	unit,	whereas	fcGE	can	only	be	incorporated	

as	 linear	(LfcGE)	or	terminal	 (TfcGE)	unit	as	depicted	 in	Figure	2.	The	DB	was	calculated	using	

equation	 (1),140,141	 which	 is	 feasible	 for	 the	 copolymerization	 of	 glycidol	 with	 a	 cyclic	 AB	

monomer	like	fcGE.	

	

	 	 	 	 	 	 	 	 (1)	

	

The	 calculated	 DB	 values	 are	 summarized	 in	 Table	 1	 and	 the	 relative	 integrals	 of	 the	

different	 structural	 units	 are	 shown	 in	 Table	 S1.	 The	 DB	 decreases	 from	 0.54	 to	 0.40	 for	

increasing	fcGE	content,	as	expected	for	the	copolymerization	of	an	AB	and	AB2	monomer.128	

The	 differentiation	 between	 LfcGE	 and	 TfcGE	 units	 is	 not	 possible	 in	 the	 NMR	 spectra.	

Therefore	all	 incorporated	fcGE	units	were	considered	as	 linear	units	 for	the	calculation	of	

the	 DB,	 which	 is	 realistic,	 considering	 that	 fcGE	monomer	 was	 only	 used	 as	 the	minority	

fraction.	 However,	 to	 determine	 the	 error	 of	 this	 assumption	 the	 DB	was	 also	 calculated	

based	on	the	assumption	that	all	 fcGE	units	were	 incorporated	at	the	termini.	 In	this	case,	

the	DB	values	are	5	to	10	%	higher	than	the	values	given	in	Table	1,	without	influencing	the	

observed	trend.		
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Figure	2.	 Inverse-Gated	 (IG)	 13C	NMR	spectrum	(100	MHz,	DMSO-d6)	of	hbP[G36-co-fcGE5.0]	

(P2).	

	

	

Thermal	Properties	

	

Differential	 scanning	 calorimetry	 (DSC)	 measurements	 were	 performed	 to	 obtain	

information	 on	 the	 thermal	 properties	 of	 the	 copolymers	 (Table	 1).	 The	 glass	 transition	

temperature	 (Tg)	 for	 the	 hbPG	 homopolymer	 is	 detected	 in	 the	 range	 between	 -19	

to	 -26	°C,126	 whereas	 the	 linear	 P(fcGE)	 homopolymer	 shows	 a	 Tg	 of	 -8	°C.111	 For	 the	

copolymers	P1	to	P3	the	Tg	increases	with	increasing	fcGE	content	and	increasing	molecular	

weight	(from	-24	to	-15	°C,	Table	1).	It	is	remarkable	that	the	fc	groups	hardly	affect	the	Tg	of	

the	hyperbranched	polyethers	 in	comparison	 to	hbPG.	Ferrocene	 is	a	 sterically	demanding	

substituent	and	 therefore	can	be	expected	 to	 impede	bond	 rotation,	which	explains	 these	

observations.	However,	P4	shows	the	lowest	Tg	of	all	polymers	although	this	sample	exhibits	
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the	highest	fcGE	content.	We	assume	that	in	this	case	different	effects	like	molecular	weight,	

comonomer	content	and	degree	of	branching	lead	to	a	non-linear	trend	of	the	Tgs.	

	

Redox-Responsive	Properties	in	Aqueous	Solution	

	

The	redox-responsive	properties	of	the	copolymers	have	been	studied	by	cyclovoltammetry.	

Applying	a	cyclic	potential	 to	a	polymer	 solution,	 the	 reversible	 redox-activity	of	 fc	 can	be	

studied.	All	synthesized	copolymers	were	analyzed	via	cyclic	voltammetry	at	three	different	

scan	rates	 (50	mV/s,	100	mV/s	and	150	mV/s,	Figures	3	and	S9-S11).	The	copolymers	were	

dissolved	 in	 water	 at	 a	 concentration	 of	 5	g	L-1	 with	 0.1	M	 potassium	 chloride	 as	 a	

conducting	salt.	The	reversible	redox-activity	of	fc	is	visualized	by	plotting	the	cyclic	potential	

against	 the	measured	current.	The	graphs	 show	the	characteristic	oxidation	and	 reduction	

peaks	of	 fc.	Reversibility	of	 the	electrochemical	 reduction	 is	 indicated	by	 the	 symmetry	of	

the	 measured	 cycles,	 whereas	 the	 potentials	 at	 the	 current	 maxima	 and	 minima	 are	

independent	of	the	scan	rates	for	all	samples.	Neither	degradation	nor	consecutive	reactions	

were	detected	in	several	consecutive	measured	cycles.		

	
Figure	3.	Cyclic	voltammograms	of	hbP[G46-co-fcGE6.3]	(P4)	at	different	scan	rates		

(H2O,	5	g	L-1	P1,	0.1	M	KCl).	

-0.2 0.0 0.2 0.4 0.6 0.8

-20

0

20

40

C
ur
re
nt
˚/˚
µ
A

Potential˚/˚V

˚50˚mV/s
˚100˚mV/S
˚150˚mV/s



Chapter	2:	Water-Soluble	Multi-Stimuli-Responsive	Metallocene-Containing	Copolymers	

	

	

58	

	

It	 has	been	 reported	 that	 copolymers	of	 EO	and	a	hydrophobic	 comonomer	exhibit	 lower	

hydrophilicity	compared	to	PEG.	Materials	of	this	type	show	cloud	point	temperatures	below	

100	°C	 or	 may	 be	 insoluble	 in	 aqueous	 solution.	 In	 the	 case	 of	 fcGE,	 the	 cloud	 point	

temperatures	(Tc)	of	the	linear	P[fcGE-co-EO]	copolymers	were	varied	from	7.2	to	82.2	°C.85	

Copolymers	 of	 glycidol	 and	 a	 hydrophobic	 comonomer	 show	 similar	 properties,	 however,	

due	 to	 the	 large	number	of	hydroxyl	 groups	 the	overall	hydrophilicity	 is	higher.	 The	cloud	

point	temperatures	of	the	herein	synthesized	hbP[G-co-fcGE]	copolymers	can	be	varied	from	

45	to	60	°C.	However,	to	obtain	the	same	Tc	in	case	of	the	hb	polymers	a	higher	amount	of	

fcGE	could	be	incorporated	compared	to	the	linear	PEG-copolymers.	Sample	P1	and	P5	with	

the	 lowest	 amounts	 of	 fcGE	 are	 water-soluble	 over	 the	 whole	 temperature	 range.	 The	

turbidity	measurements	of	P2,	P3	and	P4	are	shown	in	Figure	4.	A	cooling	curve	of	P2	is	also	

shown	to	demonstrate	the	typical	low	hysteresis	of	the	copolymers.	The	transitions	for	the	

hb	 copolymers	 are	 not	 as	 sharp	 as	 for	 the	 linear	 PEG-copolymers	 as	 reported	 previously,	

certainly	 due	 to	 the	 somewhat	 higher	 dispersity	 of	 the	hb	 copolymers.	 Especially	 for	 low	

molecular	weights	and	 low	amounts	of	 fc	 incorporated,	 the	absolute	amount	of	 fc	 among	

the	 individual	 polymer	 chains	 varies	 significantly,	 and	 consequently	 the	 solubility	 differs	

strongly.	
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Figure	4.	Turbidimetry	measurements	of	P2,	P3	and	P4	with	a	cooling	curve	for	P2	in	water		

(5	g	L-1;	heating/cooling	rate	5	°C	min-1).	

	

Since	fc	is	redox-active,	the	hydrophilicity	of	the	copolymer	can	be	increased	by	oxidation	of	

Fe(II)	 to	 Fe(III),	 and	 the	 sandwich	 complex	 becomes	 positively	 charged.	 Thus,	 the	 Tc	 of	 a	

given	copolymer	can	be	shifted	to	a	higher	temperature	by	partial	oxidation.	The	Tc	of	P3	is	

compared	to	the	partly	oxidized	and	fully	oxidized	P3	(Figure	5).	The	partly	oxidized	sample	

shows	a	higher	Tc	(as	expected),	and	in	addition	the	transmittance	does	not	reach	0	%,	but	

remains	at	ca.	40	%,	which	 indicates	the	presence	of	 fully	water-soluble	copolymers	 in	the	

mixture.	 The	 oxidized	 P3	 is	 water-soluble,	 and	 the	 transmittance	 remains	 very	 high	

throughout	the	whole	temperature	range.	
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Figure	 5.	 Turbidity	 measurements	 of	 P3	 upon	 oxidation.	 After	 partly	 (53	 %	 of	 fc	 units)	

oxidation	 of	 the	 starting	 polymer	 (P3,	 line)	 the	 cloud	 point	 temperature	 is	 lowered	 (P3,	

dashed)	 until	 finally	 the	 thermoresponsive	 behavior	 completely	 disappears	 (dotted)	 for	

100	%	oxidation	(5	g	L-1;	heating/cooling	rate	5	°C	min-1).	

	

Mößbauer	spectroscopy	has	hardly	been	employed	to	characterize	the	degree	of	oxidation	

of	redox-active	dendritic	polymers.110	The	influence	of	oxidation	on	the	aqueous	solubility	of	

the	 hyperbranched	 copolymers	 was	 further	 quantified	 by	 Mößbauer	 spectroscopy.	 The	

copolymer	 P3	 exhibits	 an	 original	 cloud	 point	 of	 49	°C,	 after	 partial	 oxidation	 with	 silver	

triflate	 the	 Tc	 increased	 to	 66	°C.	 After	 full	 oxidation	 of	 the	 copolymer	 P3	 no	 cloud	 point	

could	 be	 detected.	 Quantitative	 analysis	 of	 the	 three	 samples	 (not	 oxidized	 P3,	 partially	

oxidized	 P3	 and	 fully	 oxidized	 P3)	 via	 Mößbauer	 spectroscopy	 provided	 the	 ratio	 of	

ferrocenium	ions	to	ferrocene,	since	ferrocene	shows	a	doublet	with	a	quadrupole	splitting	

at	2.37	mm	s-1	and	ferrocenium	salts	show	a	singlet.142	The	amount	of	ferrocenium	ions	was	

determined	 to	be	0	%	 for	 the	non-oxidized	 sample	P3	 (Figure	S6),	53±4	%	 for	 the	partially	

oxidized	(Figure	6)	and	100	%	for	the	fully	oxidized	(Figure	S7)	sample.	A	second-order	fit	was	

created	 to	 describe	 the	 influence	 of	 oxidation.	 (generated	 ferrocenium	 ions)	 to	 the	

copolymers´	water	solubility,	which	is	in	fact	only	valid	for	P3	(Figure	S8).	However,	a	similar	
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correlation	 of	 the	 concentration	 of	 ferrocenium	 ions	 and	 the	 Tc	 for	 other	 copolymers	 is	

likely.	

	

	
Figure	6:	Mößbauer	spectrum	of	the	partially	(53±4	%)	oxidized	copolymer	P3	showing		

Fe(II)	doublet	(red)	and	Fe(III)	singlet	(blue).	

	

	

Conclusions	

	

In	 summary,	 we	 have	 introduced	 the	 first	 water-soluble	 hyperbranched	 polyether	

copolymers	 with	 redox-active	 ferrocene	 units.	 Capitalizing	 on	 the	 one-pot	 AB	 +	 AB2	

copolymerization	under	slow	monomer	addition	conditions,	the	copolymerization	of	glycidol	

and	fcGE	via	anionic	ROMBP	provided	copolymers	with	molecular	weights	of	3	500	to	12	300	

g	mol-1	with	low	molecular	weight	dispersities	(Ɖ	=	1.40	to	1.69).	Detailed	characterization	of	

the	 polymers	 confirms	 successful	 copolymerization	of	 both	monomers,	 resulting	 in	water-

soluble	 hyperbranched	 ferrocene-containing	 polymers.	 Additionally,	 the	 polymers	 exhibit	

multi-stimuli	 responsive	 behavior.	 The	 cloud	 point	 temperature	 could	 be	 adjusted	 by	

variation	of	 the	 fcGE	comonomer	content,	as	well	 as	 the	amount	of	oxidized	 iron-centers.	

These	materials	significantly	enhance	the	scope	of	ferrocene-based	polymers,	as	they	exhibit	
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a	large	number	of	hydroxyl	groups,	enabling	further	functionalization	and	an	overall	higher	

degree	of	hydrophilicity.	The	latter	resulted	in	increased	cloud	point	temperatures	of	the	fc-

containing	PGs	compared	to	the	linear	PEG	analogues.	Thus	higher	amounts	of	fcGE	can	be	

incorporated	with	lower	influence	on	the	solubility	of	the	polymers.	Mößbauer	spectroscopy	

was	 used	 to	 correlate	 the	 degree	 of	 oxidation	 of	 fc	 with	 an	 increase	 of	 the	 cloud	 point	

temperatures.	These	findings	render	the	novel	polymers	promising	for	a	variety	of	purposes,	

e.g.,	as	polymer	therapeutics,	or	in	detection	or	sensing	applications.	
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2.1.1 Supporting Information 

	

Additional	characterization	data	

	

Figure	S1:	1H	NMR	(400	MHz,	298K,	DMSO-d6)	of	hbP[G36-co-fcGE5]	(P2)	with	signal	assignments.	
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Figure	S2:	13C	NMR	(100	MHz,	298K,	DMSO-d6)	of	hbP[G-co-fcGE]	copolymers	with		

signal	assignments.	

	

	

Table	S1:	Relative	integrals	of	the	different	repeating	units	determined	by	inverse	gated	(IG)	13C	NMR	

spectroscopy	and	used	for	the	calculation	of	the	degree	of	branching.	

no.	 sample	 L13	 L14	 LfcGE	 D	 T	 DB	

P1	 hbP[G37-co-fcGE2.4]	 0.12	 0.26	 0.06	 0.25	 0.31	 0.54	
	

P2	 hbP[G36-co-fcGE5]	 0.11	 0.24	 0.13	 0.27	 0.25	 0.53	

P3	 hbP[G67-co-fcGE8.2]	 0.12	 0.28	 0.13	 0.25	 0.22	 0.49	

P4	 hbP[G46-co-fcGE6.3]	 0.14	 0.33	 0.12	 0.20	 0.21	 0.40	

P5	 hbP[G140-co-fcGE7]	 0.12	 0.23	 0.06	 0.33	 0.26	 0.62	
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Figure	S3:	13C	DEPT	NMR	(100	MHz,	298	K,	DMSO-d6)	of	hbP[G36-co-fcGE5]	with	signal	assignments.	

	

	

Figure	S4:	SEC	traces	(DMF,	PEG	standard)	of	hbP[G-co-fcGE]	copolymers	(P1,	P2,	P3,	P4).	
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Figure	S5:	MALDI	ToF	MS	of	hbP[G36-co-fcGE5.0]	(P2).	

	

	

Figure	S6:	Mößbauer	spectrum	of	the	original	(i.e.	not	oxidized)	copolymer	P3.	
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Figure	S7:	Mößbauer	spectrum	of	the	fully	oxidized	copolymer	P3.	

	

	

Figure	S8:	Cloud	point	temperature	(Tc	in	°C)	plotted	against	the	degree	of	oxidation		

(amounts	of	ferrocenium	ions	in	%).	
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Figure	S9:	Cyclic	voltammograms	of	hbP[G37-co-fcGE2.4]	(P1)	at	different	scan	rates	

(H2O,	5	g/L	P1,	0.1	M	KCl).	

	

	
Figure	S10:	Cyclic	voltammograms	of	hbP[G36-co-fcGE5]	(P2)	at	different	scan	rates	

(H2O,	5	g/L	P1,	0.1	M	KCl).	
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Figure	S11:	Cyclic	voltammograms	of	hbP[G67-co-fcGE8.2]	(P3)	at	different	scan	rates	

(H2O,	5	g/L	P1,	0.1	M	KCl).	
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2.2 Vinyl Ferrocenyl Glycidyl Ether: An Unprotected Orthogonal 

Ferrocene Monomer for Anionic and Radical Polymerization 
	

Published	in	Polymer	Chemistry	2015,	6,	3617–3624.	(Published	by	the	Royal	Society	of	

Chemistry.)	

Authors:	Arda	Alkan,a,b	Laura	Thomi,b	Tassilo	Gleede,a	and	Frederik	R.	Wurm*,b	

	
aInstitute	of	Organic	Chemistry,	Johannes	Gutenberg-Universität	Mainz	(JGU),	Duesbergweg	

10-14,	55099	Mainz,	Germany.	
bMax	Planck	Institute	for	Polymer	Research	(MPIP),	Ackermannweg	10,	55128	Mainz,	

Germany.	
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Abstract	

	

	

The	 first	 orthogonal	 ferrocene	monomer,	 vinyl	 ferrocenyl	 glycidyl	 ether	 (VfcGE),	 for	 both	

anionic	and	radical	polymerization	-	without	the	need	of	a	protection	group	-	 is	presented.	

Anionic	ring-opening	copolymerization	of	VfcGE	and	ethylene	oxide	(EO)	generates	stimuli-

responsive,	 multifunctional	 poly[(vinyl	 ferrocenyl	 glycidyl	 ether)-co-(ethylene	 oxide)]	

(P[VfcGE-co-EO])	 copolymers	 (molecular	 weights	 of	 ca.	 7,500	 g/mol	 and	 low	 molecular	

weight	dispersities	(Đ	≤	1.14)).	The	amount	of	the	equimolar	ferrocenyl	and	vinyl	groups	are	

controlled	 by	 the	 comonomer	 ratio	 up	 to	 15.4	mol%	 VfcGE.	 The	 pendant	 vinyl	 groups	 of	

P[VfcGE-co-EO]	were	post-modified	with	3-mercaptopropionic	acid	via	 thiol-ene	chemistry.	

The	 EO	 copolymers	 exhibit	 temperature-,	 redox-,	 and	 pH-responsive	 behavior	 in	 water	

depending	on	 the	polymers’	microstructure.	 Free	 radical	 polymerization	of	VfcGE	 leads	 to	

polyalkylene:(vinyl	 ferrocenyl	 glycidyl	 ether)	 with	 pendant	 epoxide	 side	 chains	 at	 each	

ferrocene	 unit.	 The	 resulting	 polymer	 was	 used	 to	 generate	 redox-responsive	 protein	

nanoparticles	with	bovine	serum	albumin	(BSA)	by	nucleophilic	ring-opening	of	the	pendant	

epoxides.	

	

	

Introduction	

	

Metallocene-containing	 polymers	 combine	 peculiar	 physical	 and	 chemical	 properties	 for	

several	 materials	 science	 applications.	 In	 the	 family	 of	 metallocenes,	 ferrocene	 (fc)	 is	

probably	 the	 most	 interesting	 compound,	 since	 it	 can	 be	 oxidized	 reversibly	 to	 the	

ferrocenium	 species	 (Fe(III))	 and	 iron	 redox	 processes	 play	 an	 important	 role	 in	 living	

organisms.	Both	 states	exhibit	 high	 stability	with	 ferrocene	 (Fe(II))	 being	 very	 stable	 as	 an	

18e	 complex.	 To	 date,	 fc-containing	 compounds	 are	 used	 as	 polyelectrolytes,143	

electroactive	materials	 in	amperometric	glucose	sensors9,11,144	and	catalyst145-147	 in	 fuel	 for	

the	 oxidation	 of	 soot.148	 Fc-based	 materials	 are	 also	 used	 in	 responsive	 elastomeric	 opal	

films,149	for	the	redox	responsive	assembly	and	disassembly	of	nanotubes150	and	in	colour-
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tunable	 fluorescent	 multiblock	 micelles.65	 Furthermore,	 recently	 biomedical	 applications	

became	an	important	field	for	the	utilization	of	metallocene-containing	materials.16,102	

Ferrocene	itself	and	its	low	molecular	weight	derivatives	find	limited	application	in	materials	

science	due	to	high	crystallinity	or	low	vapor	pressure.	The	incorporation	of	fc	into	polymers	

allows	 usage	 of	 the	 organometallic	 properties.151	 Fc	 can	 be	 incorporated	 either	 as	 side	

chains	 or	 in	 the	 polymer	 backbone.	 Besides	 the	 famous	 main-chain	 polyferrocenyl	

silanes,107,108,114	 several	examples	of	polymers	with	 ferrocene-based	side	chains	have	been	

reported.	 The	 most	 popular	 monomer,	 which	 is	 known	 since	 1955,109	 is	 probably	 vinyl	

ferrocene	 (Vfc,	 1,	 Figure	 1)	 that	 can	 be	 polymerized	 via	 radical	 or	 anionic	 polymerization	

mechanisms.	 Also,	 (meth)acrylate-based	 side-chain	 ferrocene-containing	 monomers	 have	

been	 studied	 intensely.110,152	 In	 2013,	 we	 introduced	 the	 first	 fc-containing	 epoxide	

monomer,	i.e.	ferrocene	glycidyl	ether	(fcGE,	2,	Figure	1)	for	oxyanionic	polymerization.85	2	

was	homopolymerized,	but	also	copolymerized	with	ethylene	oxide	(EO),	the	latter	produces	

water-soluble	fc-containing	poly(ethylene	glycol)s	which	may	find	useful	applications	in	the	

biomedical	 field	 or	 as	 stabilizers.	 From	 kinetic	 studies	 the	 anionic	 copolymerization	 of	

sterically	demanding	2	and	EO	was	found	to	be	random;85	interestingly,	despite	the	bulky	fc-

side	group,	no	gradient	copolymers	were	generated	under	these	conditions.	More	recently,	

we	have	expanded	the	use	of	2	and	synthesized	multifunctional	fc-containing	polyethers	by	-

again	 random-	 	copolymerization	with	allyl	glycidyl	ether,	which	was	carried	out	 in	bulk	at	

100	°C	and	monitored	in	situ	via	13C	NMR	spectroscopy.111		

Polyfunctional,	stimuli-responsive	materials	are	a	growing	field	in	modern	materials	and	bio-

related	science.	Nature	uses	 the	principle	of	polyvalency	 for	 receptor-mediated	processes,	

for	example.	In	polymer	science,	polyvalency	is	typically	achieved	by	the	polymerization	of	a	

functional	monomer	or	 copolymerization	of	 several	monomers.	 Especially	monomers	with	

functional	groups,	which	do	not	have	to	be	protected	during	the	polymerization,	are	of	high	

interest,	 since	 protection	 and	 deprotection	 steps	 are	 spared.	 Orthogonal	monomers	 with	

two	 different	 polymerizable	 groups	 are	 also	 very	 interesting,	 since	 they	 make	 the	

copolymerization	 of	 several	 monomers	 (with	 often	 unwanted	 copolymerization	 behavior)	

redundant.	But	especially	monomers	with	two	different	polymerizable	groups,	whereas	the	

second	 group	 acts	 as	 an	 unprotected	 functionality,	 are	 rarely	 found	 to	 date.153-155	 The	
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reported	bifunctional	monomers	to	date	rely	on	rather	simple	monomer	structures	without	

additional	properties.153		

The	 current	 work	 presents	 the	 first	 orthogonal	 metallocene	 monomer	 carrying	 both	 an	

epoxide	and	a	vinyl	group,	viz.	vinyl	ferrocenyl	glycidyl	ether	(VfcGE	(3),	Figure	1).	3	differs	

significantly	 from	 all	 other	 ferrocene	 side-chain	 monomers	 reported	 so	 far,	 since	 it	 is	

designed	 for	 both	 radical	 or	 anionic	 ring-opening	 (co-)polymerization156	 and	 the	

organometallic	polymers	carry	multiple	reactive	groups	for	postpolymerization	modification.	

Both	 selective	 anionic	 and	 radical	 polymerization	 of	 3	 are	 investigated	 in	 detail	 and	 the	

copolymerization	with	ethylene	oxide	 to	water-soluble,	organometallic,	 and	polyfunctional	

poly(ethylene	 glycol)s	 is	 presented.	 Subsequent	 postpolymerization	 modification	 of	 the	

pendant	 epoxide	 or	 vinyl	 groups	was	 carried	 out.	 The	 polyethers	 are	 -in	 addition	 to	 their	

chemical	 polyvalency-	 further	multi-stimuli	 responsive	 with	 respect	 to	 solubility	 in	 water,	

depending	on	pH,	redox-potential	and	side-chain	functionality.	

	

	
Figure	1.	Side-Chain	Ferrocene	Monomers.	

		

	

Results	and	discussion	

	

Monomer	and	polymer	synthesis	

Fc-containing	(co)polymers	with	polyether	backbone	as	well	as	polyalkylene	backbone	are	of	

high	 interest	 for	 multi	 stimuli-responsive	 materials.	 In	 this	 study	 we	 have	 developed	 an	

orthogonal	 ferrocene	 monomer	 (VfcGE,	 3),	 which	 can	 be	 polymerized	 via	 two	 different	

polymerization	techniques:	radical	and	anionic	polymerization.	VfcGE	opens	new	possibilities	

to	 fast	 access	 to	 ferrocene-containing	multifunctional	 polyethers	 as	 well	 as	 polyalkylenes	
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with	ferrocene	units	bearing	reactive	epoxides	(Scheme	1).	The	free	radical	polymerization	

of	VfcGE	leads	to	a	polyalkylene	structure	whereas	the	anionic	ring-opening	polymerization	

leads	to	a	polyether	backbone.		

	

Scheme	1.	 Synthetic	Protocol	 for	 Free	Radical	 and	Anionic	Copolymerization	of	VfcGE	and	

EO.	

	

The	 monomer	 (3)	 was	 synthesized	 in	 a	 four-step	 protocol	 (Scheme	 2),	 starting	 with	 the	

dilithiation	of	 ferrocene	 to	generate	 ferrocene-1,1’-dicarbaldehyde	 (4).	 In	 the	second	step,	

one	of	the	aldehyde	groups	was	transformed	into	a	vinyl	group	by	a	Wittig	reaction.157	The	

resulting	compound,	1-vinyl-1’-carboxaldehyde	ferrocene	(5),	was	then	reduced	with	sodium	

borohydride	 to	 1-vinyl-1’-hydroxymethyl	 ferrocene	 (6).	 6	 was	 then	 converted	 to	 vinyl	

ferrocenyl	glycidyl	ether	(3)	via	a	nucleophilic	substitution	with	epichlorohydrin	under	phase	

transfer	 catalysis,	 similar	 to	 the	 synthetic	 protocols	 of	 other	 previously	 described	 glycidyl	

ethers	(GEs).158,159	
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Scheme	 2.	 Synthesis	 Route	 to	 the	 Orthogonal	 Monomer	 Vinyl	 Ferrocenyl	 Glycidyl	 Ether	

(VfcGE,	3).	

	
The	 monomer	 was	 obtained	 as	 dark	 orange	 liquid	 in	 overall	 good	 yields	 and	 purified	 by	

column	 chromatography.	 Figure	 2	 shows	 the	 1H	 NMR	 spectrum	 of	 3	 in	 benzene-d6;	 13C	

(Figure	S1),	13C	DEPT	(Figure	S2),	HSQC	(Figure	S3),	HMBC	(Figure	S4)	and	COSY	(Figure	S5)	

NMR	 spectra	 with	 the	 respective	 assignments	 can	 also	 be	 found	 in	 the	 Supplementary	

Information		proving	the	signal	assignments.	

