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ABSTRACT

Narrowly dispersed diblock copolymers containing poly(methyl methacrylate) [PMMA] or
poly(nonafluorohexyl methacrylate) [PFOMA] as the first block and poly(ferrocenylmethyl
methacrylate) [PFMMA] as the second block, were prepared by anionic polymerization for the first

time. Disordered bulk morphologies in the case of PMMA-b-PFMMA were observed and explained in

terms of low Flory-Huggins interaction parameter (x < 0.04). In the case of PF9MA-b-PFMMA

hexagonally packed cylinder morphology (HEX) was substantiated from TEM and SAXS observations.
Furthermore, high incompatibility between PFOMA and PFMMA blocks allowed for the formation of

well-ordered ferrocene containing cylinders on silica substrate upon exposure of the thin films to a

saturated solvent vapor. It was shown that the cylinder orientation, parallel or perpendicular to the

surface, could easily be controlled by appropriate choice of the solvent and without the need for

preliminary surface modification, e.g. by means of grafted brush layer.

KEYWORDS: Ferrocenylmethyl methacrylate (FMMA), 1H,1H,2H,2H-nonafluorohexyl methacrylate
(FOMA), anionic polymerization, diblock copolymers, Flory-Huggins interaction parameter, rheology,

order-disorder transition.))

INTRODUCTION

Ferrocene based polymers are attractive due to
such valuable metallocene-rendered properties
as low toxicity, excellent one electron redox
reversibility!, magnetic susceptibility**, photo-
and semiconductivity>®, ability to form
polymeric charge-transfer complexes'® 1, to
quench triplet states!! etc. More specifically, the
presence of organoiron moieties in the main
polymer chain or in the side groups infer high
glass transition temperature (Tg) of the resulting

polymers mainly due to the high cohesive energy
density of the ferrocenyl groups. The high T, of
ferrocene-containing polymers combined with
their excellent plasma etch selectivity could be
beneficial for, e.g., block copolymer lithography
applications allowing for pattern formation at
high temperatures.'> * Moreover, the ability of
ferrocene containing polymers to switch
between Il and Il oxidation states was recently
employed to create stimuli-responsive diblock
copolymers and a controlled release of



encapsulated compounds from
poly(vinylferrocene)-b-poly(methyl
methacrylate) [PVFc-b-PMMA] based micelles
have been achieved by reversible oxidation of
ferrocene to stable ferrocenium
(ferricenium) cations.'#1®

Most of the ferrocene containing polymers are
currently  produced by living  anionic
polymerization, RAFT, ATRP or free radical
polymerization techniques. In the latter case the
peroxide based free radical initiators should be
excluded due to their possible reduction by
ferrocene moieties resulting in low conversions.
We selected anionic polymerization for the
synthesis  of  diblock copolymers  of
ferrocenylmethyl methacrylate (FMMA) and
methyl methacrylate (MMA) or FMMA and
1H,1H,2H,2H-nonafluorohexyl methacrylate
(FOMA), with the aim to further investigate the
bulk and surface morphologies of the resulting
novel block copolymers by means of TEM, SEM,
SAXS, Rheology and AFM.

To the best of our knowledge, no well-ordered
morphologies for PFMMA containing diblock
copolymers were reported in the up-to-date
literature. Resent work by Gallei et al. on
poly(styrene) [PS] block copolymers with
PFMMA  (PS-b-PFMMA)  concludes  that
incomplete phase separation of PS and PFMMA
blocks takes place presumably due to their good
mutual compatibility.” Cylindrical, spherical and
lamellar morphologies for
poly(ferrocenyldimethylsilane-b-
dimethylsiloxane) (PFS-b-PDMS) and PS-b-PFS
diblock copolymers of various composition were
reported.* Also, micellization of poly(isoprene-b-
ferrocenylmethylsilane) (PI-b-PFMS) and PFS-b-
Pl was recently investigated.'® ! Moreover, a
complete overview of the synthesized
polyferrocenylsilanes could be found in the
excellent review by Manners et al.?

