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ABSTRACT: A series of diblock copolymers prepared from styrenic monomers was syn-
thesized using atom transfer radical polymerization. One block was derived from sty-
rene, whereas the second block was prepared from a styrene modified with an amphi-
philic PEGylated-fluoroalkyl side chain. The surface properties of the resulting poly-
mer films were carefully characterized using dynamic contact angle, XPS, and
NEXAFS measurements. The polymer morphology was investigated using atomic
force microscope and GISAXS studies. The block copolymers possess surfaces domi-
nated by the fluorinated unit in the dry state and a distinct phase separated micro-
structure in the thin film. The microstructure of these polymers is strongly influ-
enced by the thin film structure in which it is investigated. © 2008 Wiley Periodicals,
Inc. J Polym Sci Part A: Polym Chem 47: 267-284, 2009
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INTRODUCTION

Fluoropolymers have a prominent position when
low values of cohesive energy and surface energy
are required.! The low surface free energy is a
key property of these polymers and may prevent
attachment and adhesion, and attack or solvation
by aqueous solution and most organic solvents.

Correspondence to: G. Galli (E-mail: gallig@dcci.unipi.it)

Journal of Polymer Science: Part A: Polymer Chemistry, Vol. 47, 267-284 (2009)
© 2008 Wiley Periodicals, Inc.

block  copolymer;
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fluorinated polymer;

The strength of the C—F bond increases with the
extent of adjacent carbon fluorination, meaning
that the longer the fluoroalkyl group, the higher
its stability, and hydrophobicity. Therefore, films
and coatings from fluorinated polymers have been
investigated for a variety of applications ranging
from low friction alignment layers in electro-optic
devices® to surface-modified membranes® and to
biologically inert coronary stent coatings.*

More complex structures of fluorinated block
copolymers have been prepared by -cationic,’
anionic,’ and group transfer polymerization.”
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268 MARTINELLI ET AL.

However, these techniques have been limited by
the need for high-purity monomers and solvents,
reactive initiators, and anhydrous conditions. In
contrast, the controlled radical polymerization
process is easier to carry out and can be per-
formed in bulk or in solution. Several examples
exist of fluorinated homo-® and block copoly-
mers”! produced by TEMPO-mediated controlled
radical polymerization. Atom transfer radical po-
lymerization (ATRP) has been successfully used
for the polymerization of a different set of fluori-
nated monomers''® (usually acrylates and meth-
acrylates) in either conventional solvents or
supercritical carbon dioxide® to obtain diverse
polymer architectures with controlled molecular
weights, dispersities, terminal functionalities,
and compositions.

ATRP has also been used for the synthesis of
amphiphilic block copolymers comprised of a
hydrophilic block and a hydrophobic, and lipopho-
bic, semifluorinated block. Such polymer systems
include ionic block copolymers carrying carboxylic
or sulfonic groups,?® and nonionic block copoly-
mers containing a poly(ethylene glycol) macroini-
tiator block.?!?? Amphiphilic diblock and triblock
molecules and oligomers containing poly(ethylene
glycol) (PEG) and poly(perfluoroethylene) chain
segments are widely investigated as building
blocks of micelles and other nanoaggregates.?®
However, they are rarely incorporated into block
copolymers, for example, as PEGylated-fluo-
roalkyl side-chain substituents®* or main-chain
macroinitiators.?>?® In one recent example, an
amphiphilic block copolymer was prepared by
chemical modification of a preformed poly(sty-
rene-b-acrylic acid) copolymer with the commer-
cially available fluorosufactant Zonyl FSO-100.%7

In this work, we focused on the ATRP synthesis
and surface characterization of novel AB diblock
copolymers with a polystyrene component (block
A) and a polystyrene component carrying a PEGy-
lated-fluoroalkyl side chain (block B). Using this
controlled procedure, we have made full use of the
capabilities of the ATRP technique to design block
copolymers with predetermined molecular and
macromolecular parameters and to minimize
chemical structural defects in the final product,
which cannot be equally ensured by using poly-
mer-analogous reactions on block copolymers. The
block copolymer architecture permits the ready
solution based processing of a variety of substitu-
ents including fluorinated units that are suitable
for specific surface interactions.?® Furthermore,
the block copolymer approach, through its phase

separated structure, directs the formation of a
brush-like polymer surface that has been shown
to be a superior surface for optimal cell-surface
interactions.?