The	free	radical	polymerization	of	3	was	carried	out	with	2,2ʹ-azobis(2-methylpropionitrile)	

(AIBN)	 as	 the	 initiator	 in	 tetrahydrofuran	 (THF)	 at	 80	 °C	with	 a	 initiator:monomer	 ratio	 is	

1:60.	The	resulting	polymer	(polyalkylene:P[VfcGE],	P1)	has	a	monomodal	molecular	weight	

distribution	with	a	molecular	weight	dispersity	of	Ɖ	=	1.83	(Figure	3),	whereas	a	small	elution	
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peak	 for	 the	monomer	 is	 present.	 The	 apparent	molecular	 weight	 was	 determined	 to	 be	

6,000	g/mol	from	size	exclusion	chromatography	(SEC)	in	THF	vs.	polystyrene	(PS)	standards.	

The	molecular	weight	determined	from	matrix-assisted	laser	desorption/ionization	time-of-

flight	mass	spectrometry	(MALDI	ToF	MS)	is	in	good	agreement	with	the	results	from	the	SEC	

measurements,	which	 is	 shown	 in	Figure	S6	and	also	confirms	 the	 repeating	unit	of	VfcGE	

with	a	molecular	weight	of	298.16	g/mol.	

	
Figure	 2.	 Detailed	 assignment	 of	 1H	NMR	 resonances	 of	 vinyl	 ferrocenyl	 glycidyl	 ether	 (3)	

(benzene-d6,	300	MHz,	298	K).	

	

The	homopolymer	was	also	characterized	by	1H	NMR	spectroscopy.	The	spectrum	in	Figure	

S7	 shows	 broad	 polymeric	 resonances	 and	 all	 signals	 can	 be	 assigned	 to	 the	

polyalkylene:VfcGE	homopolymer.	The	protons	of	 the	polyethylene	backbone	are	detected	

between	1.0	and	2.4	ppm.	The	epoxide	protons	can	be	detected	in	the	region	from	2.5	to	3.6	

ppm	and	overlap	with	 the	aromatic	 ferrocene	protons	 from	3.6	 to	4.8	ppm	(detailed	peak	

assignment	can	be	found	in	the	Supplementary	Information		Figure	S7).	

The	 anionic	 ring-opening	 copolymerization	 of	 VfcGE	 and	 EO	 was	 carried	 out	 similar	 to	

previous	works	on	EO	copolymerizations.85,160,161	The	copolymerization	was	initiated	by	the	

cesium	salt	of	2-benzyloxyethanol	in	a	mixture	of	THF:DMSO	(ratio	100:1),	whereas	dimethyl	

sulfoxide	(DMSO)	increase	the	polarity	of	the	solvent	mixture	and	therefore	the	solvation	of	

the	cesium	cation.	The	polymerization	was	allowed	to	proceed	for	12-24	h	at	60	°C	to	reach	
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complete	 conversion.	 All	 copolymers	 synthesized	 exhibited	 narrow	 molecular	 weight	

distributions	 (Ɖ	 ≤	 1.14)	 and	 monomodal	 SEC	 traces	 (in	 dimethylformamide	 (DMF)	 vs	

polyethylene	glycol	(PEG)	standards;	Figure	3),	which	is	important	since	side	reactions	at	the	

functional	double	bonds	are	conceivable	and	 this	proves	 the	stability	of	 the	vinyl	group	 in	

the	 side	 chain	 under	 the	 polymerization	 conditions.	 Copolymers	with	 a	maximum	of	 15.4	

mol%	were	synthesized	to	generate	water-soluble	materials.	

	

	
Figure	 3.	 SEC	 traces	 of	 P1	 (THF,	 RI	 detection,	 1	 mL/min)	 and	 P2	 (DMF,	 RI	 detection,	 1	

mL/min).	

	

Functionalization	and	Materials	Properties	of	P[VfcGE-co-EO]	Copolymers	

The	absolute	molecular	weights	of	the	copolymers	as	well	as	the	comonomer	content	from	

the	 anionic	 ROP	 can	 be	 determined	 by	 1H	NMR	 spectroscopy	 (Figure	 S8)	 and	 are	 in	 good	

agreement	with	the	theoretical	values.	The	methylene	group	and	aromatic	resonances	of	the	

initiator	 (at	4.34	and	7.31	ppm)	can	be	used	as	reference	signals	and	are	compared	to	the	

polyether	backbone	between	3.68	and	3.45	ppm	and	the	signals	of	the	vinyl	group	at	4.95-

5.43	ppm	and	6.27-6.47	ppm	and	cyclopentadienyl	(cp)	rings	of	fc	at	4.02-4.29	(detailed	peak	

assignment	can	be	found	in	the	Supplementary	Information		Figure	S8).	The	incorporation	of	

both	comonomers	was	also	confirmed	by	MALDI	ToF	MS	(Figure	S9):	a	linear	combination	of	

10 12 14 16 18 20 22 24 26 28

 P1
 P2

Elution volume / mL

Homopolymer by free 
radicalic polymerization Copolymer by anionic ring-
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the	 monomer	 masses	 of	 both	 repeating	 units	 can	 be	 detected	 in	 the	 spectrum	 and	 are	

marked	with	arrows.	

The	reaction	between	olefins	and	thiols	is	often	used	for	polymer	post-modification	and	was	

conducted	 with	 several	 vinyl-functionalized	 polymers	 before.162	 The	 application	 of	 the	

radical	 thiol-ene	 addition	 allows	 the	 introduction	 of	 functional	 groups	 into	 the	

organometallic	polyether	that	would	not	sustain	the	conditions	of	an	anionic	ROP.	Thus,	the	

pendant	 vinyl	 groups	 of	 the	 P[VfcGE-co-EO]	 copolymers	 were	 post-modified	 with	

3-mercaptopropionic	acid	and	AIBN	as	the	respective	initiator	at	80	°C	in	THF	(Scheme	3)	to	

induce	an	additional	pH-responsive	behavior	into	the	copolymers.	

	

Table	 1.	 Characterization	 Data	 for	 Polyalkylene:VfcGE	 Homopolymer	 and	 P[VfcGE-co-EO]	

Copolymers.	
no.	 sum	 VfcGE	

(mol%)	

Mn
a	

(g/mol)	

Mn
b	

(g/mol)	

Mn
c	

(g/mol)	
Ɖc	

P1	 Polyalkylene:VfcGE	 100	 -	 -	 6	000	 1.83	

P2	 BnO[P(VfcGE12-co-EO138)]	 4.8	 5	800	 12	300	 2	200	 1.09	

P3	 BnO[P(VfcGE7-co-EO70)]	 8.8	 7	100	 5	200	 1	700	 1.11	

P4	 BnO[P(VfcGE14-co-EO75)]	 15.4	 8	400	 7	500	 1	800	 1.14	

a)	Theoretical	molecular	weight	according	to	initiator	concentration;	b)	Mn	determined	from	
1H	NMR	by	end	group	analysis;	c)	Mn	determined	via	SEC	in	DMF	vs.	PEG	(for	P2,	P3	and	P4)	

and	in	THF	vs	PS	(in	the	case	of	P1)	standards,	Ɖ	=	Mw/Mn.		
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Scheme	3.	Functionalization	of	P[VfcGE-co-EO]	copolymer	with	3-mercaptopropionic	acid.	

	

A	 comparison	of	 the	 1H	NMR	 spectra	before	 and	 after	 the	 functionalization	 is	 depicted	 in	

Figure	4.	It	is	noticeable	that	the	protons	of	the	vinyl	groups,	which	appear	in	the	range	from	

5.0	to	6.5	ppm,	vanish	and	instead	new	signals	for	the	ethylene	linkage	between	ferrocene	

and	the	sulfur	center	appear	at	3.0	to	2.6	ppm;	less	than	10%	of	the	vinyl	groups	remain	un-

functionalized	under	these	conditions.	

	
Figure	4.	Functionalization	of	P[VfcGE-co-EO]	(P2,	before	functionalization,	bottom;	and	P2’,	

after	 functionalization,	 top)	 with	 3-mercaptopropionic	 acid	 monitored	 by	 1H	 NMR	

spectroscopy	(benzene-d6,	400	MHz,	298	K).	

Lower	Critical	Solution	Temperature	(LCST)	Behavior	

	

Copolymers	 of	 EO	 and	 hydrophobic	 comonomers	 exhibit	 a	 tunable	 thermoresponsive	

behavior	 depending	 on	 the	 amount	 and	 type	 of	 the	 comonomer.	 The	 cloud	 point	

temperature	can	be	varied	over	a	broad	temperature	range	(typically	over	the	whole	range	

of	 liquid	water,	 viz.	 0-100	 °C).	 The	 LCST	 can	 be	 lowered	 by	 increasing	 the	 amount	 of	 the	

hydrophobic	 comonomer	 or	 by	 increasing	 its	 hydrophobicity.	 As	 previously	 reported	 for	

poly(ferrocenyl	glycidyl	ether-co-ethylene	oxide)	(P[fcGE-co-EO])	copolymers,85	we	have	also	
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detected	 thermoresponsive	behavior	 for	 the	P[VfcGE-co-EO]	 copolymers,	as	expected.	The	

P[VfcGE-co-EO]	copolymers	with	more	than	15.4	mol%	3	 incorporated	are	water-insoluble,	

which	 is	 the	 reason,	 why	 copolymers	 with	 higher	 VfcGE	 contents	 or	 even	 homopolymers	

were	 not	 synthesized.	 An	 interesting	 feature	 of	 these	 organometallic	 copolymers	 is	 the	

tunable	 cloud	 point	 by	 partial	 or	 complete	 oxidation	 of	 the	 ferrocene	 moieties	 to	 the	

ferrocenium	ions	as	demonstrated	for	the	P[fcGE-co-EO]	copolymers	previously.85	Turbidity	

measurements	of	P2	and	P3	are	shown	in	Figure	5.	P3	with	8.8	mol%	VfcGE	shows	a	cloud	

point	temperature	of	9	°C	while	P2	with	only	4.8	mol%	VfcGE	exhibits	a	lower	solubility	limit	

at	37	°C.	The	cooling	curve	for	P3	is	also	shown	in	Figure	5,	indicating	a	low	hysteresis	with	a	

shifted	cloud	point	towards	lower	temperatures,	whereas	the	hysteresis	is	less	than	1	°C.	

	

	

Figure	5.	Turbidity	measurements	of	P2	and	P3	(λ	=	500	nm;	heat	rate	=	1	°C/min)	and	the	

reversed	measurement	for	P3	(cooling	rate	=	1	°C/min).	

	

In	 contrast	 to	 the	 P[fcGE-co-EO]	 copolymers,	 the	 novel	 P[VfcGE-co-EO]	 allow	 further	

chemical	 tuning	 of	 the	 cloud	 point	 temperature	 by	 functionalization	 of	 the	 pendant	 vinyl	

groups:	hydrophilic	groups	are	introduced	via	thiol-ene	addition	as	described	above.	The	3-
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mercaptopropionic	 acid-	 functionalized	 copolymer	 (P2’)	 shows	 an	 increased	 cloud	 point	

temperature	 due	 to	 the	 increased	 hydrophilicity	 of	 the	 polymer.	 The	 cloud	 point	

temperature	 of	 P2’	 at	 pH	 3	 was	 determined	 to	 be	 62	 °C	 (Figure	 6).	 Interestingly,	 the	

copolymer	 is	water-soluble	over	 the	whole	 temperature	 range	 at	 pH-values	higher	 than	3	

due	to	(partial)	deprotonation	of	the	pendant	carboxylic	acid	groups.	Also,	slow	degradation	

of	ferrocene	under	more	acidic	conditions	limits	the	application	to	pH-values	of	ca.	3.		

	

	
Figure	6.		Comparison	of	the	turbidity	measurements	of	P2	(at	pH	=	7)	and	post-modified	P2	

bearing	carboxylic	acid	side	chains	(i.e.	P2’,	at	pH	=	3),	λ	=	500	nm;	heat	rate	=	1	°C/min.	

	

	

Nanoparticle	formation	from	Polyalkylene:VfcGE	

	

The	pendant	groups	of	P1	were	used	to	generate	nanoparticles	by	the	efficient	nucleophilic	

ring-opening	 of	 epoxides	 with	 amines.163	 In	 order	 to	 take	 advantage	 of	 the	 numerous	

epoxides	 attached	 to	 fc,	 redox-responsive	 nanoparticles	 have	 been	 synthesized.	 Such	

nanoparticular	 systems	 are	 interesting	 for	 delivery	 or	 self-healing	 applications	 as	

demonstrated	 previously.164,165	 The	 hydrophobic	 P1	 can	 be	 reacted	 in	 a	 miniemulsion	
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polyaddition	 with	 polyfunctional,	 water-soluble	 amines.	 We	 chose	 bovine	 serum	 albumin	

(BSA),	 a	 66	 kDa	 protein	with	 59	 lysine	 units	 as	 an	 example	 for	 a	 biomolecule,	 capable	 of	

reacting	with	P1	 to	generate	potentially	biodegradable	and	redox-responsive	nanocarriers.	

Nanoparticles	were	prepared	by	interfacial	nucleophilic	addition	from	the	protein	dissolved	

in	 stable	 water-droplets,	 which	 were	 dispersed	 in	 toluene	 containing	 the	

ferrocene-containing	 polyepoxide	 by	 adapting	 a	 previously	 published	 protocol.166	 The	

resulting	particles	showed	a	size	of	ca.	309	nm	from	dynamic	light	scattering	(DLS).	Imaging	

of	 the	nanoparticles	by	TEM	shows	spherical	 structures	with	diameters	much	smaller	 than	

those	determined	by	DLS	(Figure	7).	This	is	probably	caused	by	drying	effects,	as	the	polymer	

chains	 collapse	during	 the	process,	 indicating	 the	 formation	of	 a	 cross-linked	nanoparticle	

based	on	the	protein	and	the	ferrocene-containing	cross-linker.	After	redispersion	in	water,	

the	size	of	the	particles	decreases	to	92	nm	as	determined	by	DLS,	because	the	chains	of	P1	

are	not	soluble	in	water	leading	to	shrinkage	of	the	nanoparticles.		

	

	
Figure	7.	TEM	 images	of	 cross-linked	polyalkylene:VfcGE-BSA	nanoparticles	drop-cast	 from	

the	toluene	dispersion	(a),	drop-cast	from	the	aqueous	dispersion	(b),	and	the	formation	of	a	

gel	after	oxidation	of	the	aqueous	dispersion	(c).	

	

To	 show	 the	 redox-responsivity	 of	 these	 nanoparticles,	 the	 ferrocene	 units	 of	 P1	 were	

oxidized	with	hydrogen	peroxide	under	slightly	acidic	conditions.	After	oxidation,	no	precise	

size	 determination	 by	 DLS	 measurements	 was	 possible	 due	 to	 the	 formation	 of	 large	

aggregates,	probably	due	to	electrostatic	interactions.	TEM	imaging	(see	Figure	7)	shows	no	

distinct	 nanoparticles	 after	 oxidation,	 but	 the	 formation	 of	 supramolecular	 aggregates.167	
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This	strategy	could	be	further	used	for	a	redox-controlled	gelators,	which	is	currently	under	

investigation	in	our	group.	

	

	

	

Conclusion	

	

Both	of	ferrocene’s	cyclopentadienyl	ligands	have	been	used	as	handles	for	the	attachment	

of	polymerizable	 groups.	 The	 first	 orthogonal	 ferrocene	monomer,	namely	 vinyl	 ferrocene	

glycidyl	 ether	 (VfcGE),	 has	 been	 synthesized	 and	 polymerized	 via	 two	 different	

polymerization	 techniques:	 on	 the	 one	 hand	 the	 vinyl	 group	 enables	 the	 radical	

polymerization,	 and	 on	 the	 other	 the	 epoxide	 enables	 the	 living	 oxyanionic	 ring-opening	

polymerization.	The	two	monomer	sites	polymerize	selectively	without	any	influence	on	the	

other	 functionality.	 In	 addition	 VfcGE	 could	 also	 serve	 as	 a	 novel	 organometallic/	 redox-

responsive	linker	molecule	for	many	other	applications.	

After	polymerization,	however,	multifunctional	organometallic	 (co-)polymers	are	obtained.	

They	can	be	easily	post-modified	without	previous	protection	and	deprotection	steps.	VfcGE	

combines	 two	 side-chain	 monomers,	 the	 classical	 vinylferrocene	 and	 the	 rather	 new	

ferrocenyl	glycidyl	ether	in	a	novel	bifunctional	monomer.	Radical	polymerization	of	the	vinyl	

group	produces	redox-responsive	polyepoxides	that	have	been	utilized	for	the	formation	of	

protein	nanoparticles,	but	may	find	further	application	in	epoxy	resins	with	additional	redox	

potential.	When	the	epoxide	in	1	is	polymerized	by	anionic	polymerization,	polyethers	with	

pendant	vinyl	groups	are	generated.	By	copolymerization	of	1	with	ethylene	oxide,	water-

soluble	 poly(ethylene	 glycol)-derivatives	 are	 obtained	 exhibiting	 cloud	 point	 temperatures	

depending	 on	 the	 amount	 and	 oxidation	 state	 of	 ferrocene	 within	 the	 polymer.	 Further	

tuning	 of	 the	 cloud	 point	 temperature	 was	 achieved	 by	 chemical	 functionalization	 of	 the	

pendant	 vinyl	 groups	 of	 the	 P[VfcGE-co-EO]	 copolymers:	 functionalization	 with	

3-mercaptopropionic	 acid	 further	 introduces	 pH-responsibility	 for	 the	 cloud	 point	

temperatures.	We	believe	that	this	new	monomer	opens	various	potential	applications	 for	
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ferrocene-containing	 polymers	 with	 additional	 functionalities,	 for	 example	 for	 advanced	

sensors	or	the	formation	of	biomimetic,	redox-controlled	nanoparticles.	

	

	

Experimental	

	

Instrumentation.	1H	NMR	spectra	(300,	400	and	500	MHz)	and	13C	NMR	spectra	(75.5,	and	

101	MHz)	were	recorded	using	a	Bruker	AC300,	a	Bruker	AMX400	and	Bruker	Avance	500.	All	

spectra	were	referenced	internally	to	residual	proton	signals	of	the	deuterated	solvent.	

For	 size	 exclusion	 chromatography	 (SEC)	 measurements	 in	 DMF	 (containing	 0.25	g·L-1	 of	

lithium	bromide	as	an	additive)	an	Agilent	1100	Series	was	used	as	an	integrated	instrument,	

including	 a	 PSS	 HEMA	 column	 (106/105/104	g·mol-1),	 a	 UV	 detector	 (275	nm),	 and	 a	 RI	

detector	 at	 a	 flow	 rate	 of	 1	mL·min-1	 at	 50	°C.	 Calibration	 was	 carried	 out	 using	 PEG	

standards	provided	by	Polymer	Standards	Service.	

SEC	in	THF	was	performed	on	an	instrument	consisting	of	a	Waters	717	plus	auto	sampler,	a	

TSP	Spectra	Series	P	100	pump	and	a	set	of	 three	PSS	SDV	columns	(104/500/50	Å).	Signal	

detection	occurred	by	a	UV	(TSP	Spectra	System	UV	2000,	254	nm),	and	a	refractive	 index	

(Agilent	1260)	detector.	Calibration	was	carried	out	using	PS	standards	provided	by	Polymer	

Standards	Service.	

Matrix-assisted	 laser	 desorption/ionization	 time-of-flight	 (MALDI-ToF)	measurements	were	

performed	 using	 a	 Shimadzu	 Axima	 CFR	MALDI-TOF	mass	 spectrometer,	 employing	 DCTB	

(trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]malononitrile)	 as	 a	 matrix	 (5	

mg·mL-1	in	THF).	

For	electron	microscopy	measurements	3	µL	sample	were	placed	on	a	carbon-coated	copper	

grid.	TEM	measurements	were	carried	out	on	a	JEOL	1400	at	a	voltage	of	120	kV	and	images	

were	taken	with	a	GATAN	Ultrascan	1000	CCD-camera.	

Turbidity	 measurements	 were	 performed	 in	 deionized	 water	 and	 observed	 by	 optical	

transmittance	 of	 a	 light	 beam	 (λ	 =	 500	 nm;	 50%)	 through	 a	 1	 cm	 sample	 quartz	 cell.	 The	

measurements	were	performed	 in	a	 Jasco	V-630	photospectrometer	with	a	 Jasco	ETC-717	

Peltier	element.	The	intensity	of	the	transmitted	light	was	recorded	versus	the	temperature	
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of	the	sample	cell.	The	heating/cooling	rate	was	1	°C	min−1,	and	values	were	recorded	every	

0.1	°C.	

Dynamic	 light	scattering	(DLS)	were	performed	on	diluted	dispersions	with	a	Nicomp™	380	

Submicron	 Particle	 Sizer	 (PSS-Nicomp)	 at	 an	 angle	 of	 90°	 or	 on	 an	 ALV	 spectrometer		

consisting	 of	 a	 goniometer	 and	 an	 ALV-5004	 multiple-tau	 full-digital	 correlator	 (320	

channels)	which	allows	measurements	over	an	angular	range	from	20°	to	150.	A	He-Ne	Laser	

(wavelength	of	632.8	nm)	is	used	as	light	source.	

	

Reagents.	 Solvents	 and	 reagents	 were	 purchased	 from	 Acros	 Organics,	 Sigma-Aldrich	 or	

Fluka	 and	 used	 as	 received,	 unless	 otherwise	 stated.	 Chloroform-d1	 and	 benzene-d6	 were	

purchased	 from	 Deutero	 GmbH.	 EO	 was	 freshly	 distilled	 before	 use.	 1-vinyl-1’-

carboxaldehyde	(5)	was	synthesized	starting	from	ferrocene	as	described	in	literature.157	

	

Synthesis	 of	 1-vinyl-1’-hydroxymethyl	 ferrocene	 (6).	 1.85	 g	 1-vinyl-1’-carboxaldehyde	

ferrocene	(5;	7.7	mol)	were	dissolved	in	methanol.	120	mg	sodium	borohydride	(3.1	mmol,	

0.4	eq.)	were	added	in	small	portions	under	stirring	at	room	temperature.	The	mixture	was	

stirred	 until	 all	 sodium	 borohydride	 was	 dissolved	 (approx.	 30	 min).	 Distilled	 water	 was	

added	and	 the	 reaction	mixture	was	extracted	 three	 times	with	diethyl	ether.	The	solvent	

was	removed	at	reduced	pressure	and	the	product	was	obtained	as	yellow	solid	(1.82	g,	7.53	

mmol)	and	was	pure	enough	for	further	reactions.	Yield:	98%.	1H	NMR	(C6D6,	300	MHz,	298	

K):	δ(ppm)	=	6.37-6.24	(dd,	1H,	H2C=CH-fc,	J	=	17.5,	10.7	Hz),	5.32-5.23	(dd,	1H,	HHC=CH-fc,	J	

=	17.5,	1.6	Hz),	5.00-4.94	(dd,	1H,	HHC=CH-fc,	J	=	10.8,	1.5	Hz),	4.22-4.15	(d,	2H,	fc-CH2-OH,	J	

=	 4.1	 Hz),	 4.15-3.87	 (m,	 8H,	 fc).	 (Detailed	 peak	 assignment	 can	 be	 found	 in	 the	

Supplementary	Information		Figure	S10.)	

	

Synthesis	 of	 vinyl	 ferrocenyl	 glycidyl	 ether	 (VfcGE,	 3).	 A	mixture	 of	 a	 8	mL	 50%	aqueous	

KOH	 solution,	 0.57	 mL	 epichlorohydrin	 (7.3	 mmol)	 and	 100	 mg	 tetrabutylammonium	

bromide	 as	 phase	 transfer	 catalyst	 cooled	 to	 ca.	 0	 °C	with	 an	 ice	 bath.	 1.64	 g	 (6.8	mmol)	

1-vinyl-1’-hydroxymethyl	 ferrocene	 (6)	were	dissolved	 in	benzene	and	added	drop-wise	 to	

the	 reaction	 mixture.	 The	 mixture	 was	 rapidly	 stirred	 and	 allowed	 to	 warm	 up	 to	 room	
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temperature.	After	24	h	 ice	was	added	and	the	mixture	extracted	with	diethyl	ether.	After	

washing	with	brine,	 the	solvent	was	removed	at	reduced	pressure.	The	crude	product	was	

purified	 by	 column	 chromatography	 over	 silica	 using	 a	 mixture	 of	 ethyl	 acetate	 and	

petroleum	 ether	 (3:7)	 as	 eluent.	 The	 pure	 product	was	 obtained	 as	 a	 dark	 orange	 liquid.	

Yield:	83%.	1H	NMR	(C6D6,	300	MHz,	298	K):	δ(ppm)	=	6.44-6.22	(dd,	1H,	H2C=CH-fc,	J	=	17.5,	

10.7	Hz),	5.38-5.23	(d,	1H,	HHC=CH-fc,	J	=	17.0	Hz),	5.09-4.94	(d,	1H,	HHC=CH-fc,	J	=	10.6	Hz),	

4.35-3.80	(m,	10H,	fc-CH2-O),	3.52-3.38	(dd,	1H,	fc-CH2OCHH,	J	=	11.4,	3.0	Hz),	3.25-3.10	(dd,	

1H,	fc-CH2OCHH,	J	=	11.4,	5.9	Hz),	2.92-2.80	(m,	1H,	epoxide	CH),	2.32-2.12	(m,	2H,	epoxide	

CH2).	 (Detailed	 peak	 assignment	 in	 Figure	 2;	 for	 additional	 characterization	 data,	 see	

Supporting	 Information	 Figure	 S1	 (13C),	 S2	 (13C{H}	 DEPT),	 S3	 (HSQC),	 S4	 (HMBC)	 and	 S5	

(COSY).)	

	

General	procedure	for	the	copolymerization	of	VfcGE	and	EO	(P2,	P3,	P4):	P[EO-co-VfcGE].	

17.6	mg	 (0.116	mmol)	 2-(benzyloxy)ethanol	 and	 17.5	mg	 (0.104	mmol,	 0.9	 eq.)	 of	 cesium	

hydroxide	monohydrate	were	placed	 in	a	100	mL	Schlenk	flask	and	suspended	 in	10	mL	of	

benzene.	The	mixture	was	stirred	at	60	°C	under	an	argon	atmosphere	for	1	h	and	evacuated	

at	60	°C	(10-2	mbar)	for	12	h	to	remove	benzene	and	water	(as	an	azeotrope	with	benzene)	

to	 generate	 the	 corresponding	 cesium	 alkoxide.	 Subsequently,	 approx.	 20	 mL	 of	 dry	 THF	

were	cryo-transferred	into	the	Schlenk	flask.	0.5	mL	(11.0	mmol)	EO	was	cryo-transferred	to	

a	graduated	ampule	and	then	cryo-transferred	into	the	reaction	flask	containing	the	initiator	

in	 THF.	 Then	170	mg	 (0.580	mmol;	 for	 a	 composition	of	 1:19)	of	 the	 second	 comonomer,	

VfcGE	 (3),	 was	 added	 via	 syringe	 in	 a	 50	wt%	 solution	 in	 anhydrous	 DMSO.	 The	 reaction	

mixture	was	heated	up	 to	60	 °C	and	 stirred	 for	12-24	h	before	 the	 living	chain	ends	were	

terminated	with	methanol.	The	copolymer	solution	was	dried	in	vacuo	and	precipitated	into	

cold	 diethyl	 ether.	 The	 copolymer	 was	 obtained	 as	 an	 orange	 to	 dark	 orange	 viscous	

material,	 the	 color	 strongly	 depending	 on	 fc	 content.	 Yields:	 70-90%.	 1H	 NMR	 (C6D6,	 400	

MHz,	298	K):	δ(ppm)	=	7.31	(m,	5H,	aromatic	protons	of	initiator),	6.47-6.28	(dd,	H2C=CH-fc),	

5.41-4.96	(m,	H2C=CH-fc),	4.33	(s,	2H,	aliphatic	signals	of	 initiator),	4.29-3.91	(m,	fc-CH2-O),	

3.85-3.10	(residual	protons:	PEO	backbone,	fc-CH2-O-CH2-backbone).	
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Procedure	 for	 the	 free	 radical	 polymerization	of	VfcGE:	 Polyalkylene:VfcGE	 (P1).	 100	mg	

VfcGE	(3)	and	1,2	mg	azobis(isobutyronitrile)	(AIBN)	were	dissolved	in	2	mL	THF.	After	three-

pump-thaw	cycles	(to	remove	any	oxygen	from	the	system)	the	reaction	mixture	was	heated	

to	80	°C	and	stirred	for	12	h.	The	reaction	mixture	was	flushed	with	air	and	precipitated	into	

cold	methanol.	The	polymer	was	obtained	as	a	yellow	highly	viscous	 liquid.	Yield:	90%.	 1H	

NMR	(C6D6,	400	MHz,	298	K):	δ(ppm)	=	5.0-3.5	(m,	br,	11H,	fc-H,	fc-CH2-O-CHH-),	3.5-3.25	(m,	

br,	1H,	-O-CHH-epoxide),	3.25-3.00	(m,	br,	1H,	CH	of	epoxide),	2.90-2.70	(m,	br,	1H,	CH2	of	

epoxide),	 2.70-2.45	 (m,	 br,	 1H,	 CH2	 of	 epoxide),	 2.45-1.00	 (m,	 br,	 3H,	 polyalkylene	

backbone).	