Thermodynamic incompatibility between the
metallocene-containing block and the purely
organic blocks was also assessed in the present
work, although to a minor extent. Understanding
the Flory-Huggins interaction parameter (x) is

important from both fundamental and
application point of views since it allows to, e.g.,
design patterns with predetermined pitch and
size of the organoiron domains, estimate the
minimum molecular weight for a given diblock
copolymer needed to be able to undergo the
microphase separation, chose the right
monomer for the second block in order to
minimize or maximize the sharpness of the
boundary between the microphases in a diblock
copolymer.?

EXPERIMENTAL

All chemicals were purchased from Sigma-
Aldrich unless otherwise stated.
Tetrahydrofuran (THF) was distilled from ketyl
radical of benzophenone under argon. Methyl
methacrylate (MMA) was consecutively distilled
from calcium hydride (CaH,) and
triethylaluminum (AlEts). Attempts to distill
1H,1H,2H,2H-nonafluorohexyl methacrylate
(FOMA, TCI) from AlEts were not successful due
to onset of rapid polymerization; instead, FOMA
was distilled twice from CaH..

The molecular weight was determined by gel
permeation chromatography (GPC) using THF
with 1% triethylamine as an eluent at 0.5 ml/min
flow rate with a column set consisting of
aprecolumn and two 300 x 8 mm main columns
(PLgel Mixed C and Mixed D). Transmission
electron microscopy (TEM) was performed on
microtomed samples (60 nm thick) without
staining using FEI Tecnai T20 G2 at 200 kV in a
bright field mode. For scanning electron
microscopy (SEM) of the microphases on silica
substrates a Zeiss Supra 40VP was used at 3 kV
accelerating voltage and 3-4 mm working
distance. X-ray photoelectron spectroscopy
(XPS) data were acquired on ThermoScientific
XPS instrument equipped with an Al K-Alpha
source of 1486 eV energy. Samples were
analyzed using charge compensation from a
flood gun in a vacuum not exceeding 107 mbar
with a spot size of 400 x 400 um. Rheological
characterization was realized on a Rheometrics
solids analyzer (RSA Il) operated with a 0.3 mm
gap shear sandwich configuration at 1 % shear



strain (y) amplitude and 1 rad/s frequency (w).
Small-angle X-ray scattering (SAXS) profiles were
measured using the SAXSLab instrument at the
Niels Bohr Institute (NBI). The SAXSLab
instrument uses a Rigaku 40W micro-focused Cu-
source producing X-rays with a wavelength of
1.54 A which is detected by a moveable Pilatus
300k pixel-detector. A sample was mounted in
small Cu-discs between two 5-7 pum mica

windows. The g calibration of the instrument
was done by using silver behenate as a
reference.

N,N-dimethylaminomethylferrocene’”> * was

synthesized via aminomethylation of ferrocene
with  N,N,N',N'-tetramethylmethylenediamine
(Scheme 1). In a typical run, ferrocene (46.4
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Scheme 1 Synthesis of Ferrocenylmethyl Methacrylate (FMMA)

g, 0.25 mol) was added to the stirred mixture of
N,N,N',N'-tetramethylmethylenediamine (43.2
g, 0.42 mol), H3PO4 (43.2 g, 0.44 mol) and acetic
acid (400 ml, 6.99 mol). The mixture color turned
to dark amber upon heating to 100 °C for 5 h (oil
bath). The mixture was cooled to room
temperature, diluted with water and neutralized
with 275 g NaOH while cooling with ice. After the
extraction with diethyl ether the ethereal
fractions were combined, 3 times washed with
water, dried over Na,SO4 and concentrated on a
rotary evaporator. Distillation of the product
under reduced pressure afforded 36.3 g of N,N-
dimethylaminomethylferrocene as a dark-red
mobile liquid, yield 61%. 'H NMR (CDCls, 400
MHz, in ppm): 4.10 (m, 6H), 3.26 (d, J = 8.9 Hz,
2H), 2.16 (d, J = 1.9 Hz, 6H).