Although it is well known that block copoly-
mers microphase separate to a preferred micro-
structure, we anticipated that surface and inter-
face segregation will also take place to enhance
further organization in the surface region when a
low surface energy block was incorporated.'®3° In
particular, we found that the presence of a fluori-
nated block selectively and effectively led to segre-
gation to the surface of polymer films driven there
by its low surface energy. Therefore, by incorpo-
rating a fluorinated component into the architec-
ture of the target polymers, the surface (and bulk)
properties of block copolymers could be appropri-
ately engineered.

EXPERIMENTAL

Materials

THF was refluxed over Na/K alloy and distilled at
atmospheric pressure under nitrogen. CHyCl,
was refluxed over CaH, and distilled at atmos-
pheric pressure under nitrogen. Anisole and
diethylene glycol dimethyl ether (diglyme) were
kept at 100 °C over sodium for 4 h and then dis-
tilled under reduced pressure.

4-Vinylbenzoic acid, (1) the ethoxylated (PEGy-
lated)-fluoroalkyl surfactant, Zonyl FSO-100 (2)
(registered trademark of E. I. du Pont de Nem-
ours and Co), 4-(dimethylamino)pyridine (DMAP,
>99%), N,N'-dicyclohexylcarbodiimide (DCC,
99%), 2,2'-bipyridine (Bipy, >99%), copper(I) bro-
mide (99.999%), and 1-phenylethyl bromide (1-
(PE)Br, 98%) were purchased from Aldrich and
used without further purification.

Styrene (S) (from Fluka) was washed with 5%
NaOH and water. After drying over NaysSQO,, it
was distilled under reduced pressure.

o,of -Azobis(isobutyronitrile) (AIBN) (from Fluka)
was recrystallized from methanol.

Synthesis of Monomers and Polymers
Monomer Sz

0.500 g (3.375 mmol) of 4-vinylbenzoic acid and
0.041 g (0.337 mmol) of DMAP were dissolved in
20 mL of anhydrous CHyCl, under nitrogen
atmosphere. The solution was cooled to 0 °C, and
0.695 g (3.368 mmol) of DCC in 20 mL of
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anhydrous CHyCly was slowly added. The mixture
was kept under stirring for 15 min at 0 °C and for
1 h at room temperature. Then, a solution of
2.33 g (3.37 mmol) of Zonyl FSO-100 in 10 mL of
CH,Cl, was added dropwise. The reaction mix-
ture was kept under stirring at room temperature
for 62 h. The white precipitate formed during the
reaction was filtered off and the organic solution
was sequentially washed with 5% NaHCOs, 5%
HCI, and water, and finally dried over NaySOy,.
The solvent was then evaporated under vacuum
and the residue was eluted on silica gel with
dichloromethane/methanol (98/2 vol/vol) to give
2.53 g (yield 92%) of monomer Sz as a yellow
semisolid material.

'H NMR (CDCly): ¢ (ppm) = 2.5 (1.9H,
CH,CF3), 3.2-4.2 (20.3H, CH,;0), 4.5 (2.0H,
COOCHy), 5.4 and 5.9 (2.1H, CHy,=), 6.7 (1.0H,
CH=), 7.5 and 8.0 (4.1H, aromatic).

FTIR (film): v (em™ 1) = 3090-3044 (v C—H aro-
matic), 2874 (v C—H aliphatic), 1716 (v C=0),
1608 (v C=C aromatic), 1508 and 1455 (6 C—H al-
iphatic), 1400-1000 (v C—O and v C—F), 653 (w
CF,).