	

Polymer	 modification	 via	 thiol-ene	 addition.	 100	mg	 of	 the	 respective	 copolymer	 were	

dissolved	in	5	mL	THF	and	a	20-fold	molar	excess	(156	mg)	of	3-mercaptopropionic	acid	and	

13.9	mg	(0.75	eq.)	of	AIBN	with	respect	to	the	absolute	number	of	vinyl	groups,	were	added.	

After	three	freeze-pump-thaw	cycles	(to	remove	any	oxygen	from	the	system)	the	reaction	

mixture	was	heated	to	80	°C	and	stirred	for	12	h.	The	reaction	mixture	was	dialyzed	against	

methanol,	using	benzoylated	tubings	(MWCO	1,000	g/mol)	over	a	period	of	24	h.	Yield:	95%.	

1H	NMR	(C6D6,	400	MHz,	298	K):	δ(ppm)	=	7.31	(m,	5H,	aromatic	protons	of	initiator),	4.33	(s,	

2H,	 aliphatic	 signals	 of	 initiator),	 4.29-3.91	 (m,	 fc-CH2-O),	 3.85-3.10	 (residual	 protons:	 PEO	

backbone,	fc-CH2-O-CH2-backbone),	3.00-2.55	(m,	fc-CH2-CH2-S).	

	

Polymer	nanoparticle	formation	via	nucleophilic	ring-opening	of	the	pendant	epoxides	of	

P1	 with	 amino-groups	 of	 BSA.	 25	 mg	 bovine	 serum	 albumin	 (BSA)	 and	 3.8	 mg	 sodium	

chloride	 were	 dissolved	 in	 0.25	 g	 Milli-Q	 water.	 Separately,	 17.9	 mg	 polyglycerin-

polyricinoleate	 (PGPR)	 as	 surfactant	 were	 dissolved	 in	 4.2	 g	 toluene	 by	 treatment	 in	 an	

ultrasound	bath	at	60	°C	for	20	minutes	and	added	drop-wise	to	the	aqueous	solution.	After	

stirring	 for	one	hour	 at	 room	 temperature,	 the	 resulting	macroemulsion	was	 subjected	 to	

ultrasonication	using	a	Branson	W450-D	sonifier	with	a	1/8	inch	tip	at	69%	amplitude	for	3	

minutes	 (20	 seconds	pulse,	10	 seconds	pause)	under	 ice-cooling.	 Separately,	5.4	mg	PGPR	
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and	 6.8	mg	 of	 P1	 were	 dissolved	 in	 2.8	 g	 toluene	 and	 added	 dropwise	 to	 the	 obtained	

emulsion.	 The	 reaction	 was	 carried	 out	 for	 24	 h	 at	 room	 temperature.	 The	 resulting	

dispersion	 was	 filtered	 to	 remove	 any	 aggregates.	 For	 purification	 the	 dispersion	 was	

centrifuged	at	1163	rcf	for	20	minutes.	After	removing	the	supernatant,	the	particles	were	

redispersed	in	an	equivalent	amount	of	fresh	toluene.	Centrifugation	and	redispersion	steps	

were	 repeated	 once.	 For	 redispersion	 in	 water,	 5	 g	 of	 an	 aqueous	 solution	 of	

cetyltrimethylammonium	 chloride	 (CTMACl)	 (1	 wt%)	 were	 added	 dropwise	 to	 1	 g	 of	 the	

nanoparticle	 dispersion.	 After	 toluene	 evaporation	 the	 aqueous	 dispersion	 was	 dialyzed	

against	 Milli-Q	 water	 for	 24	 h	 to	 remove	 an	 excess	 of	 surfactant.	 For	 oxidation,	 1	 mL	

aqueous	 dispersion	 was	 mixed	 with	 2.5	 μL	 35%	 H2O2	 solution	 and	 6	 μL	 0.1	 M	 HCl.	 The	

nanoparticle	dispersion	was	characterized	by	DLS	and	TEM	at	every	step.	
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2.2.1 Supporting Information 

	

Figure	S1.	13C{H}	NMR	(101	MHz,	C6D6,	298	K)	of	VfcGE.	

	

 

Figure	S2.	13C{H}		DEPT	NMR	(101	MHz,	CDCl3,	298	K)	of	VfcGE.	
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Figure	S3.	HSQC	NMR	(400	MHz,	C6D6,	298	K)	of	VfcGE.	

 
Figure	S4.	HMBC	NMR	(400	MHz,	C6D6,	298	K)	of	VfcGE.	
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Figure	S5.	COSY	NMR	(400	MHz,	C6D6,	298	K)	of	VfcGE.	

	

Figure	 S6.	 MALDI	 ToF	 mass	 spectrum	 of	 polyalkylene:VfcGE	 (P1)	 prepared	 by	 free	 radical	

polymerization.	
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Figure	S7.	1H	NMR	(400	MHz,	C6D6,	298	K):	Peak	assignment	of	polyalkylene:VfcGE	(P1).	

	

Figure	S8.	1H	NMR	(400	MHz,	C6D6,	298	K):	Peak	assignment	of	P[EO-co-VfcGE]	(P2).	
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Figure	S9.	Zoom	into	the	MALDI	ToF	mass	spectrum	of	P[EO-co-VfcGE]	(P3).	

	

	

Figure	S10.	1H	NMR	(400	MHz,	CDCl3,	298	K)	of	1-vinyl-1’-hydroxymethyl	ferrocene	(6).	
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2.3 Triple-Stimuli Responsive Ferrocene-Containing PEGs in Water 

and on Surface 
	

Published	in	ACS	Appl.	Mater.	Interfaces	2015,	7,	26137-26144.	(Published	by	the	American	

Chemical	Society.)	

Authors:	Arda	Alkan,	Christian	Steinmetz,	Katharina	Landfester,	and	Frederik	R.	Wurm	
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Abstract	

	

Triple-stimuli	 responsive	 PEG-based	materials	 are	 prepared	 by	 living	 anionic	 ring-opening	

copolymerization	of	ethylene	oxide	and	vinyl	ferrocenyl	glycidyl	ether	and	subsequent	thiol-

ene	postpolymerization	modification	with	cysteamine.	The	hydrophilicity	of	these	materials	

can	 be	 tuned	 by	 three	 stimuli:	 i)	 temperature	 (depending	 on	 the	 comonomer	 ratio),	 ii)	

oxidation-state	 of	 iron	 centers	 in	 the	 ferrocene-moieties,	 iii)	 pH-value	 (through	 amino	

groups),	both	in	aqueous	solution	and	at	the	interface	after	covalent	attachment	to	a	glass	

surface.	 In	 such	 materials,	 the	 cloud	 point	 temperatures	 can	 be	 varied	 over	 a	 broad	

temperature	 range	 in	 solution	 by	 changing	 oxidation-state	 and/or	 pH.	 On	 surface,	 the	

contact	angle	 increases	with	 increasing	pH,	temperature	and	after	oxidation,	making	these	

smart	 surfaces	 interesting	 for	 catalytic	 applications.	 Also,	 their	 redox-response	 can	 be	

switched	 by	 temperature	 and	 pH,	 making	 this	 material	 useful	 for	 catalysis	 and	

electrochemistry	 applications.	 Exemplarily,	 the	 temperature-dependent	 catalysis	 of	 the	

chemiluminescence	 of	 luminol	 (a	 typical	 blood	 analysis	 tool	 in	 forensics)	was	 investigated	

with	these	polymers.	

	

	

Introduction	

	

Smart	 materials	 are	 compounds,	 which	 can	 change	 their	 properties	 depending	 on	 the	

environment.168	 Stimuli-responsive	 polymers,	 for	 example,	 can	 change	 their	 shape,169	

color,111,170	 conductivity,171	 or	 solubility85,172	 responding	 to	 an	 external	 stimulus	 like	

light,173,174	 a	 change	 in	 temperature,175,176	or	pH	value.177,178	Another	 interesting	 feature	 is	

redox-responsivity,	which	is	far	less	studied	than	the	other	stimuli,	but	can	be	implemented	

via	 i)	 cleavable	 disulfide	 bridges179	 or	 by	 ii)	 reversible	 redox	 behavior	 of	 metallocene	

sandwich	 complexes,	 mostly	 ferrocene	 (fc),	 which	 can	 be	 oxidized	 reversibly	 to	 the	

hydrophilic	 ferrocenium	 cation.109-17	

Polyethers,	derived	from	ethylene	oxide	(EO)	and	hydrophobic	comonomers	exhibit	thermal	

response	 in	 water	 over	 a	 broad	 temperature	 range,	 depending	 on	 the	 structure	 of	 the	
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comonomer	and	the	molar	fraction	incorporated	into	the	backbone.85,158,160,180-20	Much	more	

attention,	however,	was	drawn	to	poly(N-isopropylacrylamide)	(PNIPAM)	that	is	available	by	

radical	 polymerization	 and	exhibits	 a	 lower	 critical	 solution	 temperature	 (LCST)	 near	 body	

temperature	 around	 31-33	°C.181,182	 The	 LCST	 of	 PNIPAM	 can	 be	 affected	 by	 a	 few	

degrees,183	while	 PEG	 copolymers	 allow	a	broad	 variation	of	 the	 LCST	 from	0-100	°C	 (at	 1	

bar)	depending	on	the	copolymer	composition.180	

Besides	 the	 temperature-response,	additional	 stimuli-responsive	moieties	can	be	built	 in	a	

single		polymer,184	resulting	in	multi-stimuli	responsive	materials.	A	straightforward	handle	is	

to	 introduce	 carboxylates	 or	 amines	 that	 are	 responsive	 to	 changes	 in	 the	 pH	 value.	

Recently,	 Roberts	 and	 coworkers	 utilized	 a	 copolymer	 of	 NIPAM	 and	 acrylic	 acid	 for	

reversible	 control	 of	 electrochemical	 properties	 in	 water:	 the	 conductivity	 of	 an	 aqueous	

copolymer	solution	was	measured	at	different	 temperatures,	 therefore	cyclic	voltammetry	

measurements	were	performed	below	and	above	the	LCST.171	The	same	polymer	was	also	

used	 as	 a	 pH	 buffer,	 whereas	 the	 pH	 value	 of	 the	 system	 is	 programmable	 via	 the	

temperature.185	 These	 dual-stimuli	 responsive	 copolymers	 show	 promising	 properties,	

combining	 pH	 and	 temperature	 responsiveness	 and	 build	 the	 basis	 for	 future	 all-rounder	

polymers	combining	several	stimuli	in	one	material.	Materials	combining	the	three	different	

stimuli	 responsive	 triggers	 light,	 pH	 and	 temperature186-188	 or	 light,	 redox	 and	

temperature189	 are	 known	 to	 date.	 To	 the	 best	 of	 our	 knowledge,	 no	 material	 has	 been	

reported	 to	date,	which	 combines	 temperature,	pH	and	 redox	 responsiveness	–	especially	

both	in	solution	and	on	surface.	

Herein,	 ferrocene-containing	 polyethers	 are	 presented	 as	 the	 first	 triple-responsive	

organometallic	materials,	that	combine	i)	thermo-,	ii)	pH-,	and	iii)	redox-responsive	behavior	

(Scheme	1).190	
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Scheme	 1.	 Triple-stimuli	 responsive	 behavior	 of	 fc-containing	 polyethers	 after	

functionalization	with	cysteamine	in	solution	and	on	surface.	

	
	

The	 copolymers	 (P[EOx-co-VfcGEy])	 are	 prepared	 by	 anionic	 copolymerization	 of	 vinyl	

ferrocenyl	 glycidyl	 ether	 (VfcGE)	 and	 ethylene	 oxide	 (Scheme	 S1).	 The	 ferrocene	 units	

introduce	both	reversible	redox-response	(due	to	Fe(II)-Fe(III)	redox	pair)	and	temperature-

response	 (due	 to	 the	 hydrophobicity	 of	 the	 VfcGE	 units)	 into	 the	 polymer.	 The	 pendant	

double	bounds	of	the	ferrocene	units	of	P[EO-co-VfcGE]	copolymers	were	post-modified	via	

thiol-ene	addition	with	cysteamine	to	introduce	amine	functionalities	and	thus	an	additional	

pH-response	(Scheme	1	and	Scheme	S1).	The	post-modified	copolymers	carry,	in	addition	to	

the	 hydrophobic	 fc-groups,	 also	 hydrophilic	 amino	 groups	 and	 thus	 exhibit	 higher	 cloud	

point	 temperatures	 (Tc)	 in	 aqueous	 solution	 compared	 to	 the	 non-functionalized	 P[EO-co-

VfcGE].	Besides	this	stimuli-responsive	behavior	in	water,	the	polymers	were	covalently	fixed	

to	benzophenone-modified	glass	surfaces	by	radical	coupling.	On	surface,	the	same	material	

allowed	to	control	the	hydrophilicity	of	the	polymer	layer	by	adjusting	the	pH-,	temperature-	

or	oxidation	state.	
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Since	 ferrocene	 is	 used	 widely,	 e.g.	 in	 electrochemistry,191	 batteries,192	 sensing,13,193,194	

biology,195,196	 and	 catalysis,197-200	 many	 fields	 may	 benefit	 from	 such	 unique	 multi-stimuli	

responsive	 materials.	 For	 example,	 these	 new	 materials	 could	 be	 useful	 in	 catalysts	 or	

sensors,	which	operate	within	a	defined	temperature	range	depending	on	pH	and	oxidation	

state	of	fc	or	in	a	defined	pH	range	depending	on	the	temperature	and	oxidations	state	of	fc.	

	

	

Experimental	Section	

	

Instrumentation.	 1H	 NMR	 spectra	 (400	 MHz)	 and	 13C	 NMR	 spectra	 (75.5	 MHz)	 were	

recorded	using	a	Bruker	AMX400.	All	spectra	were	referenced	internally	to	residual	proton	

signals	 of	 the	 deuterated	 solvent.	 For	 SEC	measurements	 in	 DMF	 (containing	 0.25	g·L-1	 of	

lithium	bromide	as	an	additive)	an	Agilent	1100	Series	was	used	as	an	integrated	instrument,	

including	 a	 PSS	 HEMA	 column	 (106/105/104	g·mol-1),	 a	 UV	 detector	 (275	nm),	 and	 a	 RI	

detector	 at	 a	 flow	 rate	 of	 1	mL·min-1	 at	 50	°C.	 Calibration	 was	 carried	 out	 using	 PEO	

standards	provided	by	Polymer	Standards	Service.	Cyclic	voltammetry	(CV)	was	carried	out	in	

a	 conventional	 three	electrode	cell	using	a	WaveDriver	20	bipotentiostat	 (Pine	 Instrument	

Company,	 USA)	 and	 deionized	 water	 as	 solvent	 for	 polymer	 solutions	 with	 5	g·L-1	

concentration.	No	supporting	electrolyte	was	used.	A	glassy	carbon	disk	served	as	working	

electrode.	 Ag/AgCl	 and	 platinum	 wire	 were	 used	 as	 reference	 and	 counter	 electrodes,	

respectively.	Turbidity	measurements	were	performed	in	deionized	water	and	observed	by	

optical	 transmittance	 of	 a	 light	 beam	 (λ=500	nm;	 50%)	 through	 a	 copolymer	 solution	 in	

water	 (5	mg/mL)	 in	 a	 quartz	 cuvette	 (1	 cm).	 The	 transmission	 at	 the	 beginning	 of	 the	

measurement,	when	the	copolymer	is	totally	water-soluble,	is	normalized	and	set	to	100%.	

The	 measurements	 were	 performed	 in	 a	 Jasco	 V-630	 photospectrometer	 with	 a	 Jasco	

ETC-717	 Peltier	 element.	 The	 intensity	 of	 the	 transmitted	 light	 was	 recorded	 versus	 the	

temperature	of	the	sample	cell.	The	heating	rate	was	1	°C·min−1,	and	values	were	recorded	

every	0.1	°C.	The	luminol	experiments	were	performed	at	the	same	spectrometer,	detecting	

only	the	emission	intensity	at	450	nm.	
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Reagents.	Solvents	and	reagents	were	purchased	from	Acros	Organics,	TCI	or	Sigma-Aldrich	

and	 used	 as	 received,	 unless	 otherwise	 stated.	 Chloroform-d	 and	 benzene-d6	 were	 pur-

chased	 from	 Deutero	 GmbH.	 VfcGE	 was	 synthesized	 according	 to	 the	 published	

procedures.89	 VfcGE	 was	 dried	 by	 azeotropic	 distillation	 of	 benzene	 to	 remove	 traces	 of	

water.	 The	 general	 procedure	 for	 the	 copolymerization	 of	 VfcGE	 and	 EO	 to	 P[EO206-co-

VfcGE10]	 copolymers	 (Mn(SEC)	 =	 2	 200	g·mol-1;	 Đ=1.09;	 Mn(NMR)=12	300	g·mol-1)	 is	

described	in	 literature.89	4-(3’-chlorodimethylsilyl(propyoxybenzophenone)	was	synthesized	

according	to	literature.89	

	

Polymer	Modification	via	Thiol-Ene	Addition.	100	mg	of	the	P[EO206-co-VfcGE10]	copolymer	

were	dissolved	in	5	mL	THF	and	a	20-fold	molar	excess	(138	mg;	1.79	mmol)	of	cysteamine	

and	0.75	eq.	 (13.9	mg;	 0.0846	mmol)	 of	AIBN	with	 respect	 to	 the	number	of	 vinyl	 groups,	

were	added.	After	three	freeze-pump-thaw	cycles	(to	remove	any	oxygen	from	the	system)	

the	reaction	mixture	was	heated	to	75	°C	and	stirred	for	12	h.	The	reaction	mixture	was	then	

precipitated	 into	 diethyl	 ether.	 Yield:	 95%.	 1H	NMR	 (CDCl3,	 400	MHz,	 298	K):	d(ppm)=7.31	

(m,	5H,	aromatic	protons	of	initiator),	4.33	(s,	2H,	aliphatic	signals	of	initiator),	4.29-3.91	(m,	

fc-CH2-O),	 3.85-3.10	 (residual	 protons:	 PEO	 backbone,	 fc-CH2-O-CH2-backbone),	 3.00-2.55	

(m,	fc-CH2-CH2-S-CH2-CH2-).	

	

Chemiluminescence	of	Luminol.	0.2	g	Luminol	was	suspended	in	20	mL	deionized	water	and	

a	2.5	M	sodium	hydroxide	 solution	was	added	drop-wise	until	 luminol	was	 fully	dissolved.	

2	mL	of	the	luminol	solution	were	transferred	to	a	1	cm	quartz	cuvette.	2	mg	copolymer	was	

dissolved	 in	 0.2	mL	hydrogen	peroxide	 solution	 (30%).	 This	 oxidizing	 solution	was	 injected	

via	syringe	to	the	cuvette	and	the	chemiluminescence	intensity	at	450	nm	was	recorded.	

	

Surface	Functionalization.	For	covalent	attachment	of	the	copolymers,	glass	surfaces	were	

purified	 via	 UV-ozone	 surface	 treatment	 and	 were	 functionalized	 with	

4-(3’-chlorodimethylsilyl(propyoxybenzophenone),	 which	 was	 synthesized	 according	 to	

literature	 (Scheme	 S3).201	 A	 clean	 glass	 surface	 is	 wetted	 with	 a	 dry	 solution	 of	

4-(3’-chlorodimethylsilyl(propyoxybenzophenone)	 in	 toluene	 with	 catalytic	 amounts	 of	
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triethylamine	and	was	 left	standing	over	night	under	an	argon	atmosphere.	After	washing,	

the	triple	stimuli-responsive	copolymers	were	than	spin-coated	from	a	toluene	solution	on	

the	functionalized	surfaces	and	dried	at	reduced	pressure.	The	samples	were	irradiated	with	

a	UV-A/B	lamp	for	4	hours	to	link	the	polymers	to	the	surface	(Scheme	2).	The	height	profiles	

of	 the	modified	glass	 surfaces	were	analyzed	with	a	contact	profilometer	 (see	Results	and	

Discussion).	

	

	

Results	and	Discussion	

	

Functionalization	of	P[VfcGE-co-EO]	Copolymers	to	Multi	Stimuli-Responsive	Copolymers	

	

Our	 group	 recently	 introduced	 the	 first	 ferrocene-containing	 epoxide	 monomer,	 namely	

ferrocenyl	 glycidyl	 ether	 (fcGE)	 and	we	were	 able	 to	 show	 that	 copolymers	with	 ethylene	

oxide	(EO)	show	adjustable	cloud	point	temperatures	depending	on	the	molar	ratio	between	

fcGE	 and	 EO.85	 Very	 recently,	 we	 presented	 a	 bifunctional	monomer,	 namely	 VfcGE,	 that	

produces	 polyfunctional	 poly(vinyl	 ferrocenyl	 glycidyl	 ether-co-ethylene	 oxide)	 copolymers	

(P[VfcGE-co-EO]),	 also	 exhibiting	 thermo-	 and	 redox-responsive	 behavior.89	 Herein,	 the	

pendant	 vinyl	 groups	 were	 further	 functionalized	 with	 amines	 to	 introduce	 pH	

responsiveness	 as	 an	 additional,	 third	 stimulus	 (Scheme	 1	 and	 Scheme	 S1)	 and	 to	 attach	

such	polymers	to	surfaces	via	radical	crosslinking	(see	below).		

Thiol-ene	 addition	 is	 often	 used	 for	 polymer	 post-modification	 reactions,	 since	 high	

conversions	 can	 be	 achieved.162,202	 This	 technique	 was	 used	 to	 modify	 the	 pendant	 vinyl	

groups	in	the	P[VfcGE-co-EO]	copolymers	to	introduce	pendant	amines.	Amines	have	to	be	

inserted	 in	 a	 post-polymerization	 reaction	 as	 they	would	 not	 sustain	 the	 conditions	 of	 an	

anionic	polymerization.	

The	 vinyl	 groups	 in	 P[VfcGE10-co-EO206]	 (Mn(NMR)=12	300	g·mol-1)	 were	 successfully	 post-

modified	via	radical	thiol-ene	addition	with	cysteamine	using	azobisisobutyronitrile	(AIBN)	as	

the	initiator	at	80	°C	in	THF.	The	1H	NMR	spectra	of	the	P[VfcGE-co-EO]	copolymers	prior	to	

and	after	 functionalization	with	cysteamine	are	compared	 in	Figure	S1:	 the	resonances	 for	
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the	vinyl	groups	(between	6.5	and	5.0	ppm)	are	reduced	after	the	reaction,	whereas	the	new	

signals	for	cysteamine	and	the	ethylene	bridge	between	the	fc	unit	and	sulfur	center	appear	

(between	 3.2	 and	 2.5	 ppm).	 The	 degree	 of	 functionalization	was	 calculated	 to	 be	 90-95%	

under	these	conditions,	i.e.	9	amine	groups	per	polymer	are	available	after	functionalization,	

i.e	 P[VfcGE1-ran-CAfcGE9-co-EO206]	 (the	 “CA”	 indicates	 the	 repeating	 units	 modified	 with	

cysteamine).	

	

	

pH-Control	of	Cloud	Point	Temperatures	

	

After	modification	of	the	fc-containing	PEG-copolymers	with	cysteamine,	the	toolbox	for	the	

variation	 of	 the	 cloud	 point	 temperature	 is	 enlarged:	 not	 only	 the	 comonomer:EO	 ratio	

determines	 the	 cloud	 point	 temperature,	 but	 in	 addition,	 the	 same	 composition	 exhibits	

tunable	cloud	points	depending	on	the	pH-values	due	to	protonation/deprotonation	of	the	

pendant	 amines.	 The	 cloud	 point	 temperatures	 of	 the	 amino-modified	

P[VfcGE1-ran-CAfcGE9-co-EO206]	were	measured	at	different	pH-values	in	order	to	prove	the	

additional	 pH	 responsiveness	 of	 the	 copolymer	 (Figure	 S2).	 The	 temperature-dependent	

transmission	of	a	 light	beam	(500	nm)	through	a	copolymer	solution	 in	water	 (5	mg/mL)	 is	

measured.	When	reaching	the	cloud	point	temperature,	the	copolymer	precipitates	and	the	

transmission	of	the	light	beam	drops	to	a	lower	transmission	value	of	around	5	to	10%.	The	

cloud	point	temperatures	can	be	shifted	from	30	°C	(pH=12.0),	over	36	°C	(pH=8.5),	to	61	°C	

(pH=7.0).	At	 lower	pH	values	the	polymer	becomes	too	hydrophilic	and	 is	soluble	over	the	

whole	temperature	range.	

	

	

Temperature	Switch	of	the	Redox-Activity	(at	a	certain	pH)	

	

The	temperature-dependent	solubility	of	the	fc-containing	copolymers	in	water	is	utilized	as	

a	switch	for	the	redox-activity:	if	the	polymer	is	soluble	in	water,	a	redox-response	of	fc	can	

be	measured	by	cyclic	voltammetry	(“switch	on”	=	below	the	cloud	point);	if	the	polymer	is	
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precipitated,	no	redox-response	can	be	obtained	from	ferrocene	(“switch	off”	=	above	the	

cloud	point).	 Cyclic	 voltammograms	were	 recorded	by	 applying	 a	 cyclic	 potential	 in	water	

without	 adding	 conducting	 salt	 (Figure	 1,	 at	 constant	 pH=8.5,	 Tc=36	°C),	 since	 the	 amine	

functionalities	are	partially	protonated	 in	water	and	generate	enough	 ions	 to	measure	the	

conductivity.	

	
Figure	 1.	 Cyclic	 voltammograms	 of	 P[VfcGE1-ran-CAfcGE9-co-EO206]	 copolymer	 below	 the	

cloud	point	temperature	(Tc)	at	25	°C	(Figure	1	a,	c	and	e)	and	above	the	Tc	at	55	°C	(Figure	1	

b,	d	and	f)	at	pH=8.5	(three	cycles).	