N,N-dimethylaminomethylferrocene

methiodide.”* Methyl iodide (37.0 g, 0.26 mol)
was added dropwise to the solution of N,N-
dimethylaminomethylferrocene (36.3 g, 0.15
mol) in 50 ml methanol. The mixture was
refluxed for 5 minutes followed by addition of
400 ml diethyl ether. The resulting yellow
crystals were filtered and dried affording 57 g of

the product, yield 97%. *H NMR (CDCls, 400 MHz,
in ppm): 4.90 (s, 2H), 4.57 (m, 2H), 4.34 (m, 2H),
4.30 (s, 5H), 3.31 (s, 9H).

Ferrocenecarboxaldehyde.?* POCl; (75 ml, 0.8
mol) was added slowly to dimethyl formamide
(150 ml, 1.95 mol) while cooling with ice. After
15 min the mixture was diluted with 200 ml of
chloroform and ferrocene (50 g, 0.27 mol) was
added. The dark amber mixture was stirred at
60 °C for 16 h. Ice water (1 L) was slowly added
to the cooled reaction mixture followed by 70 g
of NaOH and 215 g of sodium acetate. The
product was extracted with 1L of chloroform,
washed three times with water and
concentrated. The tar was removed by flushing
the product though a silica column
(hexane:acetone 5:1) affording 35 g of crimson
crystals, yield 61%. *H NMR (CDCls, 400 MHz, in
ppm): 9.95 (s, 1H), 4.79 (s, 2H), 4.60 (s, 2H), 4.27
(s, 5H).

Ferrocenemethanol from N,N-
dimethylaminomethylferrocene methiodide.?
A solution of sodium hydroxide (1M, 500 ml, 0.5
mol) was added to N,N-



dimethylaminomethylferrocene methiodide (57
g, 0.15 mol). The resulting slurry was refluxed at
110 °C (oil bath) for 2h, cooled to room
temperature and acidified with 45 ml of 37% HClI
diluted in 100 ml of water. NaHCOs was slowly
added until neutral pH. The mixture was
extracted with 1 L of dichloromethane and
concentrated. Recrystallization of the crude
product from hexane afforded 15 g of highly
pure (TLC) hydroxymethyl ferrocene in a form of
yellow needles, yield 47 %. *H NMR (CDCls, 400
MHz, in ppm): 4.31 (s, 2H), 4.28 (s, 2H), 4.24 (s,
7H), 1.47 (s, 1H).

Ferrocenemethanol from
ferrocenecarboxaldehyde.'” To the solution of
ferrocenecarboxaldehyde (29.0 g, 0.14 mol) in
900 ml methanol NaBH, (13.5 g, 0.36 mol) was
added within 2h at 0 °C. Slightly brown mixture
was warmed up to room temperature and
stirred for additional 3 h. 1L of saturated NH,CI
solution was added resulting in a yellow-brown
slurry. After 16 h the product was extracted with
800 ml (4 x 200 ml) dichloromethane, washed
three times with 300 ml water, dried over Na,SO4
and concentrated affording 28.5 g of the
ferrocenemethanol, yield 97%. 'H NMR (CDCls,
400 MHz, in ppm): 4.31 (s, 2H), 4.28 (s, 2H), 4.24
(s, 7H), 1.47 (s, 1H).

Ferrocenylmethyl Methacrylate (FMMA).>> 2¢
Methacryloyl chloride (16 ml, 0.16 mol) in 100 ml
of dry dichloromethane (DCM) was added
dropwise to the mixture of dry triethylamine (25

ml, 0.18 mol) and ferrocenemethanol (23.2 g,
0.11 mol) in 400 ml of dry DCM. The reaction
mixture was stirred for 2 hat 0 °C and then 2 h
at room temperature. The precipitant was
filtered and DCM fraction was washed with 200
ml of the saturated NaHCOs, 200 ml of brine and
water (10 x 200 ml), dried over Na,SO, and
concentrated on rotary evaporator at 30 °C in
the dark. Addition of 10 ml of hexane to the dark
red liquid initiated crystallization of the product.
After 1 day at +4 °C 22.5 g of FMMA was
recovered in a form of bright orange crystals,
yield 74%. *H NMR (CDCls, 400 MHz, in ppm):
6.11 (m, 1H), 5.55 (m, 1H), 4.96 (s, 2H), 4.29 (m,
2H) 4.18 (m, 7H) 1.95 (s, 3H).