Homopolymer P(Sz)

0.500 g (0.61 mmol) of Sz, 5 mg of AIBN, 2.5 mL
of distilled diglyme, and 1 mL of trifluorotoluene
were introduced into a Pyrex vial and degassed by
several freeze-thaw pump cycles. The polymeriza-
tion was carried out at 65 °C for 48 h. The poly-
mer was purified by several precipitations into n-
hexane from THF solutions giving 0.345 g (yield
69%) of a viscous yellowish polymer.

'H NMR (CDCly): § (ppm) = 1.0-2.0 (3.1H,
CH,CH), 2.4 (1.9H, CHyCF,), 3.04.2 (20.4H,
CH,0), 4.4 (2.0H, COOCHy), 6.4 and 7.6 (4.0H,
aromatic).

FTIR (film): v (em ') = 3034 (v C—H aromatic),
2878 (v C—H aliphatic), 1722 (v C=0), 1609 (v
C=C aromatic), 1509 and 1454 (6 C—H aliphatic),
1400-1000 (v C—0O and v C—F), 654 (o CF5).

Bromo-Terminated Polystyrene

In a typical preparation, 5.00 mL (43.70 mmol) of
S, 0.255 g (1.635 mmol) of Bipy, and 0.74 mL (0.54
mmol) of 1-(PE)Br were introduced into a dry
Schlenk flask under nitrogen. The solution was
purged with nitrogen for 15 min and then 0.078 g
(0.544 mmol) of CuBr was added. After four
freeze-thaw pump cycles, the polymerization was
let to proceed for 330 min at 110 °C. After cooling
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to room temperature, the polymer mixture was
dissolved in THF and then eluted on neutral alu-
mina to remove CuBr catalyst. The solvent was
removed under vacuum, and the polymer was
purified by repeated precipitations from THF into
methanol (yield 73%). The resulting polymer, with
an average degree of polymerization of 51 is
denoted by S51.

Styrene/PEGylated-Fluoroalkyl Styrene
Block Copolymers

In a typical preparation, 1.50 g (0.28 mmol) of Br-
terminated polystyrene S51 and 0.466 g (2.983
mmol) of Bipy were introduced into a dry Schlenk
flask, which was then evacuated and flushed
with nitrogen three times. A solution of 4.66 g
(5.7 mmol) of Sz in 20 mL of anisole was added
under nitrogen. After purging with nitrogen for
30 min, 0.142 g (0.989 mmol) of CuBr was added
and the solution was finally degassed by four
freeze-thaw pump cycles. The polymerization was
let to proceed for 66 h at 115 °C. When the reac-
tion was stopped, the polymer mixture was dis-
solved in THF and then eluted on neutral alu-
mina to remove the catalyst. The solvent was
removed under vacuum and the crude polymer
was purified by repeated precipitations from chlo-
roform into methanol (yield 71%). The resulting
diblock copolymer, with an average degree of poly-
merization of the amphiphilic styrene block equal
to 20, is denoted by S515z20.

'H NMR (CDCl): § (ppm) = 1.0-2.2 (10.7H,
CH,CH), 2.4 (1.9H, CH,CF,), 3.0-4.2 (20.3H,
CH,0), 4.4 (2.0H, COOCHy), 6.1-8.1 (16.8H
aromatic).

F NMR (CDCly/CF5;COOH): 6 (ppm) = —6
(8.0F, CF3), —38 (2.0F, CF,CH,), —45 to —48 (9.8F,
CF9), —51 (2.0F, CFCFy).

FTIR (film): ¥ (cm™*) = 3080-3000 (v C—H aro-
matic), 2922 (v C—H aliphatic), 1722 (v C=0),
1608 (v C=C aromatic), 1493 and 1454 (6 C—H
aliphatic), 1400-1000 (v C—O and v C—F), 759
and 699 (0 C—H aromatic), 654 (v CF5).