9

a) b)

c) d)

e) f)
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The	 cyclic	 voltammogram	below	 the	 cloud	point	 temperature	at	25	°C	 shows	an	oxidation	

and	 reduction	 signal	 of	 the	 fc	 moieties	 (a),	 as	 the	 polymer	 is	 fully	 soluble.	 The	

voltammogram	is	symmetrical,	which	indicates	the	reversibility	of	the	oxidation	process.	This	

demonstrates	the	high	redox-activity	of	fc	in	the	polyether	side-chains	as	well	as	the	stability	

under	 these	 conditions.	 Above	 the	 cloud	 point	 temperature	 at	 55	°C	 the	 polymer	 forms	

bigger	aggregates	and	precipitates,	so	that	no	oxidizing	and	reducing	signals	can	be	observed	

for	the	fc	units	(b).	The	reversibility	of	the	“on”	and	“off”	states	were	proven	by	three	cycles.	

The	 temperature	 was	 lowered	 again	 and	 a	 cyclic	 voltammogram	 of	 the	 totally	 dissolved	

polymer	was	recorded	at	25	°C	(c)	with	the	response	of	fc.	After	heating	to	55	°C,	the	redox-

response	 disappears	 again	 (d).	 This	 procedure	 was	 repeated	 for	 another	 cycle,	 which	 is	

shown	in	e)	and	f)	with	no	detectable	difference.	

	

	

Temperature-Dependent	Catalysis	of	Luminol’s	Chemiluminescence	

	

This	temperature	dependent	redox-activity	of	the	copolymer	is	utilized	for	the	temperature	

dependent	catalysis	of	luminol’s	(3-aminophthalhydrazide)	chemiluminescence	(Figure	2	and	

Scheme	S2).	Luminol	is	used	by	forensic	investigators	to	detect	traces	of	blood,	particularly	

iron(II),	which	is	fixed	in	hemoglobin.	For	this	test,	luminol	is	dissolved	in	water	under	basic	

conditions	(pH	ca.	10)	and	then	reacts	with	an	appropriate	oxidizing	agent.	The	oxidation	of	

luminol	proceeds	under	emission	of	a	distinct	chemiluminescence.	The	chemiluminescence	

intensity	 is	 typically	 rather	 low,	 if	 no	 catalyst	 is	 added.	However,	 even	 in	 the	 presence	of	

only	 traces	 of	 Fe	 acting	 as	 catalyst,	 e.g.	 from	 blood,	 a	 very	 strong	 chemiluminescence	 is	

detectable.203	 Herein	 this	 sensitive	 chemiluminescence	 of	 luminol	 is	 used	 to	 demonstrate	

the	 usage	 of	 the	 P[VfcGE1-ran-CAfcGE13-co-EO75]	 copolymer	 as	 a	 temperature-dependent	

catalyst.	The	polymeric	catalyst	 (P[VfcGE1-ran-CAfcGE13-co-EO75])	 is	dissolved	 in	water	with	

hydrogen	peroxide	and	added	to	luminol.	The	cloud	point	temperature	of	the	polymer	under	

those	conditions	 is	ca.	25	°C.	The	intensity	of	the	emitted	light	 is	detected	at	two	different	

temperatures	over	 time:	at	21	°C	 (below	 the	Tc)	 the	detected	chemiluminescence	 is	about	
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five	 times	 higher	 as	 compared	 to	 the	 same	 experiment	 at	 28	°C,	 which	 lies	 above	 the	 Tc	

(Figure	2	and	S3).	

	

	

Figure	 2.	 Chemiluminescence	 of	 luminol	 after	 the	 addition	 hydrogen	 peroxide	 in	 the	

presence	of	the	functionalized	copolymer	at	21	°C	(below	Tc)	and	28	°C	(above	Tc).	

	

As	the	polymer	is	completely	dissolved	below	the	Tc,	it	can	catalyze	the	reaction	as	expected	

for	 an	 Fe(II)	 species	 (“switch	 on”).	 If	 the	 temperature	 is	 increased	 above	 the	 copolymer’s	

cloud	 point	 temperature,	 a	 strong	 decrease	 of	 both	 the	 chemiluminescence	 intensity	 and	

half-life	 time	 is	 detected,	 since	 the	 polymeric	 catalyst	 is	 “switched	 off”,	 i.e.	 precipitated,	

proving	 that	 the	 efficiency	 of	 the	 catalytic	 properties	 of	 the	 iron(II)	 centers	 are	 strongly	

influenced	by	the	solubility	of	the	copolymer.	
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pH	Switch	of	the	Redox-Activity	(at	a	Certain	Temperature)	

	

P[VfcGE1-ran-CAfcGE13-co-EO75]	 was	 utilized	 to	 switch	 ferrocene’s	 redox-activity	 by	 the	

variation	of	 the	pH	value	at	a	 certain	 temperature.	The	aqueous	 solution	of	P[VfcGE1-ran-

CAfcGE13-co-EO75]	was	analyzed	by	cyclic	voltammetry	at	three	different	pH	values	(pH	6,	7	

and	8	at	constant	temperature	of	25	°C).	The	cyclic	voltammogram	of	the	copolymer	solution	

at	pH	6,	at	which	the	copolymer	is	completely	soluble,	since	the	amine	groups	are	partially	

protonated,	 shows	a	 clear	 redox-response	of	 ferrocene	and	a	 reversible	oxidation	of	 fc	 to	

ferrocenium	(“switch	on”,	Figure	3).	

	

	

Figure	3.	Cyclic	voltammogram	of	cysteamine-functionalized	P[VfcGE1-ran-CAfcGE13-co-EO75]	

copolymer	at	25	°C	at	three	different	pH	values,	whereas	only	below	pH	6	the	copolymer	is	

totally	water-soluble	and	precipitates	above	pH	7.	

	

It	is	also	noticeable	that,	the	reduction	peak	splits	in	two	signals,	leading	to	the	conclusion,	

that	 consecutive	 reactions	occur	 at	 the	 iron	 centers,	 causing	partial	 decomposition	at	 this	

pH.204	In	the	cyclic	voltammograms	at	pH	7	and	8	the	oxidation	signal	is	strongly	decreased	



Chapter	2:	Water-Soluble	Multi-Stimuli-Responsive	Metallocene-Containing	Copolymers	

	

	

106	

(“switch	 off”)	 and	 instead	 an	 uneven,	 flattened	 curve	 is	measured.	 The	 reduction	 peak	 is	

comparable	 to	 the	 one,	 measured	 at	 pH	 6,	 but	 the	 measured	 negative	 current	 is	 much	

lower.	 The	 reason	 for	 appearance	 of	 such	 a	 reduction	 peak	 is	 that	 low	 amounts	 of	

copolymers	with	oxidized	ferrocenium	species	are	still	present	and	dissolved	in	the	polymer	

solution.	With	 increasing	 amount	 of	 ferrocenium	 species	 (fc+)	 the	 polymer	 become	more	

hydrophilic	and	finally	totally	water-soluble	as	a	polycation.	This	pH-dependent	switching	of	

the	 redox-activity	 in	 a	 physiological	 relevant	 regime	might	 be	 of	 potential	 use	 for	 future	

nanoparticular	drug	delivery	or	diagnostic	vehicles,	which	is	currently	under	investigation	in	

our	group.	

	

	

On	Surface	Stimuli-Response	

	

The	triple	stimuli-responsive	copolymers	are	covalently	linked	to	a	glass	surface	to	generate	

multi	 stimuli-responsive	 polymer	 films	 and	 to	 enable	 pH-	 and	 temperature-dependent	

electrocatalysis	reactions	on	surface.		

To	 allow	 covalent	 binding	 of	 the	 copolymers,	 glass	 surfaces	 were	 functionalized	 with	

4-(3’-chlorodimethylsilyl(propyoxybenzophenone)	 (Scheme	 S3)	 and	 the	 triple	 stimuli-

responsive	copolymers	were	 than	spin-coated	on	 the	 functionalized	 surfaces.	The	 samples	

were	irradiated	with	a	UV-A/B	lamp	to	 link	the	polymers	to	the	surface	(Scheme	2).201	The	

height	 profiles	 of	 the	 modified	 glass	 surfaces	 were	 analyzed	 with	 a	 contact	 profilometer	

(Figure	S4;	Topographic	pictures	of	two	glass	surfaces	modified	with	polymer	P[VfcGE1-ran-

CAfcGE6-co-EO115]	 are	 shown	 in	 Figure	 S5).	 The	 film	 thicknesses	 of	 covalently	 bound	

P[VfcGE1-ran-CAfcGE6-co-EO115]	were	determined	to	be	20.1±3.3	nm	(surface	1,	Figure	S4a)	

and	19.3±2.9	nm	(surface	2	 ,	Figure	S4b),	respectively,	with	homogenous	roughness	of	 less	

than	16%.	
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Scheme	 2.	 Schematic	 representation	 of	 polymer	 film	 formation	 (Covalent	 linkage	 of	

P[VfcGE1-ran-CAfcGE9-co-EO206]	to	the	modified	glass	surface).	

	

	

The	copolymer	P[VfcGE1-ran-CAVfcGE6-co-EO115]	exhibited	a	cloud	point	at	33	°C	at	pH	7.0	in	

solution.	 After	 surface-attachment	 the	 stimuli-responsive	 behavior	 of	 the	 polymer	 films	

were	 analyzed	 by	 contact	 angle	 measurements,	 which	 were	 performed	 at	 various	

temperatures,	pH-values	and	after	oxidation/	reduction	(Fe(II)	or	Fe(III)).	

	

	

Temperature-Dependent	Contact	Angle	Measurements	

	

The	polymer-modified	glass	surfaces	were	placed	on	a	furnace	and	after	equilibration	3	μL	of	

water	was	dropped	on	the	sample;	the	contact	angles	were	determined	in	the	temperature	

range	from	10	to	70	°C	(Figure	4a).	Two	reference	samples	were	also	measured,	which	were	

not	 modified	 after	 the	 UV-ozone	 treatment.	 For	 the	 reference	 surfaces	 the	 determined	

contact	angles	 follow	the	Eötvös	 rule,	which,	briefly	explained,	describes	 the	almost	 linear	

decay	of	the	surface	tension	of	a	liquid	on	a	surface	with	increasing	temperature.205	For	the	

polymer	modified	surfaces	this	behavior	 is	superimposed	with	the	change	 in	hydrophilicity	

over	temperature	(Tc),	i.e.	the	contact	angles	(θ)	stay	rather	constant	(up	to	30-40	°C),	which	
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indicates	 that	 the	 Eötvös	 rule	 is	 leveled	 by	 the	 temperature	 responsive	 polymer	 that	

becomes	more	and	more	hydrophobic.	However,	above	temperatures	of	40	°C	the	contact	

angles	increase	significantly	from	initially	θ=51-54°	(up	to	40	°C)	to	θ=76-81°	(at	70	°C,	also	

compare	 Figure	 4d,	 which	 shows	 a	 picture	 of	 the	 reference	 glass	 surface	 (taken	 during	

contact	angle	measurements	with	a	water	droplet	at	70	°C	and	Figure	4e,	where	surface	1	at	

70	°C	shows	a	more	hydrophobic	surface).	

	

	

pH-Dependent	Contact	Angle	Measurements	

	

The	 pH-dependency	 of	 the	 polymer-modified	 surfaces	 were	 measured	 at	 constant	

temperature	(20	°C)	applying	3	μL	of	an	aqueous	solution	at	a	certain	pH-value	(pH=5,	7	and	

9)	and	compared	 to	 the	control	 surface	 (Figure	4b).	Both	polymer-modified	surfaces	 show	

higher	contact	angles,	 thus	become	hydrophobic,	with	 increasing	pH-values	 (Figure	4b):	At	

pH	5.0	and	7.0	the	amine	groups	are	partially	protonated,	which	increases	the	hydrophilicity	

of	the	polymer	on	the	glass	surfaces,	resulting	in	contact	angles	of	θ=47-50°	(pH=5)	similar	

to	 the	 reference.	At	 pH=7.0	both	polymer-modified	 surfaces	 show	a	 slight	 increase	 in	 the	

contact	angle	to	the	same	degree	as	the	reference	(θ=50-55°),	however	at	pH=9.0	with	the	

ammonium	 groups	 being	 deprotonated,	 a	 strong	 increase	 of	 the	 contact	 angles	 of	 up	 to	

θ=75°	 for	 the	polymer-modified	surfaces	 is	observed,	which	 indicates	a	more	hydrophobic	

surface,	whereas	the	reference	remains	rather	unchanged	(θ=42°).	

	

	

Oxidation-Dependent	Contact	Angle	Measurements	

	

The	film	thicknesses	of	covalently	bound	P[VfcGE7-co-EO115]	were	determined	to	be	35.8±6.7	

nm	 (surface	 1)	 and	 48.3±5.3	 nm	 (surface	 2).	 The	 redox-activity	 of	 P[VfcGE7-co-EO115]	 @	

surface	1	and	2	were	analyzed	by	 reversible	oxidation	of	 the	surfaces	prior	 to	 the	contact	

angle	 measurements	 (Figure	 4c).	 The	 contact	 angles	 of	 the	 polymer-modified	 surfaces	

before	oxidation	(at	20	°C)	were	determined	to	be	similar	to	the	reference	surface	(θ>50°).	
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Treating	the	polymer	film	with	an	aqueous	hydrogen	peroxide	solution	oxidizes	ferrocene	to	

the	hydrophilic	 ferrocenium	cation	 [Fe(II)	à	 Fe(III)]	 resulting	 in	a	 reduction	of	 the	 contact	

angle	to		θ≈40°.	For	subsequent	reduction,	the	samples	were	treated	with	sodium	ascorbate	

to	reduce	the	ferrocenium	cation	back	to	the	uncharged	ferrocene	with	again	an	increase	of	

the	contact	angle	to	the	starting	value	of	θ>50°.	

	

	
Figure	4.	Contact	angles	of	polymer-modified	glass	surfaces	(black	squares	and	blue	circles;	

compared	 to	 the	 unmodified	 glass	 surface	 as	 a	 reference,	 red	 triangles)	 at	 different	

condition:	 a)	 P[VfcGE1-ran-CAVfcGE6-co-EO115]-modified	 glass	 surface:	 temperature-

dependency;	b)	P[VfcGE1-ran-CAVfcGE6-co-EO115]-modified	glass	surface:	pH-dependency;	c)	

P[VfcGE7-co-EO115]-modified	glass	surface:	oxidation-state	dependency;	d)	picture	of	a	water	

droplet	on	the	glass	reference	sample	at	70	°C;	e)	picture	of	a	water	droplet	on	surface	1	at	

70	°C.	
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Conclusion	

	

In	summary,	we	have	synthesized	the	first	triple-stimuli	responsive	organometallic	polymer	

exhibiting	 pH-,	 temperature-,	 and	 redox-response.	 These	 PEG-based	 copolymers	 are	

composed	of	a	randomly	distributed	amino-functionalized	ferrocene-comonomer	within	an	

ethylene	 oxide	 chain,	 that	 undergo	 phase	 transitions	 in	 solution	 or	 after	 covalent	

modification	 of	 glass	 surfaces.	 For	 the	 first	 time,	 thermo-	 and	 pH-responsive	 behavior	 is	

combined	 with	 the	 redox-activity	 of	 ferrocene,	 resulting	 in	 a	 temperature-	 and	 pH-

dependent	 control	 of	 the	 redox	 activity	 of	 the	 system	 (“on	 and	 off”	 switch	 of	 the	 redox-

active	state).	

By	variation	of	the	pH-value,	a	single	copolymer	exhibits	different	cloud	point	temperatures	

from	30	°C	up	to	61	°C.	In	addition,	this	pH-dependent	cloud	point	can	be	utilized	to	control	

the	redox	response	of	the	polymer	solutions:	at	a	certain	pH,	redox	activity	can	be	switched	

by	 temperature	variation:	above	 the	cloud	point,	 the	polymer	 is	agglomerated	and	 the	 fc-

species	 cannot	 be	detected	by	 cyclic	 voltammetry.	 As	 soon	 as	 the	 temperature	 decreases	

below	the	cloud	point,	a	strong	redox	signal	can	be	recorded.	This	tool	allows	us	to	use	these	

materials	 also	 as	 temperature-dependent	 catalyst.	 We	 chose	 the	 chemiluminescent	

oxidation	of	luminol	as	an	example:	only	if	the	polymer	is	below	its	cloud	point	temperature	

(LCST),	 i.e.	 dissolved,	 a	 strong	 chemiluminescence	 is	 detectable.	 A	 much	 weaker	

chemiluminescence	is	detectable	above	the	cloud	point	temperature	of	the	copolymer.	After	

covalent	 attachment	 to	 glass	 surfaces,	 this	 temperature-response	 allow	 to	 switch	 from	

hydrophilic	 surfaces	 at	 low	 temperature	 to	 hydrophobic	 surfaces	 at	 temperatures	 above	

40	°C.	

In	addition	to	temperature,	 the	redox-activity	can	be	controlled	by	the	variation	of	the	pH	

(at	a	constant	temperature).	This	allows	developing	pH-sensors	based	on	ferrocene’s	redox	

activity.	Polymer	films	can	also	be	switched	from	hydrophilic	(at	low	pH)	to	hydrophobic	(at	

high	 pH).	 Herein,	 we	 adjusted	 the	 pH	 switch	 to	 occur	 in	 physiological	 relevant	 regime	

between	 pH	 6	 and	 7	 (switched	 off	 below	 pH	 7,	 switched	 on	 above	 pH	 7),	 which	may	 be	

interesting	for	future	drug	delivery	or	diagnostic	carriers	as	the	intracellular	pH-value	is	with	
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a	pH	of	6-6.5	in	many	cells	slightly	lower	than	the	extracellular	environment,	if	specific	cell	

targeting	to	e.g.	tumor	cells	is	achieved,	for	example.		

We	 are	 currently	 working	 on	 drug	 delivery	 systems	 with	 selective	 and	 triple	 triggered	

release.	Also,	these	triple-responsive	materials	could	find	use	in	electrochemical	reactions,	in	

which	fc	act	as	catalyst.	Therefore,	it	could	also	serve	as	mediator	in	sensors,	which	operate	

at	certain	temperatures	and	pH	regions.	
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2.3.1 Supporting Information 
	

	

	
Scheme	 S1.	 Synthetic	 strategy	 of	 P[VfcGE1-ran-CAfcGE9-co-EO206].	 a)	 Anionic	 ring-opening	

copolymerization	of	EO	and	VfcGE.	b)	Thiol-ene	addtition	of	cysteamine	with	available	vinyl	groups	in	

P[VfcGE10-co-EO206].	
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Figure	S1.	Functionalization	of	P[VFcGE10-co-EO206]	copolymer	with	cysteamine	followed	by	
1H	NMR	(C6D6,	400	MHz,	298	K).	

	

	

Figure	 S2.	 Turbidity	 measurements	 (heating	 curves)	 of	 P[VfcGE1-ran-CAfcGE9-co-EO206]	 copolymer	

(λ=500	nm;	heat	rate=1	°C/min)	at	three	different	pH	values	(pH	12.0,	8.5	and	7.0).	
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Scheme	S2.	 The	 chemiluminescence	of	 luminol	 under	 basic	 conditions	 using	hydrogen	peroxide	 as	

oxidizing	agent	and	iron	(Fe)	as	catalyst.	The	photo	shows	the	color	of	the	chemiluminescence	of	the	

polymer	solution	below	the	Tc.	
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Figure	S3.	Comparing	the	chemiluminescence	of	luminol	with	and	without	P[VfcGE1-ran-CAfcGE13-co-

EO75]	as	catalyst.	a)	Chemiluminescence	of	luminol	after	the	addition	of	hydrogen	peroxide	at	21	°C	

and	28	°C.	b)	Chemiluminescence	of	luminol	after	the	addition	hydrogen	peroxide	in	the	presence	of	

the	functionalized	copolymer	at	21	°C	(below	Tc)	and	28	°C	(above	Tc).	
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Scheme	 S3.	 Synthesis	 of	 4-(3’-chlorodimethylsilyl(propyoxybenzophenone)	 and	 functionalization	 of	

glass	surfaces.	

	

The	thicknesses	of	the	polymer	films	(Figure	S4)	were	analyzed	by	scratching	the	polymer	film	off	the	

surface	with	a	cannula.	The	vertical	scratch,	which	is	seen	in	the	middle	of	the	pictures	(Figure	S5),	

enables	the	thickness	measurement	of	the	polymer	film.	

	

	
Figure	S4.	Height	profiles	of	polymer	modified	glass	surfaces:	a)	Sample	1	and	b)	Sample	2.	
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Figure	S5.	Topographic	pictures	of	polymer	modified	glass	surfaces:	a)	Sample	1	and	b)	Sample	2.	

	

	

Figure	 S6.	 SEC	 traces	 of	 P[VFcGE10-co-EO206]	 (red)	 and	 after	 functionalization	 with	

cysteamine	P[VfcGE1-ran-CAfcGE9-co-EO206]	(blue)	(DMF,	RI	detection,	1	mL	min-1).	

	

	 	

P[VfcGE1-ran-CAfcGE9-co-EO206]
P[VfcGE10-co-EO206]
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Table	S1.	Polymer	Characterization.	

no.	

	

sum	 VfcGEa	 /	

%	

Mn
a	 /	

g/mol	

Mn
b	 /	

g/mol	

Ɖ	 Tc	 /	 °C	

(@pH	7)	

1	 BnOCH2O-P[VFcGE10-co-EO206]	 		4.8	 12300	 2200	 1.09	 37	

1’	 P[VFcGE1-ran-CAVfcGE9-co-EO206]	 -	 13000	 -	 -	 61	

2	 BnOCH2O-P[VFcGE14-co-EO75]	 15.4	 		7500	 1800	 1.14	 -	

2’	 P[VFcGE1-ran-CAVfcGE13-co-EO75]	 -	 		8500	 -	 -	 -	

3	 Ph(CH2O)2-P[VFcGE7-co-EO115]	 		5.5	 		7200	 3000	 1.07	 33	

3’	 P[VFcGE1-ran-CAVfcGE6-co-EO115]	 -	 		7700	 -	 -	 63	

a)	Determined	from	1H	NMR;	b)	Determined	via	SEC	in	DMF	vs.	PEG.	

	

Table	S2.	Temperature	Dependent	Contact	Angle	Measurements	of	Sample	1	and	2	and	References	

1	and	2.	

Temperature	/	°C	 	 10	 20	 30	 40	 50	 60	 70	

Sample	1	 θ	/	°	 54.0	 54.7	 51.4	 53.7	 58.4	 69.1	 75.6	

	 Δθ	/	°	 	2.6	 	1.7	 	0.8	 	0.2	 	2.0	 	0.3	 	0.7	

Sample	2	 θ	/	°	 61.6	 49.7	 49.2	 51.2	 68.9	 61.5	 80.8	

	 Δθ	/	°	 0.9	 0.2	 0.5	 0.3	 0.3	 0.5	 1.0	

Reference	 θ	/	°	 61.9	 56.0	 43.2	 43.1	 35.2	 34.8	 30.1	

	 Δθ	/	°	 2.0	 3.6	 0.3	 0.5	 4.1	 1.9	 2.8	

	

Table	S3.	pH	Dependent	Contact	Angle	Measurements	of	Sample	1	and	2	and	References	1	and	2.	

pH	 	 5.0	 7.0	 9.0	

Sample	1	 θ	/	°	 50.3	 54.7	 74.6	

	 Δθ	/	°	 0.9	 1.7	 0.3	

Sample	2	 θ	/	°	 47.1	 49.7	 72.4	

	 Δθ	/	°	 1.7	 0.2	 0.2	

Reference	2	 θ	/	°	 46.2	 56.0	 43.2	

	 Δθ	/	°	 0.2	 3.6	 2.2	
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2.4 PEG-Staining for Electron Microscopy with Ruthenocenyl 

Glycidyl Ether 

	

Manuscript	in	preparation.	

Authors:	Arda	Alkan,+	Thomas	Fritz,‡	Matthias	Worm,§	and	Frederik	R.	Wurm*,+	

	

+Max	 Planck	 Institute	 for	 Polymer	 Research	 (MPIP),	 Ackermannweg	 10,	 55128	 Mainz,	

Germany. 

‡Institute	of	Pharmacy	and	Biochemistry,	Johannes	Gutenberg-University,	Staudingerweg	5,	

55128	Mainz,	Germany. 
§	Institute	of	Organic	Chemistry,	Johannes	Gutenberg	University,	Duesbergweg	10-14,	55128	Mainz,	

Germany.	
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Abstract	

	

Amphiphilic	 polymers	were	 prepared	 using	 a	 lipophilic	 alkyl-macroinitiator	 for	 the	 anionic	

ring-opening	copolymerization	of	ethylene	oxide	and	ruthenocenyl	glycidyl	ether,	rcGE	-	an	

epoxide	monomer	bearing	ruthenocene.	The	incorporation	of	low	amounts	(1	to	2.5%)	of	a	

heavy	metal	such	as	 ruthenium	by	copolymerization	with	rcGE	 into	a	poly(ethylene	glycol)	

(PEG)	 backbone	 retains	 the	 properties	 of	 PEG,	 but	 increased	 contrast	 in	 TEM.	 The	

hydrophilicity	of	the	ruthenocene-functionalized	PEGs	was	not	changed	significantly,	which	

led	to	readily	water-soluble	amphiphilic	structures.	These	amphiphilic	polymers	were	used	in	

the	 synthesis	 of	 liposomes,	 which	 were	 then	 analyzed	 by	 cryo-TEM,	 expecting	 to	 yield	 a	

much	 higher	 contrast	 compared	 to	 ruthenocene-free	 systems.	 The	 heavy	 ruthenocene-

loaded	polymers	were	shown	to	reveal	a	much	higher	electron	density	and	therefore	should	

show	a	higher	mass-thickness	contrast.	

	

	

Introduction	

	

Drug	carriers	(such	as	nanoparticles	and	liposomes)	or	biological	specimens	are	visualized	by	

cryogenic	 transmission	 electron	 microscopy	 (cryo-TEM)	 to	 ensure	 pictures	 from	 the	

materials	 with	 the	 original	 shape	 in	 the	 preferable	 environment.206-208	 Chemical	 fixation,	

metal	shadowing	and	negative	staining	are	excellent	methods,	but	they	all	rely	on	changing	

the	 specimen	 in	 order	 to	 make	 it	 more	 suitable	 for	 observation.209,210	 Therefore,	 low	

contrast	is	often	a	problem	for	materials	with	low	electron	density	in	EM.	

Poly(ethylene	glycol)	(PEG)	is	one	of	the	most	often	used	polymers	in	biological	applications	

and	 medicine,	 especially	 for	 drug	 delivery	 systems.	 It	 is	 today’s	 standard	 for	 covalent	

bioconjugation	i.e.	PEGylation	of	proteins	and	several	PEGylated	drugs	are	commercialized.	

PEG	 is	known	for	 its	“stealth”	behavior,	 resulting	 in	prolonged	blood	circulation	 times	and	



Chapter	2:	Water-Soluble	Multi-Stimuli-Responsive	Metallocene-Containing	Copolymers	

	

	

122	

low	 immungeneity.	 211,212	The	stability	and	circulation	times	of	 liposomal	nanoparticles	are	

also	increased	by	PEGylation,	i.e.	“stealth	liposomes”,	213	and	as	such	systems	have	emerged	

as	powerful	platforms	for	drug	delivery,	they	are	still	under	intense	investigation.	214	

The	visualization	of	nanocarriers	 in	aqueous	media	 is	 typically	achieved	by	cryo-EM	as	 the	

best	 method	 for	 the	 conservation	 of	 the	 original	 shape	 excluding	 drying	 artefacts.	 A	

challenge	for	cryo-EM	is	the	staining	of	low-contrast	samples	and	especially	if	the	polymer,	

e.g.	PEG	should	be	visualized,	only	contrast	images	are	obtained	as	PEG	has	a	low	electron	

density	and	in	addition	is	highly	hydrated	in	water	further	reducing	the	contrast.	