Anionic polymerization. The polymerizations
were realized using a procedure described
elsewhere.?” Briefly, for the synthesis of PMMA-
b-PFMMA diblock copolymer with a total
molecular weight of 24 kDa, having a volume
fraction of PFMMA block of 55%, abbreviated
further as PMaaFss, the following step sequence
was adopted. A solution of MMA (0.7 g) in THF
was added to the mixture of sBuLi-DPE initiator
(0.062 mmol) and LiCl (0.31 mmol, 5x relative to
initiator) in 200 ml THF at -78 °C. After 1 h a THF
solution of 0.8 g FMMA was added. After
additional 1 h the living chains were terminated
with 2 ml of degassed MeOH and the mixture
was precipitated into 0.5 L of isopropanol
followed by filtration and drying at 80 °C for 16 h
at 1e-3 mbar. Yellow solid product was thereby
obtained in a quantitative yield (Scheme2)
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Scheme 2 (left) chemical structures of the PMMA-b-PFMMA (PMyF,) and PFOIMA-b-PFMMA (PF9yF)
diblock copolymers and (right) the corresponding GPC curves. In the name of the sample the first

subscript denotes total molecular weight of the diblock copolymer while the second subscript signifies
the average (from NMR and TGA) volume fraction (in %) of the PFMMA block

RESULTS AND DISCUSSION

The synthesis of FMMA monomer was realized in
two different approaches (Scheme 1). In Route 1,
the initial ferrocene was aminomethylated and
the introduced dimethylamino group was
subsequently quaternized and hydrolysed
affording the precursor compound,
ferrocenemethanol.?> 2* In the second route,
ferrocene was converted to
ferrocenecarboxaldehyde in Vilsmeier-Haak
formylation conditions and aldehyde group was
mildly reduced to alcohol giving the same
ferrocenemethanol precursor.” 2% 2 Finally, by
acylation of ferrocenemethanol with
methacryloyl chloride the targeted FMMA was
produced.? %6 The second route appears to be
more attractive due to reduced number of steps
required and commercial availability of the
ferrocenecarboxaldehyde, which would further
shorten the time required for the synthesis.

Block copolymer synthesis was realized by
sequential addition of the monomers to the
initiator solution. First, MMA was polymerized

and then a solution of FMMA in THF was added
to the living PMMA-Li chains. Such sequence was
chosen because PMMA-Li chains are more
nucleophilic than PFMMA-Li due to the
stabilizing effect of ferrocenylmethyl substituent
on forming carbanion.?® For PF93sFas the
sequence was inversed since the perfluoroalkyl
substituent is expected to exert a higher electron
withdrawing  effect compared to the
ferrocenylmethyl group. As a result, a series of
block copolymers with molecular weights in the
range 15-35 kDa and polydispersities 1.02-1.04
were successfully synthesized (Table 1).



TABLE 1 Characteristics of the synthesized PFMMA homopolymer and block copolymers.

MW, .
Name*® TI\?I\E/IIR) bock®  PEMMA (P<3D|l0)
PFMMA 458 . 161 115
PMisFst 155 103 19 1.03
PMosFss  24.4 101 50 1.02
PMssiFsi  35.2 149 71 1.04
PF93skF2s 35.2 81 26 1.03

Residue P P

at PFMMA PFMMA
900°C, % (NMR) (TGA)
251 1.00 1.00
9.5 0.31 0.31
15.9 0.56 0.53
14.2 0.54 0.47
6.1 0.25 0.25

2 In the name of the sample the first subscript denotes total molecular weight of the diblock copolymer while the second subscript
signifies the average (from NMR and TGA) volume fraction (in %) of the PFMMA block.