Film Deposition

The thinner polymer films (thickness 200—400
nm) were obtained by spin coating 3 wt % solu-
tions of the polymer in CHCl; or THF on glass
slides (for static contact angle and X-ray photo-
electron spectroscopy measurements) and Si
wafers (for atomic force microscopy, near-edge X-
ray absorption fine structure spectroscopy, and
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grazing-incidence small angle X-ray scattering
measurements). The thicker polymer films (thick-
ness 500-1000 nm) were obtained by dip coating
glass cover slips in a 1.5 wt/v solution of the poly-
mers in CHCIl; or THF (for measurements of
advancing and receding contact angles). Unless
otherwise specified, the films were vacuum dried
overnight at room temperature and then
annealed at 120 °C, to favor the formation of an
equilibrium structure. The films were studied in
as-prepared specimens (“dry” films) and after
immersion in distilled water at room temperature
for 3-9 days (“wet” films).

Characterization

'H (versus TMS) and YF (versus CF;COOH)
spectra were recorded on Varian Gemini VRX 200
and Varian Gemini VRX 300 spectrometers,
respectively.

Infrared spectra were recorded with a Spec-
trum One Perkin—Elmer Fourier Transform infra-
red spectrophotometer with 4 cm™' resolution.
Polymer films were cast on KBr crystal plates.

Size exclusion chromatography (SEC) was car-
ried out with a Jasco PU-1580 liquid chromato-
graph equipped with two PL gel 5 ym Mixed-D
columns, a Jasco 830-RI refractive index detector,
and a Perkin—Elmer LC75 UV detector. Polysty-
rene standards (0.4—400 kg/mol) were used for
calibration.

Differential scanning calorimetry (DSC) meas-
urements were performed with a Mettler DSC-30
instrument (10 °C/min). The glass transition tem-
perature (T,) was set at the half-devitrification
temperature.

Static contact angle measurements were car-
ried out with a FTA200 Camtel goniometer using
several contact liquids of the highest purity com-
mercially available. Water advancing and reced-
ing contact angle experiments were carried out by
the Wilhelmy balance method using a Dataphy-
sics tensiometer DCAT-11 with immersion-with-
drawal rates of 200 um/s. In this method, a glass
plate hangs from a balance which measures the
vertical force, F, acting on it. Assuming that the
viscous force acting on the plate as it moves in the
liquid bath is negligible,>! F is given by F = W
+ 2(L + e)ycosO — B, where W and 2(L + e) are the
weight and perimeter (¢ = 0.1 mm and L
= 24 mm) of the solid plate, y is the water surface
tension (72 mN/m), 0 is the contact angle, and B
the buoyancy force. During the detecting process,
F varies with the variation of B, which is propor-

tional to the immersion depth of the plate. Thus a
linear relationship is obtained as far as the fric-
tion force acting along the plate is negligible. The
computing software of the DCA calculates F' at a
zero depth of immersion (where B = 0) from a lin-
ear regression. The contact angles are then
obtained by cosO = (F — W)/2y(L + e).

Two different experiments were performed: (i)
three immersion cycles at 6 mm immersion depth,
with dwell times between immersion and with-
drawal of 10 s; (i) one immersion cycle at 6 mm
immersion depth with a dwell time of 1000 s, fol-
lowed by two immersion cycles at 12 mm immer-
sion depth and a dwell time of 10 s.