Herein,	we	present	 the	 synthesis	of	 covalently	 stained	model	PEGs,	which	 can	be	used	 to	

visualize	 nanocarriers	 via	 TEM.	 These	 PEGs	 are	 copolymers	 of	 ethylene	 oxide	 and	

ruthenocenyl	 glycidyl	 ether	 (rcGE).	 Ruthenocene	 itself	 is	 an	 organometallic	 sandwich-

complex,	consisting	of	a	ruthenium	center	and	two	cyclopentadienyl	ligands.	Due	to	the	high	

molecular	weight	(high	Z)	metal	ion,	it	provides	many	electrons	and	therefore	a	high	mass-

thickness	contrast	in	EM.	

These	copolymers	exhibit	high	water	solubility	and	were	incorporated	into	the	membrane	of	

liposomes	to	increase	the	contrast	for	cryo-EM.	A	schematic	illustration	of	this	liposomes	is	

shown	 in	Scheme	1.	This	general	 imaging	protocol	could	be	applied	to	any	other	structure	

(micelles,	nanoparticles	etc.)	with	PEG	as	the	hydrophilic	segment.	Key	is	the	synthesis	of	a	

novel	 monomer	 that	 can	 be	 copolymerized	 with	 ethylene	 oxide,	 i.e.	 rcGE	 to	 generate	

ruthenocene-loaded	 PEGs,	 i.e.	 poly(ethylene	 oxide-co-ruthenocenyl	 glycidyl	 ether)	

copolymers	(rcGE	content	from	1	to	2.5%).		
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Scheme	1.	Schematic	illustration	of	liposomes	with	amphiphilic	rc-containing	polymers.	

	

	

	

Results	and	Discussion	

The	monomer	 (1)	was	synthesized	 in	a	 three-step	protocol	starting	 from	ruthenocene	(rc),	

which	 is	 shown	 in	 Scheme	 X.	 In	 the	 first	 step,	 rc	 is	 deprotonated	with	 a	mixture	 of	 tert-

butyllithium	 (t-BuLi)	 and	 potassium	 tert-butoxide	 (t-BuOK),	 the	 so-called	 Schlosser’s	 base.	

The	intermediate	ruthenocene	carboxaldehyde	is	obtained	after	adding	dimethylformamide	

(DMF)	to	the	carbanion.215	 In	 the	second	step,	 ruthenocene	carboxaldehyde	(2)	 is	 reduced	

with	 lithium	 aluminiumhydride	 (LAH)	 to	 generate	 ruthenocenylmethanol	 (3).216	

Ruthenocenyl	 glycidyl	 ether	 (1),	 is	 then	 obtained	 after	 deprotonation	 of	 the	 alcohol	 with	

potassium	 hydride	 and	 reaction	 with	 epibromohydrin,	 similar	 to	 the	 previously	 described	

glycidyl	 ethers,	 which	 are	 synthesized	 in	 a	 phase	 transfer	 catalysis	 reaction.	 85,89	 The	

monomer	 was	 obtained	 as	 a	 light	 yellow	 liquid	 in	 an	 overall	 yield	 of	 about	 68%	 after	

purification	via	column	chromatography.	

	

	

	

	

8

=	Ruthenocene

PEG

1,2-Bishexadecylglycerol	
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Scheme	2.	Synthetic	strategy	to	ruthenocenyl	glycidyl	ether	(rcGE).	

	

	

Figure	1	shows	the	1H	NMR	spectrum	of	1	in	chloroform-d1;	13C	(Fig.	S1),	13C	DEPT	(Fig.	S2),	

HSQC	 (Fig.	 S3),	 HMBC	 (Fig.	 S4)	 and	 COSY	 (Fig.	 S5)	 NMR	 spectra	 with	 the	 respective	

assignments	can	be	found	in	the	SI	proving	the	signal	assignments.	

	

	
Figure	1.	1H	NMR	spectrum	of	rcGE	(1)	(300	MHz,	chloroform-d1).	

	

The	 copolymerization	 of	 rcGE	 and	 EO	was	 performed	 similar	 to	 the	 synthesis	 of	 P[EO-co-

fcGE]	 copolymers.85	 The	 initiator	 is	 formed	 by	 deprotonation	 of	 1,2-bishexadecylglycerol	

with	 cesium	 hydroxide	 monohydrate.	 The	 cesium	 alkoxide	 was	 than	 used	 to	 initiate	 the	

copolymerization	 of	 rcGE	 and	 EO	 in	 a	 THF/DMSO	 mixture	 leading	 to	 1,2-bis-n-hexadecyl	
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glyceryl	 ether	 initiated	 P[rcGE-co-EO]	 copolymers.	 Molecular	 weights	 were	 calculated	 by	

endgroup	ananlysis	from	1H	NMR	by	comparing	the	integrals	of	the	initiator	and	the	polymer	

backbone.	 Molecular	 weights	 from	 5600	 to	 6300	 g	 mol-1	 were	 synthesized.	 The	 molar	

fraction	of	rcGE	was	varied	from	1	to	2.5%	(A1	and	A2).	The	narrow	dispersities	(Đ=Mw/Mn)	

range	 from	1.10	 to	1.15	and	are	 listed	 in	Table	X,	which	are	determined	by	 size	exclusion	

chromatography.	 Molecular	 weights,	 which	 are	 determined	 via	 SEC,	 are	 slightly	

underestimated	compared	to	molecular	weights	determined	from	1H	NMR	spectroscopy.	

	

Scheme	3.	Copolymerization	of	rcGE	and	EO	with	1,2-bishexadecylglycerol	as	initiator.	

	

	

Table	1.	Characterization	Data	for	Amphiphilic	Polymers	with	(A1	and	A2)	and	without	rcGE	(A3).	

code	 formula	 rcGE	(mol%)	 Mn
a	 Mn

b	 Đb	

A1	 1,2-Bishexadecylglycerol	P[EO121-co-rcGE1.2]	 1.0	 		6	300	 1	600	 1.10	

A2	 1,2-Bishexadecylglycerol	P[EO97-co-rcGE2.5]	 2.5	 		5	600	 2	000	 1.10	

A3	 1,2-Bishexadecylglycerol	PEO62	 -	 3	300	 2	200	 1.05	

a)	Mn	and	molar	ratio	of	fcGE	(mol%)	determined	from	1H	NMR;	b)	Mn	determined	via	SEC	in	DMF	vs	PEG	standards,	Ɖ=Mw/Mn.	

R	is	the	aliphatic	initiator.	

	

Liposomes	were	prepared	by	the	dual	centrifugation	(DC)217	process	in	an	adopted	protocol	

from	 earlier	 work.218	 Cholesterol,	 egg	 phosphatidylcholine	 and	 the	 respective	 amphiphile	

were	 combined	 at	 a	molar	 ratio	 of	 45:50:5.	 Therefore,	 the	 amphiphilic	 rc-containing	 PEG	

(1,2-bishexadecylglycerol	 P[EO-co-rcGE])	 samples	 A1	 and	 A2	 as	 well	 as	 the	 rc-free	 PEG	

sample	A3	were	utilized	for	comparison.	Ceramic	beads	and	Dulbecco’s	Phosphate	Buffered	
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Saline	 were	 added	 before	 subjecting	 to	 DC	 at	 2500	 RPM.	 The	 samples	 were	 purified	

afterwards	by	removing	the	residual	non-aggregated	molecules	via	gravity-flow	gel	filtration	

chromatography.	

	

	
Figure	 2.	 Cryo-TEM	 image	 showing	 P[EO97-co-rcGE2.5]	 (A2)	 functionalized	 liposomes	 with	

high	contrast.	

	

Liposome	 samples	 from	 polymers	 A2	 and	 A3	 were	 mixed	 just	 before	 starting	 cryo-TEM	

analysis.	 The	 1,2-bishexadecylglycerol	 P[EO97-co-rcGE2.5]	 functionalized	 liposomes	 show	 a	

much	higher	 contrast	 compared	 to	 those	without	 rc	 functionalized	PEG	 in	 literature,219,220	

even	though	the	liposomes	from	A3	without	rc	could	not	be	detected	in	the	same	cryo-TEM	

images.	The	visible	liposomes	appear	on	the	grid,	which	also	influence	the	overall	contrast.	

This	 could	 also	 be	 the	 reason	 for	 the	 absence	 of	 rc-free	 liposomes.	 The	molar	 fraction	 of	

rcGE	is	with	2.5%	very	low	and	therefore	does	not	change	the	properties	of	PEG.	It	should	be	

mentioned	at	this	point,	that	this	 is	an	assumption	due	to	the	good	water-solubility	of	the	

resulting	polymers.	P[EO97-co-rcGE2.5]	is	still	hydrophilic,	shows	good	water-solubility	and	do	

no	agglomerate	as	it	is	proven	in	the	cryo-EM	pictures.	The	appearance	of	the	liposomes	is	
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very	smooth	and	uniform.	The	membranes	of	the	liposomes	have	a	very	sharp	contrast	and	

are	clearly	visible.	

	

			 	

	
Figure	3.	Cryo-TEM	 images	as	 reference	showing	PEO62	 (A3)	 functionalized	 liposomes	with	

low	contrast.	

	

The	reference	cryo-EM	pictures	show	liposomes	with	PEO62	(A3),	which	is	not	functionalized	

with	rc	and	appear	with	less	contrast	than	in	Figure	2	for	rc-functionalized	sample.	They	are	

still	 good	visible	 in	 this	 case,	which	 is	 an	exception	and	 can	also	be	 found	 in	 literature.217	

There	are	a	lot	of	examples	in	literature,	where	it	was	hard	to	make	PEG	visible	in	cryo-EM	
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pictures.	This	covalent-staining	strategy	with	rc	is	the	solution	for	this	problem	and	will	also	

find	usage	in	different	PEGylated	systems	other	than	liposomes.	

	

	

Conclusion	

	

Amphiphilic	 polymers	with	 a	 hydrophilic	 PEG	 block,	 containing	 covalently	 linked	 rc	 (up	 ro	

2.5mol%)	 —	 without	 significantly	 lowering	 PEGs	 hydrophilicity,	 were	 prepared.	 These	

amphiphilic	polymers	were	used	 in	 the	synthesis	of	 liposomes	via	DC.	The	 liposomes	were	

then	analyzed	by	cryo-TEM,	showing	a	much	higher	contrast	compared	to	ruthenocene-free	

systems,	even	 though	 the	 liposomes	without	 rc	and	 therefore	with	a	 lower	contrast	could	

not	be	detected.	This	experiment	has	to	be	repeated,	since	a	cryo-TEM	image	showing	both	

rc-containing	and	rc-free	PEG	functionalized	liposomes	would	be	a	solid	evidence.	
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2.4.1 Supporting Information 
	

	

Experimental	Section	

	

Instrumentation.	 1H	 NMR	 spectra	 (300,	 400	MHz)	 and	 13C	 NMR	 spectra	 (75.5	MHz)	 were	

recorded	using	a	Bruker	AC300	and	a	Bruker	AMX400.	All	spectra	were	referenced	internally	

to	 residual	 proton	 signals	 of	 the	 deuterated	 solvent.	 For	 SEC	 measurements	 in	 DMF	

(containing	0.25	g·L-1	of	lithium	bromide	as	an	additive)	an	Agilent	1100	Series	was	used	as	

an	 integrated	 instrument,	 including	 a	 PSS	 HEMA	 column	 (106/105/104	g·mol-1),	 a	 UV	

detector	 (275	nm),	and	a	RI	detector	at	a	 flow	rate	of	1	mL·min-1	at	50	°C.	Calibration	was	

carried	 out	 using	 PEO	 standards	 provided	 by	 Polymer	 Standards	 Service.	 Cryo-TEM	

micrographs	were	recorded	on	a	Tecnai	12	BioTwin	cryo	transmission	electron	microscope,	

FEI,	USA	at	120	kV.	

Reagents.	 Solvents	 and	 reagents	 were	 purchased	 from	 Acros	 Organics,	 Sigma-Aldrich	 or	

Fluka	 and	 used	 as	 received,	 unless	 otherwise	 stated.	 Chloroform-d1	 and	 benzene-d6	 were	

purchased	 from	Deutero	GmbH.	 Ruthenocenylmethanol	 (X)	was	 synthesized	 starting	 from	

ruthenocene	(rc)	according	to	literature	procedures.	215,216	

3-Benzyl-1,2-bishexadecylglycerol	(1).	In	a	1000mL	three-necked	round-bottom	flask	

equipped	with	a	reflux	condenser	and	a	mechanical	stirrer,	1-benzyl-rac-glycerol	(5.0	g,	27.4	

mmol)	and	sodium	hydride	(2.6	g,	109.7	mmol)	were	dissolved	in	dry	THF	(400	mL)	under	

argon.	1-Bromohexadecane	(33.5	g,	109.7	mmol)	was	added	via	syringe	and	the	reaction	

mixture	was	stirred	at	reflux	for	6	d.	The	solvent	was	evaporated	under	reduced	pressure	

and	the	resulting	residue	was	dissolved	in	a	1/1-mixture	of	diethyl	ether/water	(500	mL).	

After	stirring	for	16	h,	the	aqueous	phase	was	neutralized	via	addition	of	diluted	sulfuric	acid	

(1	mol/L)	and	the	organic	phase	was	separated.	The	aqueous	solution	was	extracted	three	

times	with	diethyl	ether	and	the	combined	organic	layers	were	dried	over	sodium	sulfate	

and	filtrated.	The	solvent	was	removed	at	reduced	pressure	and	excess	1-bromohexadecane	

was	removed	in	high	vacuum	at	elevated	temperatures.	The	pure	product	(10.1	g,	16.0	

mmol,	58	%)	was	obtained	after	column	chromatography	(eluent:	petrol	ether/	diethyl	ether	
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30:1)	over	silica.	1H	NMR	(400	MHz,	CDCl3):	δ	[ppm]	7.40–7.23	(m,	5H,	CHAr),	4.56	(s,	2H,	

ArCH2),	3.65–3.37	(m,	9H,	CH2-CH2-O,	CH-CH2-O	and	CH2-CH-O),	1.66–1.48	(m,	4H,	CH2-CH2-

O),	1.43–1.15	(m,	52H,	CH2),	0.88	(t,	6H,	JAB	=	6.3	Hz,	CH3-CH2).		

1,2-Bishexadecylglycerol	(5).	3-Benzyl-1,2-bishexadecylglycerol	(4)	(10.1	g,	16.0	mmol)	was	

dissolved	in	DCM	(200mL)	and	stirred	with	10wt%-palladium	on	activated	charcoal	(505	mg)	

under	hydrogen	atmosphere	for	3	d.	The	residue	was	subsequently	filtrated	through	Celite	

and	the	filter	cake	was	washed	with	DCM.	After	evaporation	of	the	solvent,	the	pure	product	

was	afforded	as	colorless	crystals	in	quantitative	yield.	1H	NMR	(400	MHz,	CDCl3):	δ	[ppm]	

3.78–3.36	(m,	9H,	CH2-CH2-O,	CH-CH2-O	and	CH2-CH-O),	1.63–1.49	(m,	4H,	CH2-CH2-O),	1.40–

1.17	(m,	52H,	CH2),	0.88	(t,	6H,	JAB	=	6.6	Hz,	CH3-CH2).		

1,2-Bishexadecylglycerol	 PEG	 (6).	 1,2-Bishexadecylglycerol	 (5)	 (200	 mg,	 0.371	 mmol)	 was	

dissolved	 in	 benzene	 (10	 mL)	 and	 stirred	 in	 a	 dry	 Schlenk	 flask	 under	 slightly	 reduced	

pressure	 at	 60	 °C	 for	 15	 min	 keeping	 the	 stopcock	 closed.	 Moisture	 was	 removed	 by	

azeotropic	distillation	of	benzene	and	subsequent	drying	at	70	°C	 in	high	vacuum	for	16	h.	

After	 cooling	 to	 RT,	 dry	 THF	 (15	 mL)	 was	 cryo-transferred	 into	 the	 Schlenk	 flask	 and	

potassium	 naphthalenide	 in	 THF	 (0.37	 mL,	 0.18	 mmol,	 c	 =	 0.5	 mol•L-1,	 prepared	 from	

potassium	(235	mg,	6.0	mmol)	and	naphthalene	(770	mg,	6.0	mmol)	in	dry	THF	(12	mL)	in	a	

glovebox	under	argon)	was	added	via	syringe.	Generated	hydrogen	was	removed	in	vacuum	

and	ethylene	oxide	(1.11	mL,	22.3	mmol)	were	cryo-transferred	via	a	graduated	ampule	into	

the	 initiator	 solution.	 The	 reaction	 was	 proceeded	 at	 40	 °C	 for	 3	 h	 and	 subsequently	

continued	at	60	°C	for	3	d.	The	polymerization	was	quenched	with	methanol	(2	mL)	and	the	

polymer	was	precipitation	 in	cold	diethyl	ether.	After	removing	all	volatiles	 in	vacuum,	the	

pure	polymer	was	obtained.	(Yield:	82	%)	1H	NMR	(400	MHz,	DMSO-d6):	δ	[ppm]	3.70–3.20	

(m,	 250H,	 CH2-O	 and	 CH2-CH-O),	 1.50–1.38	 (m,	 4H,	 CH2-CH2-O),	 1.34–1.10	 (m,	 52H,	 CH2),	

0.84	(t,	6H,	JAB	=	6.4	Hz,	CH3-CH2).	
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Scheme	1.	Synthesis	of	1,2-bishexadecylglycerol	PEGs	

	

Synthesis	 of	 ruthenocenyl	 glycidyl	 ether	 (rcGE,	 1).	 3.10	 g	 ruthenocenylmethanol	 (11.9	

mmol)	was	dissolved	in	200	mL	dry	THF.	480	mg	potassium	hydride	(11.9	mmol;	1	eq.)	was	

than	 suspended	 in	 this	 solution	 and	 vigorously	 stirred	 (since	 potassium	

ruthenocenylmethanolate	precipitates	in	THF)	for	1	h.	The	suspension	was	cooled	down	to	0	

°C	and	4.88	g	epibromohydrin	(35.6	mmol;	3	eq.)	is	added	dropwise.	The	solution	was	stirred	

for	another	2	h	at	0	°C	and	then	stirred	overnight	at	room	temperature.	Distilled	water	was	

added	and	 the	 reaction	mixture	was	extracted	 three	 times	with	diethyl	ether.	The	solvent	

was	 removed	 at	 reduced	 pressure	 and	 the	 crude	 product	 was	 purified	 by	 column	

chromatography	 over	 silica	 using	 a	mixture	 of	 ethyl	 acetate	 and	 petroleum	ether	 (2:8)	 as	

eluent.	The	pure	product	was	obtained	as	a	 light	yellow	liquid.	Yield:	92%.	1H	NMR	(CDCl3,	

400	MHz,	298	K):	δ (ppm)	=	4.69-4.62	(m,	2H,	cp:	-CH-CR-CH-),	4.57-4.49	(m,	7H,	residual	rc	

protons),	4.21-4.08	(dd,	2H,	rc-CH2-O-,	J	=	11.4	Hz),	3.77-3.67	(dd,	1H,	 -O-CHH-epoxide,	J	=	

11.4,	3.1	Hz),	3.46-3.36	(dd,	1H,	-O-CHH-epoxide,	J	=	11.4,	5.8	Hz),	3.18-3.09	(m,	1H,	epoxide	

CH),	2.82-2.74	(dd,	1H,	epoxide	CHH,	J	=	5.0,	4.1	Hz),	2.63-2.56	(dd,	1H,	epoxide	CHH,	J	=	5.0,	

2.7	Hz).	
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General	Procedure	for	the	copolymerization	of	rcGE	and	EO:	1,2-bishexadecylglycerol	P(EO-

co-rcGE).	 The	 initiator,	 287.4	 mg	 (0.5317	 mmol)	 1,2-bishexadecylglycerol,	 and	 80.4	 mg	

(0.4787	mmol,	 0.9	 eq.)	 cesium	 hydroxide	monohydrate	 were	 placed	 in	 a	 100	mL	 Schlenk	

flask	 and	 suspended	 in	 10	mL	 benzene.	 The	mixture	was	 stirred	 at	 60	°C	 under	 an	 argon	

atmosphere	for	1	h	and	evacuated	at	40	°C	(10-2	mbar)	for	12	h	to	remove	benzene	and	the	

water	 formed	 (as	 an	 azeotrope	 with	 benzene)	 to	 generate	 the	 corresponding	 cesium	

alkoxide.	Subsequently,	approx.	20	mL	dry	THF	were	cryo-transferred	into	the	Schlenk	flask.	

1.4	mL	(31	mmol)	EO	was	cryo-transferred	to	a	graduated	ampule	and	then	cryo-transferred	

into	the	reaction	flask	containing	the	initiator	in	THF.	Then	337.4	mg	(1.519	mmol)	rcGE	was	

added	via	syringe	in	a	50	wt%	solution	in	anhydrous	DMSO.	The	reaction	mixture	was	heated	

up	to	60	°C	and	stirred	for	24	h	before	the	living	chain	ends	were	terminated	with	methanol	

and	the	copolymer	was	precipitated	in	cold	diethyl	ether	to	get	rid	of	unreacted	rcGE.	The	

copolymer	was	obtained	as	a	light	yellow	solid.	Yields:	86-93%.	1H	NMR	(CDCl3,	300	MHz):	δ	

(ppm)	=	4.64-4.59	(br,	2H,	cp	(2,	5)),	4.53-4.46	(br,	7H,	cp	(3,	4)-Ru-cp),	4.11-4.04	(s,	2H,	rc-

CH2-O),	3.90-3.82	(t,	1H,	CH	 (glycerol)),	3.80-3.31	(br,	CH2-O	and	CH2-CH2-O),	1.59-1.47	(m,	

4H,	H3C-(CH2)13-CH2-CH2-O-),	1.34-1.19	(br,	52H,	H3C-(CH2)14-CH2-),	0.90-0.82	(t,	6H,	H3C).	

Liposome	 synthesis.	 Liposomes	 were	 prepared	 via	 dual	 centrifugation217	 in	 an	 adopted	

protocol	 from	 earlier	 work.218	 Ethanolic	 stock	 solutions	 of	 cholesterol,	 egg	

phosphatidylcholine	 (EPC,	 kind	 gift	 from	 Lipoid	 GmbH,	 Ludwigshafen,	 Germany)	 and	 the	

respective	amphiphile	A1,	A2	or	A3	were	combined	in	a	PCR	vial	at	a	molar	ratio	of	45:50:5	

to	 a	 total	 amount	 of	 8.4	µmol,	 dried	 in	 vacuum	 and	 stored	 at	 -20°C	 until	 usage.	 For	

formulation,	70	mg	ceramic	beads	(SiLiBeads	ZY	0.3-0.4	mm,	kindly	provided	from	Sigmund	

Lindner,	Warmesteinach,	Germany)	and	9.3	µL	Dulbecco’s	Phosphate	Buffered	Saline	(DPBS,	

ThermoFisher,	 Waltham,	 MA,	 USA)	 were	 added	 before	 subjecting	 to	 20	 min.	 dual	

centrifugation	(DC)	at	2500	RPM.	Then,	28	µL	DPBS	were	added	and	the	sample	subjected	to	

two	2	min.	DC	runs,	between	which	the	sample	was	reoriented	by	180°	in	the	sample	holder.	

To	 remove	 residual,	 non-aggregated	 molecules,	 10	 µL	 of	 the	 resulting	 liposomes	 were	

purified	via	 gravity-flow	gel	 filtration	chromatography	on	a	custom-made	Sepharose	2B-CL	

column.	
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Additional	NMR	characterization	data	for	rcGE	(1):	

 

	
Figure	S1.	13C{H}	NMR	of	rcGE	(101	MHz,	CDCl3).	
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Figure	S2.	13C{H}	DEPT	NMR	(101	MHz,	CDCl3)	of	rcGE.	
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Figure	S3.	HSQC	NMR	(400,	101	MHz,	CDCl3)	of	rcGE.	
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Figure	S4.	HMBC	NMR	(101	MHz,	CDCl3)	of	rcGE.	
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Figure	S5.	COSY	NMR	(400	MHz,	CDCl3)	of	rcGE.	
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3.1 Amphiphilic Ferrocene-Containing PEG Block Copolymers as 

Micellar Carriers and Surfactants 

	

Manuscript	in	preparation.		

Authors:	Arda	Alkan,+,‡	Sarah	Wald,+,‡	and	Frederik	R.	Wurm*,+	

	

‡	These	authors	contributed	equally.		

	

	

	

	

	 	

O
OH

Omn
O

O

n

Cs O
O

m
bulk, 90 °C

O

Fe
Fe

+
Miniemulsion	

Process

Degradation	via
pH	/	Oxidation

Amphiphilic Ferrocene-Containing
Block	Copolymers



	

	

	

141	

Abstract	

	

Water-soluble	 block	 copolymers	 consisting	 of	 a	 poly(ethylene	 glycol)	 (PEG)	 block	 and	 a	

poly(ferrocenyl	 glycidyl	 ether)	 (PfcGE)	 block	 were	 prepared	 via	 anionic	 ring-opening	

polymerization	 (AROP)	 of	 fcGE	 using	 commercially	 available	 PEG	 monomethyl	 ether	 as	

macroinitiator.		The	resulting	block	copolymers	with	molecular	weights	(Mn)	of	3600	to	8600	

g	mol-1	and	narrow	molecular	weight	distributions	 (Mw/Mn	=	1.04-1.10),	show	a	very	good	

water-solubility.	 The	 block	 copolymers	 were	 investigated	 via	 1H	 and	 DOSY	 NMR	

spectroscopy,	 size	 exclusion	 chromatography	 (SEC)	 and	 MALDI-ToF	 mass	 spectroscopy.	

Furthermore,	the	block	copolymers	were	used	as	redox-responsive	surfactants	in	the	oil-in-

water	 miniemulsion	 polymerization	 and	 the	 miniemulsion	 process	 in	 combination	 with	

solvent	 evaporation	 to	 stabilize	 poly(styrene)	 (PS)	 nanoparticles.	 	 Destabilization	 studies	

were	 performed	 in	 acidic	 media	 and	 under	 oxidative	 conditions,	 generating	 ferrocenium	

species,	which	 are	 hydrophilic	 and	 convert	 the	 amphiphilic	 block	 copolymer	 into	 a	 totally	

water-soluble	macromolecule.	