®Degree of polymerization of the first block.

TGA. The thermal stability of the synthesized
block copolymers was found to be strongly
dependent on the nature of the first block. In the
case of PFMMA homopolymer, the temperature
corresponding to the maximum rate of
decomposition (Tmax) is equal to 454 °C (Figure 1).
For the diblock copolymer with PMMA stability
decreases by 65-87 °C (Tmax = 389 °C for PMaakFss
and 367 °C for PM1g«F31/ PMssFs1). Furthermore,
a 187 °C decrease in stability (Tmax = 267 °C) was
observed for PFOMA containing diblock
copolymer presumably due to facile formation of
nonafluorohex-1-ene and cyclic esters upon
PFOMA block degradation.®

Furthermore, the residue after the thermal
degradation of block copolymers in air was
analyzed by means of XPS and was found to
consist of pure Fe;Os (Supporting Information,
SI1). By taking into account the molecular weight
of the iron (lll) oxide we can use the data on the
TGA residue to calculate the volume fraction of
the PFMMA block and therefore independently
assess the composition of the block copolymer.
As seen from the last two columns of Table 1, the
volume fractions of PFMMA block (fermma)
calculated from the TGA residues and by NMR
are in good agreement.
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Figure 1. TGA curves of the synthesized block
copolymers in air (flow = 60 ml/min) recorded at
10° C/min heating rate.

Rheology. Isochronal temperature scans3'33 for
the poly(ferrocenylmethyl methacrylate)
(PFMMA) homopolymer and diblock copolymers
are presented in Figure 2. The dynamical
mechanical spectrum of PFMMA is in general
agreement with the data for low molecular
weight uncrosslinked polymers.3* The polymer
behaves as a true viscoelastic solid up to 160 °C
since the elasticity (~ G') is higher than viscosity
(~ G") whereas viscous behavior starts to
dominate at higher temperatures. No rubbery
plateau, expected to occur within 103 - 10* Pa,
was detected after the softening indicating that
the molecular weight of PFMMA (45.8 kDa) is
lower that the double critical entanglement
molecular weight (2M.). Considering typical



values of M. for poly(styrene), i.e. 13-19 kDa,*”
3 we suggest that bulky ferrocenylmethyl
substituents prevent the formation of
intermacromolecular entanglements even at
relatively high molecular weight of PFMMA (45.8
kDa). Above 210 °C PFMMA starts to be unstable
and undergoes decomposition and crosslinking
reactions which results in the increase of both G'
and G".

PMMA containing block copolymers of low
molecular weight (PMisF31 and PMaaFss)
demonstrate similar transitions during the
temperature ramp indicating the absence of the
ordered microphase separated morphologies. In
the case of PMsskFs; sample, G' and G" almost
overlaps which could be explained by a
decreased mobility of the chains in this relatively
high molecular weight diblock copolymer.

On the contrary, PF9sskFas sample of identical
molecular weight undergoes microphase
separation (ordering) below 140 °C as could be
inferred from the higher values of G' compared
to G". The rearrangement of the chains during
the transition process is facilitated by the low T,
of the PFOMA block (29 °C) [Supporting
Information, SI5] which imparts high chain
mobility and fast relaxation processes. The
formation of the ordered morphology is
complete at 180 °C and the formed
microstructure persists up to 220 °C due to high
incompatibility between the blocks. Limited
thermal stability precludes a direct observation
of the order-disorder transition (segmental
mixing) which is typically characterized by a
sharp decrease of both G' and G" to almost zero
values. Overall, the characteristic rheological
signature observed herein corresponds to the
hexagonally packed cylinder morphology and it
is in agreement with the literature reported
rheological data®® as well as SAXS (Supporting
Information, SI7) and TEM data (Figure 3).
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Figure 2 Isochronal (w =1 rad/s) dynamic storage
(G') and loss (G") moduli measured at 2 °C/min
heating rate and constant shear strain (y = 1 %).
The data below ca. 160 °C are not reliable due to
instrumental limitations in measuring high
modulus values and the transitions above ca.
200 °C are not reversible due to polymer
degradation.