X-ray photoelectron spectroscopy (XPS) spectra
were recorded with a Perkin—Elmer PHI 5600
spectrometer with a standard Al-Ko source
(1486.6 eV) operating at 350 W. The working pres-
sure was less than 108 Pa. The spectrometer was
calibrated by assuming the binding energy (BE)
of the Au 4f;,, line to be 84.0 eV with respect to
the Fermi level. Extended spectra (survey) were
collected in the range 0-1350 eV (187.85 eV pass
energy, 0.5 eV step, 0.025 s/step). Detailed spectra
were recorded for the C (1s), O (1s), and F (1s)
regions (11.75 eV pass energy, 0.1 eV step, 0.1 s/
step). The standard deviation in the BE values of
the XPS line was 0.10 eV. The atomic percentage,
after a Shirley type background subtraction,®?
was evaluated using the PHI sensitivity factors.??
To take into account charging problems, the
hydrocarbon peak was adjusted to a position of
285.0 eV, and the subpeak BE differences were
evaluated.

Near-edge X-ray absorption fine structure
(NEXAFS) experiments were carried out on the
U7A NIST/Dow materials characterization end-
station at the National Synchrotron Light Source
at Brookhaven National Laboratory. Partial
electron yield carbon K-edge NEXAFS spectra
were acquired and normalized as discussed in
Krishnan et al.?’

Grazing incidence small angle X-ray scattering
(GISAXS) experiments were carried out at the G1
station of the Cornell High Energy Synchrotron
Source (CHESS) using a 4 = 0.124 nm X-ray
beam. The beam was collimated to a height of
250 ym and a width of 250 um by three sets of
slits. Two beam stops were used in front of the de-
tector: (i) a blade to block the direct beam and (ii)
a tantalum rod 1.25 mm wide to block the intense
specular reflection.®* Images of the scattered in-
tensity were recorded with a fiber optically
coupled CCD camera (Quantum 1 by ADSC).
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DCC, DMAP

+  HO(CH,CH;0),CHyCHo(CFoCFo)f  ——————— 3=

COOH

(1) (2)

Scheme 1.

The surface morphology of polymer thin films
was studied using Veeco Dimension 3100 atomic
force microscope (AFM) in the tapping mode.

RESULTS AND DISCUSSION

Synthesis

The AB diblock copolymers consisted of a block of
polystyrene and a block of polystyrene carrying a
PEGylated-fluoroalkyl side chain. Thus, an un-
usual amphiphilic character was achieved by use
of the hydrophilic-hydrophobic chain substituents
on the second block. The PEGylated-fluoroalkyl 4-
vinylbenzoate monomer (Sz) was prepared by the
direct esterification of 4-vinylbenzoic acid (1) with
the commercially available PEGylated fluorosur-
factant Zonyl FSO-100 (2) (Scheme 1). The reac-
tion was carried out at room temperature using
N,N'-dicyclohexylcarbodiimide (DCC) and 4-
(dimethylamino)pyridine (DMAP). The reaction
took place with high yields (>80%), although the
by-product N,N’-dicyclohexylurea was difficult to
remove from the desired monomer.

The fluorinated PEG (2), F(CFyCFy),(CH,.
CH,0),CH,CH,OH, has a broad distribution of
molecular weights. On the basis of the areas of
—CFy—CHy— protons and —CFo— fluorines in the
'H and °F NMR spectra of monomer Sz, we eval-
uated the average number of oxyethylene groups
in the PEG segment, x, to be 5 and that of the per-
fluoroethylene groups in the fluorinated segment,

y, to be 4.
Er ' ;z

CuBr/ Blpy

bulk, T=110°C

CH,Clp, rt.

EF
¢ 0
~o >~ g‘/ﬁ\)t)\F
X y
FF

<x>=5,<y>=4

Sz

Synthesis of monomer Sz.

The amphiphilic block copolymers were pre-
pared by a two-step procedure based on two se-
quential ATRP (Scheme 2). In the first step,
bromo-terminated polystyrene macroinitiators
having molecular weights of 8.4, 5.3, and 2.7 kg/
mol were prepared by ATRP of styrene, S, in bulk
in the presence of 1-phenylethyl bromide/CuBr/
2,2'-bipyridine (1:1:3 M ratio) at 110 °C. The ex-
perimental molecular weights and molecular
weight distributions of the macroinitiators are
listed in Table 1.