	

	

Introduction	

Surfactants	are	used	as	cleaning	agents,	in	cosmetics,	food,	plant	or	oil	production	as	well	as	

in	paper,	paint	or	textile	industry,	because	of	their	ability	to	modify	the	interfacial	properties	

by	 changing	 the	 surface	 or	 interfacial	 tension	 and	 self-assemble	 into	 micelles	 or	 other	

nanostructures.	Surfactants	including	pH-,	T-,	light-	or	redox-active	groups	are	of	interest	to	

spread	 their	 applications	 in	 the	 field	 of	 separation	methods,221	 foam	 formation222	 and	 to	

reduce	 surfactant	 waste	 and	 usage	 or	 process	 costs.223	 Surfactants	 based	 on	 redox-

responsive	molecules	like	ferrocene,	viologens	and	N-alkylated	nicotin	acids	were	studied.224	

The	results	proved	that	N-alkylated	nicotinic	acid	derivatives	do	not	show	a	reversible	redox	

behavior	 in	 water,	 whereas	 redox	 reactions	 using	 ferrocene	 and	 viologen	 surfactants	
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showed	reversibility	and	drastic	solubility	changes.224	Most	studied	redox-active	surfactants	

are	 based	 on	 ferrocene,	 because	 it	 is	 chemically	 stable	 over	 a	 wide	 range	 of	 solution	

conditions	 with	 simple	 control	 of	 the	 oxidation	 state	 in	 aqueous	 solution.225	 These	 low	

molecular	weight	surfactants	have	been	synthesized	with	a	lot	of	different	modifications.226	

They	 varied	 in	 the	 number	 and	 length	 of	 alkyl	 chains,	 single	 chained225,227-230	 or	 double-

chained,231-235	 included	 non-ionic,235-240	 cationic,225,228-234,241-244	 or	 anionic227,235,245	 (head)	

group	as	well	as	double	bonds224	for	further	polymerization,	which	 leads	 in	changes	of	the	

self-assemble	in	aqueous	media.	

Different	 water-soluble	 ferrocene-containing	 polymers	 have	 been	 synthesized	 in	 various	

ways,	which	 is	 reviewed	 in	Chapter	 1.1.	 In	 2013,	we	have	 synthesized	 linear	 fc-containing	

copolymers	 by	 the	 copolymerization	 of	 fcGE	 and	 ethylene	 oxide	 (EO),85	 and	 later	

hyperbranched	 copolymers	 by	 the	 copolymerization	 of	 fcGE	 and	 glycidol	 (G).86	 Block	

copolymers	have	been	synthesized	 in	 the	past,	mainly	consisting	of	a	poly(vinyl	 ferrocene)	

(PVfc)	or	poly(ferrocenyl	silane)	(PFS)	and	a	water-soluble	block,	often	PEG.	PVfc-based	block	

copolymers	 are	 used	 to	 generate	 redox-sensitive	 porous	 multicompartment	 vesicles	 to	

release	guest	molecules	after	a	 redox-trigger.246	Self-assembly	 into	spherical	or	 ribbon-like	

micelles	 were	 researched	 with	 poly(styrene)-b-poly(ferrocenylsilane)	 block	 copolymers	

including	 different	 alkyl	 groups.	 Amorphous	 diblock	 copolymers	 ended	 up	 in	 spherical	

micelles	 with	 an	 oxidized	 PFS	 core	 and	 a	 PS	 corona,	 whereas	 block	 copolymers	 with	

semicristalline	 PFS	 segments	 formed	 ribbon-like	 micelles.	 After	 reduction	 neutral	 chains	

were	 generated	 back	 without	 significant	 chain	 scission.170	 Also	 in	 colloid	 science,	 such	

ferrocenyl-based	 amphiphilic	 block	 copolymers	 are	 only	 used	 as	 nanocarrier	material.	 For	

example,	 redox-responsive	 nanocapsules	 composed	 of	 an	 PVfc-based	 shell	 and	 an	

hydrophobic	 liquid	 core	 including	 hydrophobic	 payloads	 were	 generated	 by	 the	

miniemulsion	approach	in	combination	with	solvent	evaporation.	The	formed	nanocapsules	

can	release	the	incorporated	payload	after	oxidation	of	the	ferrocene	blocks	by	introducing	

polar	domains	in	the	shell,	which	also	leads	in	shell	morphology	changes.165		
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The	 current	work	 describes	 the	 first	 block	 copolymers	 based	 on	 the	monomer	 fcGE.	 PEG	

monomethyl	ether	 is	used	as	macroinitiator	 for	the	anionic	ring-opening	polymerization	of	

fcGE.85	 The	 block	 copolymers	 prepared	 herein	 are	 readily	 soluble	 in	 water	 under	 the	

formation	 of	 micelles	 with	 a	 hydrophobic	 PfcGE	 core.	 The	 block	 copolymer	 can	 be	

transferred	into	a	fully	water-soluble	block	copolymer	after	oxidation	with	an	oxidizing	agent	

or	 under	 acidic	 conditions.	 Furthermore,	 we	 employ	 this	 redox-responsive	 behavior,	 to	

generate	 redox-sensitive	 polystyrene	 nanoparticles	 stabilized	 with	 the	 amphiphilic	 block	

copolymers	 is	 shown	 in	 Scheme	 1.	 The	 nanoparticles	 are	 synthesized	 by	 the	 free	 radical	

polymerization	 in	 direct	miniemulsion164,247	 or	 the	miniemulsion	 approach	 in	 combination	

with	solvent	evaporation	by	investigating	the	influence	of	the	nanoparticle	sizes	by	changing	

the	 surfactants	 concentration.247	 The	 nanoparticle	 dispersions	 were	 stable	 over	 a	 long	

period	 of	 time	 and	 “on-demand”	 destabilization	 was	 achieved	 by	 a	 pH-	 or	 redox-trigger	

leading	to	flocculation	or	film	formation.	

	

Scheme	1.	mPEG-b-PfcGE	block	copolymers	as	redox-active	surfactants	for	nanocarriers.	
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Results	and	Discussion	

	

The	 anionic	 ring-opening	 polymerization	 of	 fcGE	 was	 achieved	 by	 the	 cesium	 alkoxide	 of	

mPEG	(with	n=44	or	113	 in	Scheme	2	respectively)	acting	as	a	macroinitiator.	The	 initiator	

was	generated	by	the	reaction	of	mPEG	with	cesium	hydroxide.	It	was	then	used	to	initiate	

the	polymerization	of	fcGE	in	bulk	leading	to	mPEG-b-PfcGE	block	copolymers	(Scheme	2).	

	

	
Scheme	2.	Anionic	 ring-opening	polymerization	of	 fcGE	 for	 the	preparation	of	 amphiphilic	

PEG-b-PfcGE	block	copolymers.	

	

The	 degree	 of	 polymerization	 of	 the	 PfcGE	 block	 was	 adjusted	 to	 be	 ca.	 11	 to	 ensure	 a	

completely	water-soluble	block	copolymer,	but	also	micellization	of	 the	system.	Molecular	

weights	were	calculated	by	comparing	the	 integrals	of	 the	resonances	 for	 the	 initial	mPEG	

and	 fcGE.	 Starting	 from	 mPEG5000	 (with	 a	 detected	 Mn	 of	 5,500	 g	 mol-1)	 as	 the	

macroinitiator,	molecular	weights	from	7,400	to	8,500	g	mol-1	were	achieved	by	varying	the	

molar	 fraction	 of	 fcGE	 from	 5.7	 to	 8.2%	 (P1-P4).	 The	 molecular	 weight	 dispersities	

(Đ=Mw/Mn)	range	from	1.05	to	1.10	indicating	a	living	polymerization	and	are	listed	in	Table	

1,	which	are	determined	by	size	exclusion	chromatography	(Figure	1).	
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Figure	 1.	 SEC	 traces	 of	 the	 macroinitiator	 PEG	 (1000	 g/mol)	 and	 P6	 (DMF,	 323	 K,	 RI	

detection,	1	mL	min-1).	

	

Molecular	weights,	which	are	determined	via	SEC	are	slightly	underestimated	compared	to	

molecular	weights	determined	from	1H	NMR	spectroscopy.	

In	addition,	mPEG44	and	mPEG24	was	used	as	a	macroinitiator	to	generate	block	copolymers	

with	higher	fcGE	fractions.	Therefore,	mPEG2000	led	to	a	block	copolymer	with	11.7	mol%	

fcGE,	a	molecular	weight	of	3600	g	mol-1	and	a	dispersity	of	1.08	(P5).	With	mPEG1000	27.2	

mol%	fcGE	were	incorporated	(P6).	

Table	1.	Characterization	data	for	PEG-b-PfcGE	block	copolymers.	

code	 formula	 fcGE	

(mol%)	

Mn
a	 Mn

b	 Đb	 cmc	

[mmol/L]	

HLBc	

P1	 mP(EG)124-block-P(fcGE)7.5	 5.7	 7400	 5100	 1.05	 n.d.d	 14.9	

P2	 mP(EG)124-	block	-P(fcGE)9.8	 7.3	 7900	 5900	 1.10	 0.053	 13.9	

P3	 mP(EG)124-	block	-P(fcGE)11.1	 8.2	 8500	 5700	 1.06	 n.d.d	 12.9	

P4	 mP(EG)124-	block	-P(fcGE)10.4	 7.7	 8300	 5700	 1.07	 n.d.d	 13.3	

P5	 mP(EG)45-	block	-P(fcGE)5.7	 11.7	 3600	 2600	 1.08	 n.d.d	 11.1	

P6	 mP(EG)24-	block	-P(fcGE)9.1	 27.2	 3600	 1900	 1.05	 0.034	 5.6	

	 a)	Mn	and	molar	 ratio	of	 fcGE	 (mol%)	determined	 from	1H	NMR;	b)	Mn	determined	via	SEC	 in	DMF	vs	PEG	standards,	

Ɖ=Mw/Mn;	c)	calculated	by	the	method	of	Griffin;248	d)	not	determined.	
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The	block	copolymer	P3	is	further	analyzed	via	DOSY	1H	NMR	spectroscopy.	Figure	2	displays	

the	spectrum,	whereby	the	x-axis	shows	the	conventional	1H	NMR	spectrum,	and	the	y-axis	

gives	 the	 diffusion	 coefficient.	 From	 the	 2D	 plot	 it	 is	 obvious	 that	 the	 resonances	 of	

ferrocene	 (4.36-4.00	ppm)	 and	 the	 PEG	 backbone	 (3.56-3.41	ppm)	 of	 the	 1D	 1H	 NMR	

spectrum	appear	at	 the	same	diffusion	coefficient,	which	 indicates	 that	a	block	copolymer	

rather	than	a	homo	polymer	has	formed.	

	

	
Figure	2.	1H	DOSY	NMR	spectrum	of	P3	(benzene-d6,	400	MHz,	298K).	

	

To	 further	 confirm	 incorporation	 of	 fcGE	 into	 the	 block	 copolymer	 structure,	 matrix-

assisted	 laser	 desorption/ionization	 time-of-flight	mass	 spectrometry	 (MALDI-ToF	MS)	was	

performed.	Figure	3	shows	the	MALDI-ToF	mass	spectrum	of	P2.	The	repeating	units	of	EO	

and	 fcGE	 are	 clearly	 recognizable	 (and	 all	 distributions	 are	marked	with	 different	 colors).	

Each	detected	signal	corresponds	to	the	mass	of	a	linear	combination	of	both	monomers	in	

the	 copolymer.	 It	 also	 important	 to	 mention	 that	 different	 combinations	 can	 have	 very	

similar	masses,	which	is	why	the	respective	peaks	overlap	in	the	spectrum.	

C6D6

PEG backbone
fc

(m
2 /
s)



	

	

	

147	

	

	

Figure	3.	MALDI-ToF	mass	spectrum	of	mP(EG)124-b-P(fcGE)9.8	(P2).	

	

The	surface	active	properties	of	the	block	copolymers	mP(EG)m-b-P(fcGE)n	are	characterized	

numerically	by	their	HLB	(hydrophilic-lipophilic	balance,	Table	1).248	

	P2	exhibits	a	formal	HLB	value	of	13.9,	while	P6	exhibits	the	lowest	HLB	value	of	5.6.	As	the	

fcGE	block	is	not	fully	hydrophobic	(as	in	conventional	surfactants,	e.g.	alkyl	chains),	the	HLB	

values	 calculated	 by	 the	 Griffin	 method	 should	 be	 regarded	 as	 a	 first	 indication	 of	 their	

surfactant	 properties	 only.	 The	 critical	 micelle	 concentrations	 (cmcs)	 of	 these	 block	

copolymers	 were	 determined	 by	 isothermal	 titration	 calorimetry,	 revealing	 cmcs	 in	 the	

range	of	 0.034	 (P6)	 –	 0.053	 (P2)	mmol/L	 (Table	 1).	 As	 comparison	 the	 common	non-ionic	

surfactant	Lutensol	AT	50	(C16-18-alkyl-block-PEG50,	Mn	ca.	2,500	g/mol	exhibits	a	HLB	value	of	

18	with	a	cmc	below	0.01	mmol/L.249	This	further	indicates	that	the	fcGE	segment	cannot	be	

compared	with	a	very	hydrophobic	alkyl	chain,	but	the	detected	cmcs	of	all	fcGE	containing	

block	copolymers	are	in	a	low	mmol	regime.	

The	water-soluble	block	copolymers	were	studied	as	redox-active	surfactants	in	oil-in-water	

(direct)	 miniemulsions.	 Thus,	 polystyrene	 nanoparticles	 were	 stabilized	 in	 a	 proof-of-

P2

m/z
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principle	 synthesis	with	P2,	P3	 and	P6	 (Table	 2).	 As	 reference	 experiments,	miniemulsion	

polymerizations	of	styrene	stabilized	with	commercially	available	surfactants,	Lutensol	AT50	

or	SDS,	were	performed	to	evaluate	the	properties	of	the	redox-active	block	copolymers.	In	

all	miniemulsion	polymerizations	an	osmotic	pressure	agent	(hexadecane)	and	AIBN	as	the	

initiator	 were	 dispersed	 together	 with	 styrene	 in	 the	 water	 phase	 including	 different	

concentrations	of	surfactants	(Table	2).	

	

Table	2.	Results	of	generated	PS-nanoparticles	by	direct	miniemulsion	polymerizations.	

code	 typ	of	

surfactant	

surfactant	concentration	

[mg/mL]	

water	to	monomer	

ration	

d	[nm]a	

ME1	 P2	 0.43	 2:0.056	 402	

ME2	 P3	 0.42	 2:0.056	 319	

ME3	 P6	 0.13	 2:0.056	 265	

ME4	 P6	 0.26	 2:0.056	 215	

ME5	 P2	 1.02	 2:0.056	 216	

ME6	 P3	 1.04	 2:0.056	 245	

ME7	 P6	 1.00	 2:0.056	 113	

ME8	 P2	 1.50	 2:0.056	 178	

ME9	 Lutensol	AT50	 1.03	 2:0.056	 193	

ME10	 Lutensol	AT	50	 8.33	 2:0.056	 236	

ME11	 SDS	 3.00	 2:0.056	 106	

a)	determined	by	Dynamic	light	scattering	(DLS)	analysis.	

	

Stable	 nanoparticles	 were	 generated	 in	 all	 miniemulsion	 polymerizations,	 using	 Lutensol	

AT50,	 SDS	 and	 mP(EG)m-b-P(fcGE)n	 block	 copolymers.	 The	 nanoparticle	 diameters	 can	 be	

varied	 with	 the	 amount	 of	 surfactant	 added	 to	 the	 polymerization	 mixture:	 the	 general	

trends	 for	 the	 commercially	 available	 and	well	 known	 surfactants	 Lutensol	 AT50	 and	 SDS	

are,	 that	 low	 surfactant	 concentrations	 lead	 to	 large	 nanoparticles	 with	 broad	 diameter	

distributions	 and	 high	 concentrations	 lead	 to	 small	 nanoparticles	 with	 more	 defined	 size	

distributions.	This	trend	was	also	observed	for	the	miniemulsion	polymerizations	performed	

with	mP(EG)m-b-P(fcGE)n	 block	 copolymers.	 Low	 concentrations	 of	 0.42	 (P3)	 mg	mL-1	 and	
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0.43	(P2)	mg	mL-1	lead	to	broadly	distributed	nanoparticle	sizes	(with	mean	diameters	of	319	

nm	(ME2)	to	402	nm	(ME1);	see	Table	2	and	Figure	4).	

	

	
Figure	4.	SEM	pictures	of	PS	nanoparticles	generated	by	direct	miniemulsion	with	P2	(ME1,	

ME5,	ME8),	P3	 (ME2,	ME6)	/	Lutensol	AT50	(ME10)	and	P6	 (ME3,	ME4,	ME7)	-	scale	bar	=	

100	nm.	

	

P6	produced	also	broadly	distributed	nanoparticles	at	a	concentration	of	0.13	mg	mL-1	with	

mean	 nanoparticle	 sizes	 of	 265	 nm	 and	 in	 addition,	 low	 amounts	 of	 bigger	 nanoparticles	

with	sizes	up	to	around	1	µm	(ME3;	Figure	4).	Increasing	the	concentration	of	P6	to	0.26	mg	

mL-1	 leads	 to	 ME4	with	 a	 decreased	 nanoparticle	 diameter	 and	 narrow	 size	 distribution.	

Increasing	 the	 concentrations	 of	 P2,	 P3	 and	 P6	 to	 1	 mg	 mL-1	 yielded	 polystyrene	

nanoparticles	with	sizes	of	216	nm	for	ME5,	245	nm	for	ME6	and	113	nm	for	ME7	(see	Table	

2	and	Figure	4).	Increasing	the	concentration	of	P2	to	1.5	mg	mL-1	(ME8	in	Table	2	and	Figure	

4)	resulted	in	a	further	decrease	of	the	nanoparticle	diameters	from	215	nm	to	178	nm.	
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The	influence	of	the	PEG	and	PfcGE	block	lengths	ratio	(PEG:PfcGE	varied	from	93:7	to	73:27)	

can	be	analyzed	by	 the	 comparison	of	 samples	ME5,	ME6	 and	ME7.	 The	 concentration	of	

these	four	samples	is	almost	same	(ca.	1	mg	ml-1)	and	therefore	the	nanoparticle	sizes	can	

be	compared	and	the	differences	can	be	considered	as	an	impact	of	the	block	lengths	ratio.	

Sample	 P6	 with	 the	 largest	 hydrophobic	 PfcGE	 block	 fraction	 (with	 27.2	 mol%	 fcGE)	

produces	smaller	PS	nanoparticles	(113	nm)	as	P2	(216	nm)	and	P3	(245	nm)	(with	7.3	and	

8.2	 mol%	 fcGE).	 PS	 nanoparticles	 synthesized	 with	 Lutensol	 AT50	 have	 mean	 diameters	

(193	nm	 for	ME9)	 in	 the	 same	 order	 of	magnitude.	 Also,	 nanoparticle	 sizes	 do	 not	 differ	

significantly	at	concentrations	above	1	mg	mL-1	for	Lutensol	AT50,	which	can	be	concluded	

comparing	ME9	(193	nm	at	1.03	mg	mL-1)	and	ME10	with	236	nm	(at	8.33	mg	mL-1).	

Besides	the	stabilization	of	a	free	radical	polymerization	 in	miniemulsion,	the	fc-containing	

surfactants	 were	 studied	 in	 the	 solvent	 evaporation	 miniemulsion.250	 The	 results	 for	 the	

samples	SE1,	SE2	and	SE3	 (Table	3	and	Figure	5)	show	very	polydisperse	PS	nanoparticles.	

Compared	to	the	samples	ME1,	ME2	and	ME3	–	with	similar	surfactant	concentrations		the	

solvent	evaporation	process	yielded	much	larger	mean	diameters	of	around	956	–	550	nm.	

Increasing	 the	 surfactant	 amount	 to	 0.82	 mg	 mL-1	 for	 SE4	 and	 0.73	 mg	 mL-1	 for	 SE5	

generated	smaller	nanoparticles	 compared	 to	SE1	 and	SE2	 as	expected.	 In	general,	 the	PS	

nanoparticles	synthesized	by	solvent	evaporation	miniemulsion	are	much	bigger,	 than	the	

nanoparticles	 synthesized	 by	 the	 miniemulsion	 polymerization,	 regardless	 of	 the	 utilized	

surfactant	concentrations.	The	experiment	SE6	did	not	yield	any	nanoparticles,	because	the	

emulsion	 destabilized	 and	 phase	 separated	 during	 the	 solvent	 evaporation	 process.	 The	

hydrophobic	 character	 of	P6	 seem	 to	 be	 prevailing	 and	 therefore	P6	 not	 suitable	 for	 the	

application	in	solvent	evaporation	miniemulsions	at	higher	surfactant	concentrations.	
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Table	3.	Results	of	generated	PS-nanoparticles	according	to	miniemulsion	approach	in	combination	

with	solvent	evaporation.	

code	 typ	of	

surfactant	

surfactant	concentration	

[mg/mL]	

water	to	monomer	

ration	

d	[nm]a	

SE1	 P2	 0.42	 5:0.03	 956	

SE2	 P3	 0.34	 5:0.03	 550	

SE3	 P6	 0.13	 5:0.03	 874	

SE4	 P2	 0.82	 5:0.03	 522	

SE5	 P3	 0.73	 5:0.03	 512	

SE6	 P6	 0.72	 5:0.03	 -	

a)	Determined	by	Dynamic	light	scattering	(DLS)	analysis.	b)	Under	argon	atmosphere.	

	

	

Figure	5.	SEM	pictures	of	PS	nanoparticles	generated	by	direct	miniemulsion	in	combination	

with	solvent	evaporation	P2	(SE1	and	SE4),	P3	(SE2	and	SE5)	and	P6	(SE3)	–	scale	bar=1	µm.	

	

Redox-	 and	 pH-triggered	 destabilization	 of	 the	 different	 miniemulsions	 were	 studied	 in	

details.	Therefore,	the	emulsions	were	acidified	to	 lower	the	pH	values	(pH	=	1,	3,	5,	7)	or	

oxidants	 (different	 concentrations	 of	 H2O2,	 AgNO3	 or	 KMnO4)	 were	 added	 to	 oxidize	

ferrocene	 to	 the	 ferrocenium	 ion.	 After	 oxidation	 with	 acid	 or	 oxidant	 the	 hydrophilic-

lipophilic	balance	 (HLB)	of	 the	surfactant	 is	altered	and	the	nanoparticle	dispersion	should	
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be	destabilized,	resulting	in	the	precipitation	of	the	nanoparticles.	Figure	6	summarized	the	

destabilization	 behavior	 of	miniemulsions	 stabilized	with	 the	 redox-responsive	 surfactants	

P2	 and	P3	 in	comparison	 to	 the	miniemulsions	stabilized	with	Lutensol	AT50,	which	 is	not	

redox-	 or	 pH-	 responsive.	Destabilization	of	ME1	 and	ME2	with	 36%	H2O2	 solution	occurs	

after	one	day,	whereas	the	destabilization	after	treatment	with	18%	and	8%	H2O2	as	well	as	

HCl	 decreasing	 the	 pH	 to	 1	 and	 3	 occurs	 after	 three	 days.	 At	 pH	 5	 the	 destabilization	

behavior	was	slower	 than	at	pH	3	and	proceeded	over	5	days.	 In	neutral	pH	solutions	 the	

miniemulsion	 remained	 stable	 over	 at	 least	 2	 weeks	 –	 as	 it	 is	 expected.	 The	 Lutensol-

stabilized	nanoparticles	did	not	destabilize	in	any	case	as	expected,	since	it	does	not	include	

any	redox-	or	pH-sensitive	group.	

	
	 ME1	 ME2	 ME10	

After	

1	day	
	 	 	

After	

3	days	
	 	 	

After	

5	days	
	 	 	

After	

7	days	

	 	 	

Figure	 6.	 Destabilization	of	 PS	 nanoparticles	 stabilized	with	P2	 and	P3	 as	well	 as	 Lutensol	

AT50	at	pH	=	1,	3,	5,	7	or	37%,	18%	or	8%	H2O2	detected	over	1	week.	
	

In	addition,	miniemulsions	with	different	concentrations	of	P2	and	P3	were	analyzed	under	

same	 conditions	 with	 same	 results,	 proving	 concentration	 independent	 destabilization	
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kinetics.	 Indeed,	 significant	differences	were	determined	 for	miniemulsions	 stabilized	with	

P6,	which	showed	faster	destabilization		probably	because	of	a	larger	PfcGE	block	as	in	P2	or	

P3	including	less	ferrocene.	For	example,	at	pH	1	or	with	36%	H2O2	the	destabilization	of	P6	

occurred	 immediately.	 Furthermore,	 solutions	 with	 other	 oxidants	 AgNO3	 and	 KMnO4	

instead	of	H2O2	were	tested	leading	in	flocculation	of	the	nanoparticles	after	1	day.	
	

	

Conclusion	

	

PEG-based	 ferrocene-containing	 amphiphilic	 block	 copolymers	 have	 been	 synthesized	 by	

anionic	 polymerization.	 PEG	 monomethyl	 ether	 was	 used	 as	 a	 macroinitiator	 for	 the	

polymerization	of	 fcGE.	 The	 amphiphilic	 properties	 are	 characterized	by	 calculation	of	 the	

formal	HLB	values	and	the	determination	of	the	CMCs,	which	are	similar	compared	to	other	

polymeric	nonionic	surfactants,	such	as	Lutensol	AT50.	The	hydrophilic/lipophilic	balance	for	

the	 PEG-b-PfcGE	was	 varied	 from	5.6	 to	 14.9	 by	 varying	 the	 block	 ratios.	 The	 synthesized	

amphiphilic	 block	 copolymers	 were	 utilized	 for	 the	 oil-in-water	 miniemulsion	 process	

(miniemulsion	 polymerization	 and	 solvent	 evaporation	 protocol)	 to	 stabilize	 PS	

nanoparticles.	The	impact	of	different	surfactant	concentrations	as	well	as	the	block	lengths	

ratio	 of	 the	 polymers	 on	 the	 particle	 sizes	 were	 analyzed.	 Destabilization	 studies	 were	

performed	under	oxidative	conditions	using	acids	and	oxidation	agents.	We	hope	that	 this	

new	 type	 of	 amphiphilic	 ferrocene	 block	 copolymers	 will	 find	 application	 as	 “smart”	

responsive	surfactants.	
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3.1.1 Supporting Information 

	

	

Experimental	Section	

	

Instrumentation.	 1H	 NMR	 spectra	 (300,	 400	MHz)	 and	 13C	 NMR	 spectra	 (75.5	MHz)	 were	

recorded	using	a	Bruker	AC300	and	a	Bruker	AMX400.	All	spectra	were	referenced	internally	

to	 residual	 proton	 signals	 of	 the	 deuterated	 solvent.	 For	 SEC	 measurements	 in	 DMF	

(containing	0.25	g·L-1	of	lithium	bromide	as	an	additive)	an	Agilent	1100	Series	was	used	as	

an	 integrated	 instrument,	 including	 a	 PSS	 HEMA	 column	 (106/105/104	g·mol-1),	 a	 UV	

detector	 (275	nm),	and	a	RI	detector	at	a	 flow	rate	of	1	mL·min-1	at	50	°C.	Calibration	was	

carried	 out	 using	 PEO	 standards	 provided	 by	 Polymer	 Standards	 Service.	 Matrix-assisted	

laser	desorption/ionization	time-of-flight	(MALDI-ToF)	measurements	were	performed	using	

a	Shimadzu	Axima	CFR	MALDI-TOF	mass	spectrometer,	employing	dithranol	(1,8-dihydroxy-

9(10H)-anthracenone)	 as	 a	 matrix.	 Scanning	 electron	 microscopy	 (SEM)	 of	 the	 formed	

nanoparticles	 was	 operated	 at	 a	 Zeiss	 1530	 LEO	 Gemini	 microscope	 with	 a	 accelerating	

voltage	 of	 0.2	 kV	 and	 a	 working	 distance	 of	 ~3	 mm.	 Therefore,	 the	 nanopartciles	 were	

diluted	in	water,	dropped	onto	a	silica	wafer	and	dried	under	ambient	conditions.	

Dynamic	light	scattering	was	used	to	detect	the	hydrodynamic	diameter	of	the	nanoparticles	

by	a	Nicomp	380	Submicron	particle	Sizer	(PSS-Nicomp)	at	a	fixed	scattering	angle	of	90	°C.	