Different solubilities of the homopolymers from
which a given diblock copolymer is composed
could give an indirect indication of their mutual
compatibility. We found that ethyl acetate, while
being a good solvent for PMMA, swells but does
not dissolve PFMMA. Such drastic difference in
the solubility of two homopolymers is a positive
indication of their mutual incompatibility.
Sample PMygsFs1 (PMMA-b-PFMMA) however
has a disordered morphology, as discussed
earlier. Low molecular weight of the constituent
blocks (5 kDa - 10.5 kDa) could explain this
observation. For a given block copolymer the



incompatibility of the blocks is characterized by
a product of Flory-Huggins interaction
parameter (x) and the number of segments (N),
xN. For a given composition, X is constant (at
constant temperature) and the immiscibility of
two blocks could only be increased by producing
higher molecular weight block copolymer to
increase N.

The absolute x value for PFMMA-b-PMMA is not
known. For somewhat similar block copolymer
of poly(styrene-b-ferrocenyldimethylsilane) [PS-
b-PFDMS] the reported ¥ is equal to 0.032 at 150
°C which is almost identical to well-known
weakly segregating PS-b-PMMA block copolymer
(x = 0.030 at 150 °C).?* 37 Furthermore, the

I:’I\/|24k|:55 I:’Ivl35k|:51

microphase separation in PS-b-PFMMA was
shown to be incomplete due to considerable
compatibility between PS and PFMMA.Y It is
thus reasonable to assume that PFMMA-b-
PMMA would have very low incompatibility (if
any) which necessitates the synthesis of high
molecular weight polymer for verifying that
assumption.

We therefore synthesized block copolymers
having higher molecular weight. Samples
PMaaFss and PMascFs1 are clearly disordered,
however, they have local composition
fluctuations in a form of alternating dark
(enriched with PFMMA) and bright (enriched
with PMMA) areas (Figure 3).

PF 935k I:25

IDF935kF25

Figure 3 TEM images of the block copolymers. Samples were heat annealed at 160 °C for 65 h in vacuum
then microtomed to 60 nm films and observed by TEM without staining.

The absence of the homogeneous segmentally
mixed states characterized by xN << 10 for
PFMMA-b-PMMA samples indicate that xN < 10
and therefore we can estimate the upper
boundary for the x value as described below.3®
For the sample of 24.4 kDa the molecular
weights of PMMA and PFMMA blocks are 10.2
and 14.2 kDa (from NMR) which after division
with the densities of PMMA (1.18 g/cm?) and
PFMMA (1.37 g/cm?) yield the volumes of one
mole of PMMA and PFMMA blocks (8683 and
10370 cm3/mol respectively). After division with
Avogadro number the volumes of one PMMA
and PFMMA blocks become equal to 14.4 and
17.2 nm? respectively. Taking into account the
standard reference volume®' of the statistical
segment N (= 0.118 nm3), the Nemma and Nepvmia
would be equal to 142 and 146 units, while the

total N amounts to 268 units. Considering xN <
10 we estimate the upper boundary of the Flory-
Huggins interaction parameter, that is, x < 0.04
for PMMA-b-PFMMA diblock copolymer of 24.4
kDa at 160 °C.

Surface morphologies. Block copolymer self-
assembly is a powerful platform for
nanolithography. However, most of the block
copolymer  lithography  processes  need
preliminary surface modification, including
grafting of a neutral polymer brush layer onto
the substrate to balance the surface interactions
with two blocks of a given diblock copolymer.3*
41 Here we present a procedure that could
potentially simplify the main stream block
copolymer lithography process.*?  PF93sFas
copolymer was directly applied on silicon



substrate without any pretreatment by spin-
coating from 0.1 wt. % toluene solution at 2000
rpm for 30 seconds to give a 12 nm thin film.