In the second step, the copolymerizations for
attachment of the block of amphiphilic styrene
monomer, Sz, to the polystyrene block were car-
ried out in anisole or diglyme solutions at 115 °C.
Starting from the same polystyrene macroinitia-
tors, we prepared different sets of block copoly-
mers in which the length of the amphiphilic block
was appropriately tuned either by changing the
initial monomer/macroinitiator molar ratio, while
keeping the reaction time constant, or by fixing
the initial ratio and changing the reaction time
(Table 2). Block copolymers are denoted by the
code SnSzm, where n indicates the polymerization
degree of the polystyrene block and m that of the
amphiphilic polystyrene block.

The formation of block copolymer structures
was confirmed by F NMR spectroscopy investi-
gations which clearly proved the insertion of the
semifluorinated component as a second block in
the diblock copolymers. The relative S and Sz con-
tent was evaluated from the integrated areas of
the "H NMR signals at 4.4 ppm (COOCH,, of Sz)

CuBrIBlpy O O
anisole, T=115°C

<x>=5 <y>=4

Scheme 2. Synthesis of diblock copolymers SnSzm by ATRP.
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Table 1. Experimental Conditions for the Synthesis
and Physical-Chemical Properties of Polystyrene
Macroinitiators

I M2
MI®  S:I:CuBr:Bipy® (min) (g/mol) M,/M,% n¢
S81 160:1:1:3 330 8400 1.27 81
S51 80:1:1:3 330 5300 1.35 51
S26 60:1:1:3 90 2700 1.52 26

2 Br-terminated polystyrene macroinitiator.

b Styrene/1-(PE)Br/CuBr/Bipy molar ratio.

“Reaction time.

dNumber average molecular weight, polydispersity, and
degree of polymerization by SEC.

and between 6 and 8 ppm (aromatic rings of S
and Sz). Consistently, the length of the Sz block
was calculated from the known length of the S
block.

Figure 1 illustrates the SEC traces of the S81
macroinitiator and the block copolymer S81Sz19
derived therefrom. The monomodal shape of the
block copolymer curve suggested the absence of
residual homopolymers and the complete initia-
tion of the macroinitiator during the ATRP pro-
cess. However, the dispersity values were quite
high (1.3 < M,/M, < 1.8), probably because of the
inherently high dispersity of the side chain in the
monomer Sz (M /M,, = 1.31). Moreover, although
ATRP is a controlled radical polymerization, per-
manent deactivation of propagating species via
termination or chain transfer cannot be com-
pletely avoided. The apparent partial agreement
between the values of the molecular weights eval-
uated by SEC and NMR results from the fact that
the former technique provided approximate val-

ues of M, as the block copolymers have different
hydrodynamic volumes from those of the polysty-
rene standards used for calibration.

Differential Scanning Calorimetry

The thermal behavior of the block copolymers was
studied by DSC. Only copolymers S81Sz6,
S51Sz6, and S26Sz4 showed two glass transition
temperatures at about —35 °C, typical of the
amphiphilic polystyrene block, and close to 85 °C,
typical of the polystyrene block. The presence of
two glass transitions was due to the phase separa-
tion of the chemically incompatible blocks in sepa-
rate domains. For all the other block copolymers,
only the single glass transition temperature of the
Sz block was detected near —35 °C. Consistent
with the thermal behavior of the block copolymers
rich in S units, we assume that the two blocks
were separated in copolymers having higher
molar percentages of Sz as well, although it was
not possible to detect the T, of the polystyrene
block by DSC.