10	µL	of	the	emulsion	was	diluted	in	1000	µL	distilled	water.	Critical	micelle	concentration	

was	measured	by	 isothermal	 titration	calorimetry	using	a	MicroCal	VP-ITC	 (GE	Healthcare,	

Piscataway,	USA).	Therefore,	a	stock	solution	of	each	polymer	(concentration	of	P2	8	g/L,	of	

P6	 2	g/L)	was	added	dropwise	 (2	µl	 in	25	 steps)	 into	an	 ITC	chamber	at	25	 °C.	During	 the	

measurement,	 the	 heat	 flow	was	 detected,	whereas	 an	 exothermic	 heat	 flow	 contributes	

from	 dilution	 of	 the	 surfactant	 solution,	 which	 decreases	 the	 surfactant	 concentration.	

Micelle	 formation	below	the	cmc	 leads	 in	an	endothermic	heat	 flow.	The	addition	of	both	

terms	maintained	a	minimum	of	the	heat	flow	at	the	cmc.	
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Reagents.	 Solvents	 and	 reagents	 were	 purchased	 from	 Acros	 Organics,	 Sigma-Aldrich	 or	

Fluka	 and	 used	 as	 received,	 unless	 otherwise	 stated.	 Chloroform-d1	 and	 benzene-d6	 were	

purchased	 from	 Deutero	 GmbH.	 fcGE	 was	 synthesized	 according	 to	 the	 published	

procedures.85	 fcGE	 and	mPEG	were	 dried	 by	 azeotropic	 distillation	 of	 benzene	 to	 remove	

traces	 of	 water.	 Styrene	 was	 purified	 by	 column	 chromatography	 over	 neutral	 Al2O3	 and	

stored	at	4	°C.	

General	Procedure	 for	 the	polymerization	of	 fcGE:	 (mPEG-b-PfcGE).	 The	 initiator,	800.0	mg	

(0.1600	 mmol)	 mPEG,	 and	 24.2	 mg	 (0.1441	 mmol,	 0.9	 eq.)	 of	 cesium	 hydroxide	

monohydrate	were	placed	 in	a	100	mL	Schlenk	 flask	and	suspended	 in	10	mL	of	benzene.	

The	mixture	was	stirred	at	60	°C	under	an	argon	atmosphere	for	1	h	and	evacuated	at	40	°C	

(10-2	mbar)	 for	 12	h	 to	 remove	 benzene	 and	 the	 water	 formed	 (as	 an	 azeotrope	 with	

benzene)	to	generate	the	corresponding	cesium	alkoxide.	The	flask	was	filled	with	argon	and	

cooled	 to	 room	 temperature,	 and	 then	 fcGE	 (824.4	 mg	 (3.029	 mmol)	 was	 added.	 The	

reaction	mixture	was	heated	up	to	100	°C	and	stirred	for	24	h	before	the	living	chain	ends	

were	 terminated	with	methanol	 and	 the	block	 copolymer	was	precipitated	 in	 cold	 diethyl	

ether	to	get	rid	of	unreacted	fcGE.	The	block	copolymer	was	obtained	as	a	yellow	to	orange	

solid.	Yields:	70-85%.	1H	NMR	(C6D6,	400	MHz):	δ(ppm)	=	4.40-4.15	(br,	4H,	-O-CH2-Cp(2,	5)),	

4.15-3.92	(br,	7H,	-O-CH2-Cp(3,	4)-Fe-Cp),	3.60-3.38	(br,	PEG-backbone),	3.13	(s,	3H,	H3C-O-).	

	

General	Procedure	for	polymerization	of	styrene	by	miniemulsion:	PEO-b-PfcGE	(for	amount	

see	 Table	 2)	 was	 dissolved	 in	 2	 mL	 water.	 After	 a	 solution	 of	 56	 µL	 styrene,	 3.2	 µl	

hexadecane	and	0.5	mg	AIBN	was	added,	the	dispersion	was	stirred	for	1	h	at	1000	rpm.	The	

dispersion	was	treated	by	inverse	ultrasonication	at	70	%	amplitude	for	2	min	and	stirred	for	

24	h	at	72	°C.	Results	are	listed	in	Table	2.	

	

General	 Procedure	 for	 solvent	 evaporation	miniemulsion:	30	mg	 polystyrene	 (35	 kDa)	 and	

PEO-b-PfcGE	(for	amount	see	Table	3)	were	dissolved	in	1	g	CHCl3	and	added	to	5	mL	water.	

After	 stirring	 for	 1	 h,	 the	 dispersion	 was	 treated	 with	 ultrasonication	 at	 ½	 tip,	 70	 %	
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amplitude	 for	2	min	with	30	sec	puls	and	10	sec	pause.	Then	the	emulsion	as	stirred	with	

open	cap	at	35	°C	over	night.	Results	are	listed	in	Table	3.	

	

General	 Procedure	 for	 destabilization	 of	 polystyrene	 nanoparticles:	 0.1	mL	 emulsion	were	

added	to	0.75	mL	HCl	solution	with	different	pH	values	(pH	=	1,	3,	5	7)	or	oxidant	solutions	

(37	%,	18	%	or	8	%	H2O2,	4	mg/mL	KMnO4,	8	mg/mL	AgSO3CF3).	At	the	latest	after	3	days	the	

emulsions	 destabilized	 and	 the	 nanoparticles	 aggregated.	 As	 comparison	 also	 0.1	 mL	

polystyrene	 emulsion	 stabilized	 with	 SDS	 or	 Lutensol	 AT	 50	 was	 added	 to	 0.75	 mL	 HCl	

solutions	with	different	pH	values	or	hydrogen	peroxide	solution.	
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Abstract	

	

Ferrocenyl	 glycidyl	 ether	 (fcGE)	 and	 allyl	 glycidyl	 ether	 (AGE)	 are	 copolymerized	 via	 living	

anionic	 ring-opening	polymerization	to	generate	polyfunctional	copolymers	with	molecular	

weights	 up	 to	 40	300	g/mol	 and	 low	 molecular	 weight	 dispersities	 (Mw/Mn	 <1.18).	

Copolymerizations	were	 carried	 out	 in	 bulk	 at	 100	°C	 and	 unexpectedly	 found	 to	 proceed	

without	any	isomerization	of	the	allyl	double	bonds.	The	copolymerization	behavior	of	fcGE	

and	 AGE	 was	 monitored	 by	 in-situ	 quantitative	 13C	 NMR	 kinetic	 measurements	 in	 bulk,	

evidencing	 the	 formation	 of	 random	 copolymers	 under	 these	 conditions,	 showing	 no	

gradient	 of	 comonomer	 incorporation.	 The	 redox-active	 behavior	 of	 the	 copolymers	 and	

homopolymers	 of	 fcGE	 was	 studied	 by	 cyclovoltammetry	 (CV).	 In	 order	 to	 demonstrate	

possible	postmodification	reactions,	the	random	copolymers	were	modified	with	N-acetyl-L-

cysteine	 methyl	 ester	 via	 a	 thiol-ene	 addition.	 All	 polymers	 have	 furthermore	 been	

characterized	 by	 1H	 NMR	 spectroscopy,	 DOSY	 1H	 NMR	 spectroscopy,	 size	 exclusion	

chromatography	(SEC),	and	MALDI-ToF	mass	spectrometry.	

	

	

Introduction	

	

Metallocene-containing	polymers,	particularly	materials	based	on	ferrocene	(fc),	are	unusual	

polymers	due	to	their	unique	physical	and	chemical	properties.95,251	Ferrocene	is	thermally	

very	 stable	 (up	 to	 454	°C)252,	 and	 it	 can	 be	 oxidized	 reversibly	 to	 the	 ferrocenium	 ion,	

rendering	it	a	highly	interesting	organometallic	group	for	materials	for	various	applications.	

For	example,	fc	is	used	as	electroactive	material	in	amperometric	glucose	sensors144	and	as	a	

catalyst145-147	in	fuel	for	the	oxidation	of	soot.148,253	Furthermore	fc-containing	materials	are	

currently	also	discussed	for	biomedical	applications,	since	ferrocene	and	its	derivatives	have	

proven	 to	 be	 active	 against	 cancer	 cells,25,30,53,254	 fungal	 infections,37	malaria38,255	 and	 also	

the	human	immunodeficiency	virus	(HIV).16,17,36,256,257	

Ferrocene	(or	other	metallocenes)251	can	be	introduced	into	polymeric	structures	via	several	

approaches:	(i)	either	fc-containing	monomers	are	polymerized	to	generate	structures	with	
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fc	 in	 the	main	 chain	or	 as	pendant	 groups,	 or	 (ii)	 fc-groups	 are	 attached	 to	 a	multivalent,	

prefabricated	 polymer	 as	 side	 chains	 subsequent	 to	 polymerization.	 The	 latter	 strategy	 is	

often	 preferred,	 since	 special	 monomer	 syntheses	 can	 be	 circumvented;258	 however,	 in	

many	cases	the	degree	of	functionalization	is	difficult	to	control.	Such	polymer	modifications	

are	often	used	to	generate	random	copolymers	(not	necessarily	with	fc),	especially	in	radical	

polymerization,	 where	 direct	 copolymerization	 of	 different	 monomers	 often	 results	 in	

gradient	or	block-like	structures.259	

Direct	copolymerization	needs	to	be	applied	to	place	fc	in	the	polymer	backbone,	which	can	

be	 achieved	 by	 ring-opening	 polymerization	 (ROP)	 of	 metallocenophanes260,261	 to	 obtain	

main-chain	poly(metallocene)s,262	while	the	polymerization	of	vinylferrocene	or	fc-acrylates	

attaches	fc-groups	to	the	polymers’	side	chains.263,264		

The	 above-mentioned	 fc-containing	 polymers	 are	 usually	 hydrophobic.	 For	 many	 (and	

particularly)	 bio-applications,	 they	 have	 to	 be	 converted	 into	 water-soluble	 fc-containing	

materials	via	different	post-polymerization	modification	strategies.265	In	a	previous	work	we	

presented	 a	 general	 synthetic	 protocol	 to	 generate	 hydroxyl	 terminated	 poly(ferrocenyl-

silane)s	 (PFS)	 for	 use	 as	macroinitiators	 to	 prepare	water-soluble	 PEG	 chains	 as	 a	 second	

block	and	thus	 to	synthesize	amphiphilic,	water-soluble	PFS-b-PEG.68	 In	 the	context	of	 fast	

access	 to	water-soluble	 fc-containing	 polymers,	 we	 recently	 introduced	 ferrocene	 glycidyl	

ether	 (fcGE,	1)	 as	 a	 novel	 epoxide	monomer	 carrying	 a	 fc	 side	 chain.85	 Ferrocene	 glycidyl	

ether	was	utilized	for	living	anionic	ring-opening	polymerization:	1	was	homopolymerized	as	

well	 as	 copolymerized	 with	 ethylene	 oxide	 (EO)	 leading	 to	 water-soluble	 fc-containing	

copolymers	 (with	 fcGE	 contents	 up	 to	 10	mol%),	 which	 show	 a	 lower	 critical	 solution	

temperature	(LCST)	in	water.	The	copolymerization	was	studied	and	found	to	be	random	in	

the	case	of	EO	and	1.	Interestingly,	despite	the	bulky	fc-side	chain,	no	gradient	copolymers	

were	formed.	

The	 current	 work	 aims	 at	 two	 separate	 objectives:	 on	 the	 one	 hand	 it	 expands	 the	

applications	of	fcGE	to	polyvalent	materials	and	on	the	other	hand	it	presents	the	first	in	situ	

microstructure	 analysis	 throughout	 a	 bulk	 copolymerization	 via	 quantitative	 13C	 NMR	

spectroscopy.	Copolymerization	of	1	was	studied	with	a	functional	comonomer,	namely	allyl	

glycidyl	ether	(AGE;	2).	The	anionic	ROP	was	carried	out	in	bulk	aiming	at	novel,	polyvalent	
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fc-containing	polymers,	 i.e.	poly[(ferrocenyl	glycidyl	ether)-co-(allyl	glycidyl	ether)]	 (P[fcGE-

co-AGE]).	 The	 materials	 possess	 an	 adjustable	 number	 of	 redox-active	 ferrocenes	 and	

reactive	 double	 bonds,	 which	 can	 be	 addressed	 by	 further	 transformations	 (Scheme	 1).	

Conventional	characterization	of	the	copolymers	is	presented	in	section	A	of	the	Results	and	

Discussion	 part	 of	 this	 work.	 Thiol-ene	 addition	 was	 chosen	 as	 a	 proof-of-principle	

modification	to	confirm	that	all	allyl	double	bonds	are	addressable.		

As	 an	 unusual	 feature,	 we	 introduce	 in	 part	 B	 the	 in	 situ	 quantitative	 13C	 NMR	 kinetic	

measurements	 in	bulk.	This	general	method	allows	receiving	 integratable	 13C	NMR	spectra	

within	minutes	and	permits	to	follow	the	polymerization	until	completion	over	a	period	of	

several	hours	to	assess	comonomer	reactivity.		

	

Scheme	 1.	 Synthetic	 protocol	 for	 the	 anionic	 copolymerization	 of	 fcGE	 and	 AGE	 with	

subsequent	thiol-ene	modification.	
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Results	and	Discussion	

	

An	important	feature	for	any	copolymerization	is	the	resulting	comonomer	sequence,266	i.e.,	

the	microstructure,	of	the	polymer	chain.267,268	Ionic	polymerization	permits	tailoring	of	the	

monomer	 sequence	 by	 several	 handles,	 such	 as	 the	 counter-ion	 or	 solvent.	 The	 averaged	

monomer	 sequence	 distribution	 can	 be	 investigated	 subsequent	 to	 polymerization	 via	 13C	

NMR	 spectroscopy,	 i.e.	 triad	 distribution.	 However,	 it	 is	 desirable	 to	 follow	 the	monomer	

sequence	throughout	the	polymerization	process	in	situ	in	order	to	directly	monitor	gradient	

formation	in	the	growing	polymer	chain.	In	previous	works,	in	situ	1H	NMR	spectroscopy	was	

used	to	monitor	the	copolymerization	behavior	of	two	monomers	in	solution.160,161	With	this	

technique	several	carb-	and	oxyanionic	comonomer	pairs	(usually	with	EO	as	a	comonomer)	

have	been	investigated	in	unprecedented	detail	in	recent	years.		

	

	

Polymer	Synthesis	and	Characterization	

Oxyanionic	 copolymerization	 of	 epoxides	 allows	 the	 synthesis	 of	 polyfunctional	 PEG-like	

materials.158,180,269,270	 In	 this	 study	 we	 developed	 novel	 copolymers	 that	 are	 based	 on	 a	

flexible	 polyether	 backbone	 and	 multiple	 functions:	 (i)	 ferrocene	 moieties	 that	 can	 be	

addressed	by	reversible	redox	chemistry	which	can	be	used	 in	sensors	or	as	drugs,	and	(ii)	

multiple	 double	 bonds	 that	 can	 be	 post-modified	 in	 several	 reactions	 to	 attach	 labels	 or	

targeting	moieties	which	would	not	sustain	an	anionic	polymerization.	

For	the	copolymerization	of	1	and	2,	the	cesium	salt	of	benzene-1,4-dimethanol	was	used	as	

the	respective	initiator.	All	polymerizations	were	performed	in	the	absence	of	solvent	in	bulk	

at	 100	 °C	 over	 a	 period	 of	 several	 hours	 until	 complete	 conversion	 was	 achieved.	 A	

copolymerization	temperature	of	approximately	100	°C	 is	required	to	achieve	an	adequate	

reaction	rate,	which	is	shown	in	Figure	S1	where	the	temperature	dependency	is	shown	by	

SEC	traces	of	polymer	samples	synthesized	at	different	temperatures.	After	24	h	at	70°C	or	

80°C	only	incomplete	conversion	was	detected	via	SEC.	When	the	reaction	temperature	was	

raised	to	100°C,	after	24	h	complete	conversion	and	monomodal	SEC	traces	were	obtained.	

With	the	optimized	reaction	conditions,	all	(co-)polymers	synthesized	herein	exhibit	narrow	
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molecular	 weight	 distributions	 (Mw/Mn<1.18	 and	 below	 1.1	 in	 most	 cases),	 and	 their	

molecular	weight	was	 controllable	by	 the	monomer	 initiator	 ratio	 as	 expected	 for	 a	 living	

polymerization.	

	

	

Figure	1.	Typical	SEC	traces	of	three	copolymers	(DMF,	RI	detection,	1	mL/min,	40°C).	

	

Figure	1	shows	three	SEC	traces,	which	are	representative	of	all	polymers	shown	in	Table	1.	

PFA4	and	PFA6	exhibit	low	dispersities	(Ɖ<1.10)	and	PFA3	shows	a	slightly	broader	molecular	

weight	distribution	(Ɖ=1.18),	most	probably	due	to	increased	viscosity	during	the	generation	

of	higher	molecular	weight	material	in	the	bulk	polymerization	or	due	to	transfer	reactions	

because	of	a	high	reaction	temperature	and	bulk	conditions.	(Figures	S2-S5	show	additional	

SEC	 traces).	 Table	1	 lists	 the	molecular	weights	and	 composition	data	 for	 the	 copolymers.	

The	 molecular	 weights	 of	 all	 (co-)polymers	 determined	 from	 SEC	 are	 underestimated	

compared	to	the	molecular	weights	by	end	group	analysis	from	the	1H	NMR	spectra	(Figures	

2	and	S6).	As	the	molecular	weight	dispersity	is	low,	a	controlled	polymerization	mechanism	

appears	 to	 occur	 even	 in	 bulk,	 and	 the	 discrepancy	 between	 SEC	 and	 absolute	molecular	

weight	 is	 related	 to	 the	apparent	molecular	weights	obtained	 from	SEC	with	 conventional	

calibration.		
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The	 molecular	 weights	 calculated	 from	 the	 1H	NMR	 spectra	 are	 in	 good	 agreement	 with	

theoretical	values.	To	calculate	 the	Mn	values,	 the	 resonances	of	 the	 initiator	at	7.34	ppm	

(aromatic	protons)	 and	4.42	ppm	 (resonances	of	 the	benzyl	 protons)	were	 integrated	and	

compared	to	the	protons	of	the	allyl	groups	(4.96-6.03	ppm)	and	to	the	residual	resonances	

of	the	backbone	protons	of	the	copolymer	(3.26-4.34	ppm).	

	

Table	 1.	Characterization	 data	 for	 P(fcGE-co-AGE)	 copolymers	 and	 homopolymers	 P(fcGE)	

and	P(AGE).	

no.	 sum	
fcGE/(fcGE

+AGE)	(%)	

Mn
a	

(g/mol)	

Mn
b	

(g/mol)	

Mn
c	

(g/mol)	
Ɖc	

Tgd	

(°C)	

PA1	 C6H4(CH2O)2-[P(AGE117)]2	 0	 30	000	 26	700	 5	600	 1.12	 -77	

PFA1	
C6H4(CH2O)2-[P(fcGE12-co-

AGE138)]2	
8.0	 49	000	 38	200	 3	500	 1.17	 -74	

PFA2	
C6H4(CH2O)2-[P(fcGE12-co-

AGE114)]2	
9.0	 26	000	 32	400	 2	200	 1.08	 -71	

PFA3	
C6H4(CH2O)2-[P(fcGE20-co-

AGE128)]2	
13.6	 52	000	 40	300	 3	200	 1.18	 -77	

PFA4	
C6H4(CH2O)2-[P(fcGE32-co-

AGE73)]2	
30.5	 32	000	 34	300	 2	200	 1.09	 -52	

PFA5	
C6H4(CH2O)2-[P(fcGE5-co-

AGE6)]2	
41.9	 4	800	 4	630	 2	200	 1.11	 -58	

PFA6	
C6H4(CH2O)2-[P(fcGE50-co-

AGE43)]2	
54.0	 39	000	 37	000	 1	900	 1.09	 -38	

PF1	 C6H4(CH2O)2-[P(fcGE55)]2	 100	 27	000	 30	100	 1	700	 1.14	 -8	

a)	 Theoretical	 molecular	 weight	 according	 to	 initiator	 concentration	 (see	 Table	 S1	 for	

details);	b)	Mn	determined	from	1H	NMR	by	end	group	analysis;	c)	Mn	determined	via	SEC	in	

DMF	vs	PEG	standards,	Ɖ=Mw/Mn.	d)	Determined	from	differential	scanning	calorimetry.	

	

All	copolymers	were	further	characterized	via	DOSY	1H	NMR	spectroscopy;	Figure	2	displays	

the	 DOSY	 1H	 NMR	 spectrum	 of	 PFA2	 as	 an	 example.	 The	 x-axis	 shows	 the	 conventional	
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1H	NMR	spectrum	(highly	magnified	to	show	the	initiator’s	resonances),	and	the	y-axis	gives	

the	diffusion	coefficient.	From	the	2D	plot	it	is	obvious	that	all	resonances	of	the	1D	1H	NMR	

spectrum	(except	for	the	solvent	signal	of	benzene	at	7.16	ppm)	stem	from	the	polymer	plus	

the	initiator,	since	they	exhibit	the	same	diffusion	coefficient.		

From	the	1H	NMR	spectra	the	allyl	double	bonds	can	be	clearly	detected	and,	in	contrast	to	

anionic	 ring-opening	 polymerization	 of	 AGE	 in	 previous	 works,271	 no	 isomerization	 of	 the	

terminal	 double	 bonds	 was	 detected	 under	 the	 reaction	 conditions	 chosen	 (bulk,	 100°C,	

24h).	We	assume	that	the	strict	absence	of	solvent	and	the	use	of	cesium	alkoxides	 in	our	

case	 reduces	 isomerization	 compared	 to	 the	 respective	 potassium	 alkoxide	 propagating	

species	prepared	from	potassium	naphthalenide	solution.	

	

	

Figure	2.	DOSY	1H	NMR	spectrum	of	P(fcGE-co-AGE)	(PFA2,	C6D6,	500	MHz,	298	K).	

	

To	 further	 confirm	 incorporation	 of	 both	monomers	 and	 the	 initiator	 into	 the	 copolymer	

structure,	 matrix-assisted	 laser	 desorption/ionization	 time-of-flight	 mass	 spectrometry	



Chapter	4:	Monomer	Sequence	Monitoring	by	Real-Time	NMR	Spectroscopy	

	

	

166	

(MALDI-ToF	 MS)	 was	 used.	 Figure	 3	 shows	 the	 MALDI-ToF	 mass	 spectrum	 of	 PFA5.	 The	

repeating	 units	 with	 114	g/mol	 for	 AGE	 (blue)	 and	 272	g/mol	 for	 fcGE	 (red)	 are	 clearly	

recognizable	 and	marked	with	 arrows.	 Each	detected	 signal	 corresponds	 to	 the	mass	 of	 a	

linear	combination	of	both	monomers	in	the	copolymer	(in	Figure	3	two	peaks	are	marked	

exemplarily,	using	silver	cations	as	counter	ions).	

	

	
Figure	3.	MALDI-ToF	mass	spectrum	of	P(fcGE-co-AGE)	(PFA5).	

	

	

In	situ	13C	NMR	Copolymerization	Kinetics	

	

Epoxide	copolymerization	in	bulk,	 i.e.,	avoiding	the	addition	of	a	solvent	is	attractive,	since	

work-up	procedures	and	 scale-up	are	greatly	 facilitated.	As	 the	comonomer	distribution	 is	

crucial	for	direct	copolymerization,	a	robust	method	for	in	situ	monitoring	of	the	monomer	

consumption	 is	 necessary.	 A	 general	 quantitative,	 in	 situ	 monitoring	 method	 for	 bulk	
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(co)polymerizations	 based	 on	 13C	 NMR	 spectroscopy	 was	 developed.	 To	 the	 best	 of	 our	

knowledge,	 quantitative	 13C	 NMR	 spectroscopy	 has	 not	 been	 used	 to	 follow	

copolymerizations	 in	 situ.	 This	 is	 due	 to	 the	 low	 natural	 abundance	 of	 NMR-active	 13C	

isotopes,	making	 quantitative	measurement	 in	 a	 deuterated	 solvent	 time-consuming,	 i.e.,	

too	slow	for	a	kinetic	study.	In	this	case	13C-enriched	compounds	would	be	necessary.	 	We	

recently	 used	 1H	 NMR	 to	 monitor	 anionic	 copolymerizations	 in	 situ	 (i.e.	 conducting	 the	

copolymerization	directly	in	an	NMR-tube	in	a	deuterated	solvent	in	the	spectrometer),	as	it	

is	 a	 readily	 accessible	 and	 quantitative	 method	 to	 follow	 the	 consumption	 of	 both	

monomers.158,161		In	a	previous	work,	we	were	able	to	prove	by	1H	NMR	kinetic	studies	that	

fcGE	forms	random	copolymers	with	EO	in	solution	(DMSO	or	DMSO/THF	mixtures).85	

Following	ionic	bulk	(co)polymerizations	via	conventional	NMR,	the	addition	of	any	solvent	

would	alter	the	polymerization	behavior	of	the	ionic	propagating	species	and	could	influence	

comonomer	 incorporation.	However,	 copolymerization	of	1	 and	2	was	 conducted	without	

any	solvent,	thus	conventional	NMR	becomes	impossible.	However,	in	a	bulk	polymerization	

the	 natural	 abundance	 of	 13C	 isotopes	 is	 sufficient	 to	 obtain	 a	 quantitative	 13C	 NMR	

spectrum	within	minutes.	For	the	epoxide	copolymerizations	we	found	that	13C	NMR	spectra	

can	 be	measured	 in	 situ	 and	 in	 bulk	 as	 the	 viscosity	 is	 low	 enough	 to	 obtain	 quantitative	

spectra.	This	general	protocol	allows	elucidating	the	microstructure	of	the	growing	polymer	

at	any	time	point	throughout	the	reaction	(compare	the	Experimental	Section	for	details).	As	

here	 no	 solvent	 dilutes	 the	 13C-concentration	 of	 the	 monomers,	 the	 natural	 abundance	

suffices	 to	 obtain	 a	 quantitative,	 i.e.integratable,	 13C	 NMR	 spectrum	 within	 minutes.	 The	

reaction	can	be	conducted	in	a	conventional	NMR	spectrometer	in	a	standard	NMR	tube.	It	

is	important	that	the	viscosity	of	the	reaction	mixture	allows	the	full	relaxation	of	all	carbon	

atoms	that	are	monitored	 (for	 further	details	please	 refer	 to	 the	Experimental	Part).	 In	an	

initial	 experiment	 traces	 of	 benzene	 were	 added	 to	 the	 reaction	 mixture	 as	 an	 internal	

standard	 which	 did	 not	 change	 its	 integral	 throughout	 the	 polymerization.	 Thus,	 the	

monomer	consumption	during	 the	copolymerization	 in	bulk	can	be	monitored	at	any	 time	

point	 throughout	 the	 polymerization	 by	 integration	 of	 the	 epoxide	 carbon	 resonances	 of	

each	comonomer	(Figure	4	&	Figures	S7,	S8).	
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Figure	4.	13C	NMR	 in	situ	kinetics	of	the	anionic	ring-opening	copolymerization	of	fcGE	and	

AGE	(monomer	ratio	1:1.2)	with	a	zoom	into	the	methine	carbons	at	ca.	50	ppm	(no	solvent,	

126	MHz;	363	K).	

	

In	the	case	of	1	and	2	the	resonances	for	the	substituted	carbons	in	both	epoxides,	i.e.	the	

methine	 groups	 (at	 50.65	 and	 50.8	 ppm,	 compare	 Figure	 4),	 were	 compared	 during	 the	

reaction	to	determine	the	comonomer	consumption.	The	methylene	resonances	can	also	be	

used,	 however,	 the	 chemical	 shift	 difference	 is	 lower	 in	 this	 case.	 In	 both	 cases	 it	 was	

secured	 by	 internal	 standards	 (e.g.	 the	 double	 bonds	 of	 AGE,	 substituted	 carbon	 atom	of	

ferrocene	which	 remain	unchanged	during	 the	measurement	or	addition	of	benzene).	The	

growing	 polymer	 backbone	 is	 also	 visible	 in	 the	 spectra,	 but	 cannot	 be	 used	 for	 reliable	

integration	 due	 to	 its	 longer	 relaxation	 times.	 In	 Figure	 5	 (and	 Figure	 S9)	 the	 monomer	

concentrations	 for	 two	 different	monomer	 ratios	 are	 plotted	 against	 the	 total	 conversion	
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(percentage,	 note:	 the	monomer	 concentrations	 in	 the	 first	 13C	NMR	 spectrum	 are	 set	 to	

100%).	