The morphologies formed at different conditions
of solvent vapor annealing were investigated by
SEM and AFM. Figure 4a, b, c show top view SEM
images of PF9ssFys after three different
conditions of annealing. The ordering behavior
exhibits strong solvent dependence and the
difference in the solubility of the PFMMA and
PFOMA blocks gives a possibility to further
manipulate the domain size and separation
distances in thin films.

A morphology of well-ordered lying cylinders
with 19 nm period is clearly seen upon annealing
in saturated solvent vapor of ethyl acetate for 20
minutes (Figure 4). The 19 nm periodisin a good
agreement with an equilibrium domain spacing
(d) which was estimated by SAXS to be equal to
19.3 nm. This observation points out to the fact
that the polymer chains forming cylinders
parallel to the surface are in non-frustrated
state.® When ethyl acetate /THF (v/v = 5/1)
mixture was used for the solvent annealing for
20 minutes, a mixed morphology containing
cylinders of both parallel and perpendicular
orientations was observed (Figures 4b, e).

a b

Furthermore, well-ordered hexagonally packed
cylinders perpendicular to the substrate surface
were observed when the film was annealed in
pure THF vapor for 20 minutes (Figures 4c, f). The
reason for the change in the orientation of
morphologies in different annealing solvent
vapors can be explained in terms of the
difference in solvent selectivity and solvent
saturated vapor pressure.** The perpendicular
orientation of HEX morphology requires the
underlying surface to be neutral. Since ethyl
acetate only swells but does not dissolve the
PFMMA block it could be considered a more
selective solvent for the PFIMA block.
Therefore, in the presence of a selective solvent
(ethyl acetate) the surface interactions are
screened to a larger extent for PFOMA block but
not for PFMMA block and, thus, specific
adsorption of the PFMMA onto the substrate
induces parallel cylinder orientation. On the
contrary, when nonspecific solvent is present
(THF) both blocks are well solvated, their mutual
segment-segment interactions become
screened to a certain extent while their surface
interactions appear to be totally balanced
(“neutral surface”) resulting in the perpendicular
with respect to the substrate orientation of the
cylinders.




Figure 4 SEM (top-row) and AFM (bottom-row) images of PF9;s¢F2s on SiO,/Si substrate after annealing
for 20 min in (a, d) ethyl acetate atmosphere, (b, €) EA/THF atmosphere and (c, f) THF atmosphere. Scale

bars correspond to 100 nm.

XPS. As to the elemental composition of the
PF93skF2s thin films, expected from the block
copolymer structure C (45.5 At.%), O (10.6 At.%),
F (38.3 At.%) and Fe (1.6 At.%) elements as well
as small amount of Si (4.0 At.%) originating from
the underlying substrate were found on the
surface. Interestingly, the relative intensities and
binding energies (BE) of Cls core electrons
reflect the presence of six different carbon
atoms containing substituents of varied polarity
(Figure 5) in high resolution (HR) XPS. The peak A
at the highest BE 294.1 eV represents the most
“electronegative” -CF; carbon and constitute 7%
of the total Cls intensity which is in a good
agreement with theoretically predicted 7%
intensity. The prediction of the relative
contributions from the 6 different carbons were
made by taking into account the 3.09:1.00
PFOMA:FMMA monomer unit ratio in the
PF93skF2s block copolymer structure obtained
from NMR. The peak B at 291.7 eV (20 % vs. 21
% theory) corresponds to

25k

Peak  BE (eV) Cis
1——A 294.1

B 291.7
——C 2892
|—D 2873
E 286.0
15k4——F 285.0

20k

CPS
v

10k - |

5k

————T—T——7T——T—7——7—
298 296 294 292 290 288 286 284 282 280
Binding Energy (eV)

Figure 5 C1s HR XPS peak fitting for the PF93scFys
thin film on silica substrate.