Static Contact Angles and Surface Energy

Static contact angle measurements were per-
formed on thin polymer films, which were spin
coated onto glass slides from a 3 wt % solution
and then annealed for one night at 120 °C to
achieve equilibrium morphologies. In fact, previ-
ous XPS and NEXAFS measurements carried out
on similar amphiphilic surfaces?’ showed that
annealing influenced the chemical composition of
the surface. In particular, it was found that the
abundance of fluorinated carbon species (—CFy—,
—CF3) increased with increasing annealing

Table 2. Experimental Conditions for the Synthesis and Physical-Chemical Properties of Block Copolymers

Copolymer Sz:MI? t° (h) M, (g/mol) (SEC) M /M.° M,¢ (g/mol) (NMR) m?
S81Sz6 10:1 66 17,400 1.62 13,300 6
S81Sz19 50:1 66 21,300 1.50 23,900 18
S81Sz39 100:1 66 27,300 1.73 40,100 39
S51Sz6 10:1 64 13,300 1.50 10,200 6
S518z17 20:1 24 16,000 1.51 19,100 17
S518220 20:1 66 22,800 1.77 21,600 20
S26Sz4 5:1 66 9300 1.65 6000 4
S26Sz8 10:1 24 13,200 1.69 9200 8
S26Sz13 10:1 66 10,100 1.63 13,300 13

? Amphiphilic styrene monomer/macroinitiator molar ratio.

bReaction time.

¢ Number average molecular weight and polydispersity by SEC.
4 Number average molecular weight and degree of polymerization by 'H NMR.
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Figure 1. SEC traces of macroinitiator S81 and

block copolymer S81Sz19.

temperature owing to a more effective segregation
of the surface morphology.

AFM root mean square roughness R, = (X; Z2/
N)*®, where Z; are heights relative to the mean,
and N is the number of points measured on the
analyzed surface, ranged between 2 and 4 nm.
Because the surfaces were very smooth, the effect
of surface roughness on contact angle measure-
ments would be negligible.*

The measured contact angles for the block
copolymers are collected in Table 3. The values of
contact angle 0 with water and n-hexadecane are
conventionally regarded as indicators of hydro-
phobicity (0, > ~90°) and lipophobicity (0,
> ~60°), respectively. According to this criterion,
all of the polymer surfaces were both hydrophobic
(0w > 99°) and lipophobic (0, > 62°). As seen in
Table 3, for all probe liquids, the values of static
contact angles did not show any specific depend-
ence on the degree of fluorination of the polymers,
not even when the molar content of the fluori-
nated monomer was relatively low (e.g., 7 mol %
in S81Sz6). The static contact angles were more
or less constant for each probe liquid: 0, ~ 104°,
On ~ 66°, Opr ~ 85°, and Ogg ~ 92°. We suppose
that a threshold of surface concentration of fluori-
nated chains may exist, above which an increase
in Sz units in the copolymer did not lead to an
increase in contact angle.?® This could be effec-
tively achieved in a microphase separated block
copolymer system (see below, chemical and micro-
phase structure analyses).

Measurements of liquid—solid contact angles
are commonly used to evaluate solid surface
tension, ys. However, the correlation between 0
and yg is still a controversial question and none of
the different methods proposed are generally
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accepted.®” Accordingly, we followed the surface
tension component approaches of Owens, Wendt,
and Kaelble (OWK)3®3 and of van Oss, Chaud-
hury, and Good (vOCG),***! which both rely on
Fowkes’ model that assumes the total surface
energy is the sum of different interaction compo-
nents (van der Waals dispersive, dipole, hydrogen
bonding, etc.) at the liquid—solid interface and
postulates a geometric mean relationship for both
of the solid-liquid and liquid-liquid interfacial
tensions.*? In particular, in the former approach
the solid surface tension