	

	
Figure	5.	Percentage	of	monomer	concentration	vs.	total	conversion	for	copolymerization	of	

fcGE	and	AGE	(monomer	ratio	1:1.2)	determined	from	quantitative	13C	NMR	kinetics	in	bulk.	

	

For	both	comonomer	ratios	a	random	distribution	of	AGE	and	fcGE	under	these	conditions	

(bulk,	 100°C)	was	 found.	 This	 is	 in	 good	 agreement	with	 previous	works	 showing	 random	

incorporation	of	several	glycidyl	ethers	upon	copolymerization	with	EO	conducted	 in	polar	

solvents	(such	as	THF	or	DMSO).158,161		Since	the	copolymerization	of	1	and	2	is	conducted	in	

bulk,	one	cannot	necessarily	assume	the	same	reactivity	ratios	for	this	system	as	in	the	case	

of	 copolymerization	 with	 EO	 studied	 in	 various	 solvents.	 However,	 also	 for	 the	 herein	

investigated	comonomer	pair,	we	were	able	to	prove	that	both	monomers	are	consistently	

incorporated	at	the	same	rate	throughout	the	whole	polymerization.		

Properties	of	P(fcGE-co-AGE)	Copolymers	

	

Thermal	 Analysis.	 Thermal	 analysis	 of	 all	 copolymers	 was	 carried	 out	 using	 differential	

scanning	calorimetry	(DSC).	The	determined	Tgs	increase	with	increasing	amount	of	1	in	the	
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copolymer	 structure	 from	 -77	 °C	 for	 the	 PAGE	 homopolymer	 to	 -8	 °C	 for	 the	 PfcGE	

homopolymer.	

Due	to	the	lack	of	tacticity	and	the	sterically	demanding	side	chains	of	allyl-	and	ferrocenyl-

groups	 a	 fully	 amorphous	polymer	 is	 obtained.	 The	 linear	 increase	of	 the	 Tgs	 indicates	 an	

increase	 in	 the	 fcGE-content	 of	 the	 copolymers,	 which	 was	 proven	 before	 via	 1H	 NMR	

spectroscopy	and	can	be	also	seen	with	the	naked	eye	from	the	color	of	the	samples	(Figure	

S10).	Cyclic	 voltammetry	measurements.	Fc	 can	be	oxidized	 reversibly	 by	 applying	 a	 cyclic	

potential,	 and	 this	 redox-active	 behavior	 can	 be	 studied	 by	 cyclic	 voltammetry.	 Two	

copolymers	with	different	fc	contents	were	studied	with	cyclic	voltammetry.	The	copolymer	

samples	 PFA1	 with	 8%	 fcGE	 and	 PFA5	 with	 42%	 fcGE	 incorporated	 were	 dissolved	 in	

dichloromethane	 at	 a	 concentration	 of	 5	g/L	 with	 0.1	M	 conducting	 salt	

(tetrabutylammonium	 hexafluorophosphate).	 Figures	 6,	 S11	 and	 S12	 show	 the	 cyclic	 volt-

ammograms	of	both	copolymers	and	in	addition	of	a	PfcGE	homopolymer.	

	

	

Figure	6.	Cyclic	voltammogram	of	copolymer	PFA5	with	42%	fcGE	(10	cycles).	
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As	 known	 from	 P(fcGE-co-EO)	 copolymers	 the	 oxidation	 is	 a	 homogeneous	 process	 for	

polyethers	based	on	fcGE.85	Adjacent	ferrocene	units	do	not	communicate	with	each	other,	

and	therefore	only	one	reversible	oxidation	is	observed.	Each	polymer	was	measured	in	10	

consecutive	cycles	without	any	decrease	in	current	density,	demonstrating	excellent	redox-

stability	of	the	ferrocene-containing	polyethers.	Furthermore,	UV	spectra	of	the	copolymer	

PFA6	before	and	after	oxidation	was	recorded	and	is	shown	in	Figure	7.	The	absorption	band	

is	 shifted	 from	 440	 to	 630	nm	 after	 oxidation	 with	 silver	 triflate	 in	 agreement	 with	

expectation.	

	

	
Figure	7.	UV	spectra	of	copolymer	PFA6	(yellow)	in	THF	and	after	oxidation	(blue)	in	water.	

	

	

Modification	of	the	double	bonds	

	

Thiol-ene	 reactions	 are	 known	 to	 be	 very	 efficient	 and	 are	 often	 used	 for	 polymer	 post-

modification	 reactions.	Due	 to	 the	 random	nature	 of	 the	 P(fcGE-co-AGE)	 copolymers	 they	

can	 be	modified	with	many	 different	 side	 chains	 that	 are	 all	 placed	 in	 a	 random	manner	
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along	 the	 polymer	 backbone	 together	 with	 ferrocene	 units	 and	 would	 not	 sustain	 the	

conditions	 of	 anionic	 polymerization.	 The	 P(fcGE-co-AGE)	 copolymers	 were	 post-modified	

via	 radical	 thiol-ene	 addition	 with	 N-acetyl-L-cysteine	 methyl	 ester	 as	 a	 model	 for	 a	

biomolecule	or	drug.	The	1H	NMR	spectra	of	 the	post-modified	copolymers	 (PFA1	&	PFA6)	

compared	to	the	starting	materials	are	shown	in	Figures	8	(and	S14,	S15)	and	display	a	high	

degree	 of	 functionalization	 up	 to	 90%.	 Quantitative	 functionalization	 was	 not	 achieved	

under	these	conditions	due	to	concurrent	isomerization,	as	the	reaction	needs	to	be	carried	

out	 in	 solution	 at	 elevated	 temperatures	 which	 favors	 isomerization	 of	 the	 allyl	 double	

bonds	as	mentioned	above.	The	resulting	cis-	and	trans-propenyl	ether	is	much	less	reactive	

in	 thiol-ene	 reactions	 than	 the	 allyl	 ether	 group,	 since	 it	 is	 a	 disubstituted	 olefin.43	 The	

postpolymerization	 functionalization	 is	 also	proven	by	 SEC	 (Figure	 S13).	 The	SEC	 curves	of	

modified	 copolymers	 are	 shifted	 to	 lower	 elution	 volumes	 as	 the	 molecular	 weight	

increases.	 All	 allyl	 groups	 were	 available	 for	 thiol-ene	 addition	 reaction,	 since	 no	

isomerization	had	occurred	during	copolymerization	in	bulk	at	100	°C.	However,	after	thiol-

ene	 addition	 conditions	 7	 to	 10%	 isomerized	 allyl	 groups	were	 observed.	 It	 is	 remarkable	

that	the	ferrocene	moiety	is	stable	in	the	presence	of	radicals.	
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Figure	8.	 1H	NMR	 spectra	of	 PFA1	 (300MHz,	C6D6,	 298K)	 and	 functionalized	polymer	 after	

thiol-ene	addition	of	N-acetyl-l-cysteine	methyl	ester.	

	

	

Conclusion	

	

We	have	demonstrated	the	synthesis	of	random	copolymers	of	ferrocenyl	glycidyl	ether	and	

allyl	glycidyl	ether	(P[fcGE-co-AGE])	with	varying	comonomer	ratios	by	living	oxyanionic	ring-

opening	copolymerization	in	bulk.	

Quantitative	 in	 situ	 13C	 NMR	 spectroscopy	 has	 been	 used	 for	 the	 first	 time	 to	 study	 the	

copolymerization	behavior	of	two	monomers	in	bulk.	By	recording	13C	NMR	spectra	in	bulk,	

quantitative	information	on	the	monomer	consumption	can	be	obtained	at	every	time	point	

throughout	 the	 reaction	 in	 order	 to	 determine	 the	 comonomer	 sequence.	 Due	 to	 the	

absence	of	any	solvent,	the	natural	abundance	of	13C	isotopes	is	sufficiently	high	to	record	

quantitative	13C	NMR	spectra	within	minutes	only,	making	this	method	very	interesting	and	

generally	 useful	 for	 many	 (slow)	 reactions	 in	 the	 melt.	 Notably,	 the	 method	 relies	 on	 a	

conventional	NMR	spectrometer.	



Chapter	4:	Monomer	Sequence	Monitoring	by	Real-Time	NMR	Spectroscopy	

	

	

174	

Having	confirmed	the	random	structure	of	the	copolymers,	the	allyl	groups	in	the	side	chains	

were	addressed	by	radical	thiol-ene	addition,	resulting	in	randomly	distributed	cysteine	and	

ferrocene	units	along	the	polyether	backbone.	The	redox	stability	of	the	ferrocene	moiety	in	

the	 copolymers	has	been	demonstrated	by	10	 consecutive	 cycles,	 showing	no	decrease	 in	

current	density.		

We	 believe	 that	 these	 functional	 materials	 expand	 the	 range	 of	 ferrocene-containing	

polymers,	 especially	 polyethers	 for	 manifold	 applications	 in	 materials	 science	 and	

biomedical	areas.		

	

	

Experimental	Section	

	

Instrumentation.	1H	NMR	spectra	(300,	400,	500	and	700	MHz)	and	13C	NMR	spectra	(75.5	

MHz)	were	recorded	using	a	Bruker	AC300,	a	Bruker	AMX400,	Bruker	Avance	500	and	Bruker	

Avance	III.	All	spectra	were	referenced	internally	to	residual	proton	signals	of	the	deuterated	

solvent.	 For	 SEC	 measurements	 in	 DMF	 (containing	 0.25	g·L-1	 of	 lithium	 bromide	 as	 an	

additive)	an	Agilent	1100	Series	was	used	as	an	integrated	instrument,	including	a	PSS	HEMA	

column	(106/105/104	g·mol-1),	a	UV	detector	 (275	nm),	and	a	RI	detector	at	a	 flow	rate	of	

1	mL·min-1	 at	 50	°C.	 Calibration	was	 carried	out	 using	PEO	 standards	provided	by	Polymer	

Standards	Service.	DSC	measurements	were	performed	using	a	PerkinElmer	7	series	thermal	

analysis	system	and	a	PerkinElmer	thermal	analysis	controller	TAC	7/DX	in	the	temperature	

range	from	-95	to	80	°C.	Heating	rates	of	20	K·min−1	were	employed	under	nitrogen.	

Matrix-assisted	 laser	 desorption/ionization	 time-of-flight	 (MALDI-ToF)	measurements	were	

performed	using	a	Shimadzu	Axima	CFR	MALDI-TOF	mass	spectrometer,	employing	dithranol	

(1,8-dihydroxy-9(10H)-anthracenone)	as	a	matrix.	

Cyclic	 voltammetry	 (CV)	 was	 carried	 out	 in	 a	 conventional	 three	 electrode	 cell	 using	 a	

μ-Autolab	 Type	 III	 potentiostat	 (Metrohm	 AG)	 and	 dichloromethane	 as	 a	 solvent	 under	

argon.	The	supporting	electrolyte	was	tetrabutylammonium	hexafluorophosphate	([0.1	M]).	

All	experiments	were	performed	at	25	°C.	A	glassy	carbon	disc	served	as	working	electrode	
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and	a	glassy	carbon	rod	as	counter	electrode.	As	reference	an	Ag/AgCl	electrode	(silver	wire	

in	saturated	LiCl/ethanol	solution)	was	employed.	

Reagents.	Solvents	and	reagents	were	purchased	from	Acros	Organics,	TCI,	Sigma-Aldrich	or	

Fluka	and	used	as	 received,	unless	otherwise	 stated.	Chloroform-d1,	benzene-d6,	DMSO-d6	

were	 purchased	 from	 Deutero	 GmbH.	 fcGE	 was	 synthesized	 according	 to	 the	 published	

procedures.85	 fcGE	 was	 dried	 by	 azeotropic	 distillation	 of	 benzene	 to	 remove	 traces	 of	

water.	AGE	was	dried	over	calcium	hydride	and	freshly	distilled	before	use.	

General	Procedure	for	the	copolymerization	of	fcGE	and	AGE:	(P(AGE-co-fcGE).	The	initiator,	

5.0	 mg	 (0.036	 mmol)	 benzene-1,4-dimethanole,	 and	 11.0	 mg	 (0.0655	 mmol,	 1.8	 eq.)	 of	

cesium	hydroxide	monohydrate	were	placed	in	a	100	mL	Schlenk	flask	and	suspended	in	10	

mL	of	 benzene.	 The	mixture	was	 stirred	 at	 60	°C	 under	 an	 argon	 atmosphere	 for	 1	 h	 and	

evacuated	 at	 60	°C	 (10-2	mbar)	 for	 12	h	 to	 remove	 benzene	 and	 the	water	 formed	 (as	 an	

azeotrope	with	 benzene)	 to	 generate	 the	 corresponding	 cesium	 dialkoxide.	 The	 flask	was	

filled	with	argon	and	cooled	to	room	temperature,	and	then	a	mixture	of	both	comonomers	

(200	 mg	 (0.735	 mmol)	 fcGE	 and	 953	 mg	 (8.35	 mmol)	 AGE	 (for	 a	 composition	 1:11)	 was	

added.	The	reaction	mixture	was	heated	up	to	100	°C	and	stirred	for	24	h	before	the	living	

chain	ends	were	terminated	with	methanol	and	the	copolymer	was	dialyzed	against	freshly	

distilled	dichloromethane	(MWCO	1,000	g·mol-1).	The	copolymer	was	obtained	as	an	orange	

to	dark	orange	viscous	liquid,	the	color	strongly	depending	on	fc	content	(Fig	S1).	Yields:	70-

90%.	1H	NMR	(C6D6,	700	MHz):	δ(ppm)	=	7.34	(s,	4H,	aromatic	protons	of	initiator),	6.03-5.73	

(br,	1H,	H2C=CH-CH2-O-),	5.42-4.96	(br,	2H,	H2C=CH-CH2-O-),	4.42	(s,	4H,	aliphatic	signals	of	

initiator),	 4.34-4.10	 (fc),	 4.10-3.26	 (residual	 protons:	 PEO	 backbone,	 R-CH2-O-	 CH2-

backbone).	

Polymer	 modification	 via	 thiol-ene	 addition.	 50	mg	 of	 the	 respective	 copolymer	 were	

dissolved	 in	 5	mL	 dimethylformamide	 and	 a	 10-fold	 molar	 excess	 of	 N-acetyl-L-cysteine	

methyl	 ester	 and	 19	 mg	 (0.75	eq.)	 of	 azobis(isobutyronitrile)	 (AIBN)	 with	 respect	 to	 the	

absolute	 number	 of	 allyl	 groups,	 were	 added.	 After	 three	 freeze-pump-thaw	 cycles	 (to	

remove	any	oxygen	from	the	system)	the	reaction	mixture	was	heated	to	75	°C	and	stirred	

for	 12	h.	 The	 reaction	 mixture	 was	 dialyzed	 against	 methanol,	 using	 benzoylated	 tubings	

(MWCO	1,000	g/mol)	over	a	period	of	48	h.	Yield:	95%-quantitative.	1H	NMR	(DMSO-d6,	300	
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MHz):	 δ(ppm)	 =	 8.36	 (d,	 J1	=	7.72	 Hz,	 NH),	 4.43	 (m,	 CH-NH),	 4.25-4.08	 (methylferrocenyl	

group),	3.63	(s,	-COOCH3),	3.58-3.23	(br,	PEO	backbone),	2.90-2.67	(m,	-CH-CH2-S-),	2.54	(t,	

J1	=	7.38	Hz,	J2	=	7.38	Hz,	-O-CH2-CH2-CH2-S-),	1.86	(s,	-NH-COCH3),	1.72	(m,	-O-CH2-CH2-CH2-

S-).		
1H	 DOSY	 NMR.	 The	 diffusion	 (DOSY,	 Diffusion	 Ordered	 Spectroscopy)44,45	 experiment	 was	

done	with	a	5	mm	BBI	z-gradient	probe	and	a	gradient	strength	of	5.350	[G/mm]	on	the	700	

MHz	NMR	Avance	 III	 system.	For	 the	proton	nucleus	 the	used	spectral	width	was	8400	Hz	

with	90°	pulse	of	9.0	µs.	For	the	calibration	of	the	gradient	strength,	a	sample	of	2H2O/1H2O	

was	 measured	 at	 a	 defined	 temperature	 and	 compared	 with	 the	 literature	 diffusion	

coefficient	of	2H2O/1H2O.46	The	used	temperature	of	298.3	K	was	approved	with	a	standard	
1H	methanol	NMR	sample.	The	gradient	strength	was	varied	in	16	steps	or	16	steps	from	2%	

to	100%.	The	diffusion	time	d20	was	optimised	at	60	ms	and	the	gradient	length	p30	of	1.8	

ms.	The	optimization	was	realized	by	comparing	the	remaining	intensity	of	the	signals	at	2%	

and	98%	gradient	strength,	where	the	intensity	loss	of	the	echo	was	in	the	range	of	90%.	The	

2D	 NMR	 sequences	 for	 measuring	 diffusion	 coefficient	 using	 echoes	 for	 convection	

compensation	and	longitudinal	eddy	current	delays	to	store	the	magnetization	in	the	z-axis,	

and	 only	 be	 dependent	 on	 T1-relaxation.	 The	 evaluation	 of	 the	 diffusion	 value	 was	

automatically	calculated	with	a	mono	exponential	function:47	

ln # $
# 0 = −()*)$) ∆ − *3 -	

	

where	 I(G)	 and	 I(0)	 were	 the	 intensities	 of	 the	 signals	 with	 and	without	 gradient,	�	 the	

gyromagnetic	ratio	of	the	nucleus	(1H	in	this	measurements),	G	is	the	gradient	strength,	�	

the	 duration	 of	 the	 pulse	 field	 gradient	 (PFG),	 D	 the	 diffusion	 value	 in	 m2/s	 and	�	 the	

“diffusion	 time”	 between	 the	 beginning	 of	 the	 two	 gradient	 pulses	 (d20).	 The	 relaxation	

delay	between	the	scans	was	2	s.	
13C	NMR	Kinetics.	The	initiator	cesium	benzene-1,4-dimethanolate	and	a	mixture	of	AGE	and	

fcGE	were	separately	frozen	under	an	argon	atmosphere	in	a	conventional	NMR	tube,	which	

was	subsequently	sealed	with	a	septum.	The	kinetic	measurements	were	recorded	on	a	500	
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MHz	Avance	III	system	with	a	5	mm	z-gradient	BBFO	1H/X	probe	with	z-gradient.	1H	and	13C	

NMR	 spectra	 were	 measured	 without	 solvent.	 The	 accuracy	 of	 the	 temperature	 was	

controlled	 with	 an	 ethylene	 glycol	 NMR	 sample.48	 The	 spin	 lattice	 relation	 time	 (T1)	 was	

measured	 with	 the	 inversion	 recovery	 method.49	 A	 standard	 kinetic	 13C	 NMR	 (176	 MHz)	

experiment	needed	32	 transients	 for	one	experiment	 attained	with	 a	13,2	µs	90°	pulse,	 a	

spectral	 width	 of	 297000	 Hz	 and	 a	 recycling	 delay	 of	 10	 s.	 For	 one	 kinetic	 run	 140	

experiments	 were	 used	 over	 a	 time	 of	 14	 hours	 with	 an	 inverse	 gated	 decoupling	

experiment	and	a	flip	angle	of	30°	
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4.1.1 Supporting Information 

	

Experimental	Details	

	

	

	

Figure	 S1.	 Temperature	 dependency	of	 the	 copolymerization	behavior	 after	 24	 h	 reaction	

time	 at	 each	 temperature.	 At	 100°C	 full	 conversion	 and	 narrow	 molecular	 weight	

distributions	are	observed.	
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Figure	S2.	SEC	trace	of	copolymer	PFA1	(DMF,	RI	detection,	1	mL/min,	40	°C).	

	

	
Figure	S3.	SEC	trace	of	copolymer	PFA2	(DMF,	RI	detection,	1	mL/min,	40	°C).	
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Figure	S4.	SEC	trace	of	copolymer	PFA5	(DMF,	RI	detection,	1	mL/min,	40	°C).	

	

	

Figure	S5.	SEC	trace	of	homopolymer	PF1	(DMF,	RI	detection,	1	mL/min,	40	°C).	
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Figure	S6.	1H	NMR	spectrum	of	P(fcGE-co-AGE)	(PFA2)	(C6D6;	700	MHz,	298K).	

	

	

Figure	S7.	13C	NMR	in	situ	kinetics	of	anionic	ring-opening	copolymerization	of	50%	fcGE	and	

50%	AGE	with	a	zoom	in	at	ca.	50	ppm	(C6D6;	126	MHz;	373	K)	
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Figure	S8.	13C	NMR	in	situ	kinetics	of	anionic	ring-opening	copolymerization	of	80%	fcGE	and	

20%	AGE	with	a	zoom	in	at	ca.	50	ppm	(C6D6;	126	MHz;	363	K,	spectra	shown	until	ca.	25%	

total	conversion).	

	

	
Figure	S9.	Percentage	of	monomer	concentration	versus	total	monomer	conversion	for	the	

copolymerization	of	80%	fcGE	and	20%	AGE	via	13C	NMR	kinetics	in	bulk	(Fig	S16).	
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Figure	S10.	Amorphous	polymer	samples	with	9.0%	(PFA2),	30.5%	(PFA4)	and	54.0%	(PFA6)	

fcGE.	

	

	
Figure	S11.	Cyclovoltammogram	of	copolymer	PFA1	with	8%	fcGE	(10	cycles).	
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Figure	S12.	Cyclovoltammogram	of	fcGE	(PF1)	homopolymer	(10	cycles).	

	

	

Figure	 S13.	 SEC	 traces	 of	 copolymer	 PFA3	 (blue)	 and	 after	 functionalization	 of	 PFA3	 (red)	

(DMF,	RI	detection,	1	mL/min,	40	°C).		
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Figure	S14.	1H	NMR	spectra	of	PFA1	(300MHz,	C6D6)	and	functionalized	polymer	by	thiol-ene	

addition	of	N-Acetyl-L-cysteine	methyl	ester.	

	

	
Figure	S15.	1H	NMR	spectra	of	PFA6	(300MHz,	C6D6)	and	functionalized	polymer	by	thiol-ene	

addition	of	N-Acetyl-L-cysteine	methyl	ester.	
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Table	S1.	Theoretical	Mn	and	monomer	ratio	compared	to	the	values	determined	from	1H	NMR	for	

P(fcGE-co-AGE)	copolymers.	

no.	 sum	
fcGE/(fcGE+

AGE)a	(%)	
fcGE/(fcGE+

AGE)b	(%)	
Mn

c	

(g/mol)	

Mn
d	

(g/mol)	

Mn
e	

(g/mol)	

PA1	
C6H4(CH2O)2-

[P(AGE117)]2	
0	 0	 30	000	 26	700	 5	600	

PFA1	
C6H4(CH2O)2-[P(fcGE12-

co-AGE138)]2	
5.0	 8.0	 49	000	 38	200	 3	500	

PFA2	
C6H4(CH2O)2-[P(fcGE12-

co-AGE114)]2	
10.0	 9.0	 26	000	 32	400	 2	200	

PFA3	
C6H4(CH2O)2-[P(fcGE20-

co-AGE128)]2	
15.0	 13.6	 52	000	 40	300	 3	200	

PFA4	
C6H4(CH2O)2-[P(fcGE32-

co-AGE73)]2	
30.0	 30.5	 32	000	 34	300	 2	200	

PFA5	
C6H4(CH2O)2-[P(fcGE5-

co-AGE6)]2	
40.0	 41.9	 4	800	 4	630	 2	200	

PFA6	
C6H4(CH2O)2-[P(fcGE50-

co-AGE43)]2	
50.0	 54.0	 39	000	 37	000	 1	900	

PF1	 C6H4(CH2O)2-[P(fcGE55)]2	 100	 100	 27	000	 30	100	 1	700	

a)	Theoretical	amount	of	 fcGE	 in	percent	according	to	the	monomer	ratio;	b)	a)	Amount	of	 fcGE	 in	

percent	 determined	 from	 1H	 NMR;	 c)	 Theoretical	 molecular	 weight	 according	 to	 initiator	

concentration	(see	Table	S1	for	details);	d)	Mn	determined	from	1H	NMR	by	end	group	analysis;	e)	Mn	

determined	via	SEC	in	DMF	vs	PEG	standards,	Ɖ=Mw/Mn.	
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A.1 Cooperation Projects 

	

During	my	diploma	and	PhD	thesis	a	number	of	cooperation	project	have	been	developed.	

Already	 published	 papers	 are	 presented	 in	 the	 following.	 Ongoing	 projects	 will	 not	 be	

presented	herein.	The	publications	are	sorted	in	analogy	to	the	main	part	of	this	thesis:	

	

1. Water-Soluble Multi-Stimuli-Responsive Metallocene-Containing 

Copolymers 

“Ferrocenyl	 Glycidyl	 Ether:	 A	 Versatile	 Ferrocene	 Monomer	 for	 Copolymerization	 with	

Ethylene	Oxide	to	Water-Soluble,	Thermoresponsive	Copolymers”	

C.	Tonhauser,	A.	Alkan,	M.	Schömer,	C.	Dingels,	S.	Ritz,	V.	Mailänder,	H.	Frey,	F.	R.	Wurm,	

Macromolecules	2013,	46,	647–655.	

Reprinted	with	permission.	Copyright	2013	American	Chemical	Society.	

	

2. Water-Soluble Ferrocene-Containing Block Copolymers	

“Enlarging	the	Toolbox:	Epoxide	Termination	of	Polyferrocenylsilane	(PFS)	as	a	Key	Step	for	

the	Synthesis	of	Amphiphilic	PFS-Polyether	Block	Copolymers”	

A.	 Natalello,	 A.	 Alkan,	 A.	 Friedel,	 I.	 Lieberwirth,	 H.	 Frey,	 F.	 R.	 Wurm,	ACS	 Macro	
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A.1.1 Water-Soluble Multi-Stimuli-Responsive Metallocene-Containing 
Copolymers 
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A.1.2 Water-Soluble Ferrocene-Containing Block Copolymers 

	



	

	

	

225	



Appendix	

	

	

226	



	

	

	

227	

	

	

	



Appendix	

	

	

228	



	

	

	

229	



Appendix	

	

	

230	



	

	

	

231	



Appendix	

	

	

232	



	

	

	

233	



Appendix	

	

	

234	



	

	

	

235	



Appendix	

	

	

236	



	

	

	

237	

	

	 	



Appendix	

	

	

238	

A.1.3 Monomer Sequence Monitoring by Real-Time NMR Spectroscopy 
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