the three -CF,- atoms. The carbonyl C=0 is
located at 289.2 eV (9 % vs. 9 % theory) and has
an equal contribution from the ester groups of
two monomers. The D (16 % vs. 11 % theory) and
E (15 % vs. 19 % theory) peaks at moderately low
BE are typically ascribed to the carbon atoms
with less polar substituents, such as -C-O-,
tertiary carbons in the polymer backbone and
tree carbons in the substituted cyclopentadienyl
ring of the ferrocene. At last, the peak F (33 % vs.
33 % theory) could be unambiguously attributed
to the -CH,-, -CH3 groups in the backbone and
five -CH= carbons of the unsubstituted
cyclopentadienyl ring.*>*’

Oxygen plasma etching. In order to
demonstrate the concept of the plasma etch
resistance of the ferrocene-containing polymers
in general, we analyzed the etch selectivity of the
PFMMA homopolymer (Table 2). By conducting
the plasma etching at high pressure, we observe
highly anisotropic etching and inefficient
removal of the carbon from the organometallic
block. Reducing the pressure ~ 3 times afforded
higher ion energy* in the plasma which, in turn,
facilitated physical sputtering and removal of the
organic material from the layer. As a result,
underlying silicon substrate becomes detectable
by XPS already after 2 min of the oxygen plasma
etching. Importantly, a significant amount of Fe
remains on the surface and is not removed by
oxygen plasma. By comparing the C/Fe ratio
before and after 10 min etching at 0.36 mbar we
estimated 17 times higher etch resistivity of the
forming iron oxide with respect to the organic
fraction of the PFMMA.

Table 2. XPS survey data in atomic percents (At.%) for the PFMMA films before and after exposure to

oxygen plasma at varied pressure and time.
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Pressure,

Time, min mbar Si,At% GC,At% O,At% Fe,At% C/Fe
Theory, PFMMA - 0 83.3 111 5.6 15.0
0 0 0.0 81.9 11.3 6.8 121
1 1 0.0 40.0 45.0 15.0 2.7
2 1 0.0 38.2 45.6 16.3 23
5 1 0.0 322 49.7 18.1 1.8
10 1 0.0 26.5 54.3 19.2 14
1 0.36 0.0 25.2 54.5 20.3 1.2
0.36 9.9 11.2 58.1 20.8 0.5
0.36 11.1 13.4 57.0 18.5 0.7
10 0.36 20.0 10.5 54.8 14.6 0.7

The presence of the iron (lll) oxide was
confirmed by high resolution (HR) XPS. Peaks at
lower binding energy corresponding to the non-
oxidized ferrocenylmethyl methacrylate (Fe 2ps/2
= 707.6 and Fe 2pi; = 720.4 eV) appear to be
shifted to the higher binding energy

724.5

CPS

|——PFMMA
Fe,O,

740 7:'30 7'20 71|0 700
Binding Energy (eV)

corresponding to Fe,03 (Fe 2ps;2 = 710.9 and Fe
2p12=724.5eV, A=13.6 eV) after oxygen plasma
treatment.*-! Also, appearance of the shake-up
satellites characteristic for Fe,0s is clear from
Figure 6.2

Figure 6 HR XPS spectra of Fe 2p for the PFMMA thin film (2 wt.% in toluene, 3 krpm) before (black curve)
and after (red curve) being exposed to oxygen plasma for 10 min (0.36 mbar, 50 W).
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CONCLUSIONS

The core findings of the work lend support to the
following conclusions. Poly(methyl
methacrylate) [PMMA] and
poly(nonafluorohexyl methacrylate (PFOMA)
diblock copolymers with poly(ferrocenylmethyl
methacrylate) [PFMMA] could be produced
solely by the anionic polymerization route
affording well-defined products (PDI = 1.02-
1.04). In the case of PMMA-b-PFMMA samples
with molecular weight 16000-35000 g/mol, good
compatibility (x < 0.04) between two blocks
results in the absence of phase separation, as
confirmed by rheology and TEM. On the
contrary, when perfluorinated methacrylate was
used in one of the blocks (PFOIMA-b-PFMMA),
the phase separation was easily attainable up to
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