Vs = 7§ + 75 1)
combined with the Young’s equation yields
1/2 1/2

(1 +eos0) = 2[0t) P+ (0807 @

where 74 and 7P are the dispersion and the polar
components, respectively, of the solid, ys, and lig-
uid, 7y1, surface tensions; vapor adsorption is
assumed to be negligible. By measuring the con-
tact angles of at least two liquids, one polar and
one nonpolar, on the same surface two equations
can be obtained from which the two unknowns (y3
and 7§) of the solid can be calculated. The total sur-
face energy of the polymer is computed as the sum
of the y3 and 7§ terms (eq 1). The latter approach
involves three different surface tension compo-
nents, that is, the Lifshitz-van der Waals disper-
sive component, ™, the polar electron-donor
(Lewis base) component, 7, and the polar elec-
tron-acceptor (Lewis acid) component, y* (eq 3):

1/2

s =78 +2(2§75) (3)
Table 3. Static Contact Angles of the Block
Copolymer Films with Different Interrogating
Liquids®
Polymer Film Oy (°) Oy (°) Op1 (°)  Ogg (°)
P(Sz) 103+1 64+1 81+3 88+2
S81Sz6 106 +1 67+1 87+1 92+1
S81Sz19 107+1 66+1 92+2 92+1
S81Sz39 104+1 63+1 81+2 94+1
S515z20 1001 66+1 84+1 93+2
S26Sz4 103 +£1 66 +1 n.d. 92+1
S26Sz8 108+1 69+1 91+1 92+1
S265z13 102+1 66+1 81+2 95+1

2Contact angles measured with water, n-hexadecane,
diiodomethane, and ethylene glycol.
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Table 4. Surface Tensions of the Block Copolymer Films Calculated by Two Different

Additive-Component Methods

Polymer Film yg (mN/m) 7§ (mN/m) /gWK & (mN/m) yléw (mN/m) yg (mN/m) 7¢ (mN/m) y‘S’OCG > (mN/m)
P(Sz) 14.4 2.2 16.6 16.7 3.04 7.6 x-1073 17.0
S81Sz6 13.3 1.7 15.0 14.1 2.52 1.8 x 1072 14.5
S81Sz19 13.7 1.3 15.0 11.8 2.30 1.1 x 107! 12.9
S81Sz39 14.5 1.9 16.4 17.1 4.14 1.5 x 1071 18.6
S51Sz20 13.5 3.9 17.4 15.6 8.58 1.5 x 1071 17.9
S265z8 12.7 1.5 14.2 12.4 2.21 8.5 x 1072 13.2
S26Sz13 13.6 2.7 16.3 16.6 6.20 2.7 x 107! 19.2

2 Calculated with the Owens—Wendt—Kaelble method: )

dlspersmn component, 7§ polar component.

b Calculated with the van Oss—Chaudhury—Good method 7¢ Lewis acid component, yg Lewis base component, ,S W Lifshitz—

van der Waals component.

which leads to a Young’s equation of the form:
(1 +cos0) = 2| 08" EY) ' + (o)
+ (50| (4)

In this case at least three different liquids, two
polar and one nonpolar, are necessary to obtain
the three equations that can be solved for the
unknowns Vs f Vg, and yg. Thus the dispersion
contribution ¢ corresponds to Y™V, whereas the
polar contribution of 7¢ is further split into the
two Lewis acid and base components y*. In this
study, n-hexadecane and water were chosen
as the nonpolar and polar liquids, respectively, for
the OWK method. Diidomethane was chosen as
the nonpolar liquid, whereas water and ethylene
glycol were chosen as the polar liquids, for the
vOCG method. The polymer surface tension
and the related components calculated for the
homopolymer and the block copolymer films
according to the two different additive-component
approaches are collected in Table 4.

The use of Young’s equation, which describes
the equilibrium state, for determining surface
energies of dynamic surfaces that undergo envi-
ronment-dependent surface reconstruction (cf.
Section 3.4) is complex. Because of surface recon-
struction, the surface composition is expected to
be different for each probe liquid, depending on
polarity of the liquid. In contact with water or eth-
ylene glycol, which are polar liquids, the hydro-
philic PEG groups will preferentially segregate to
the surface. On the other hand, the PEG groups
will not show preferential surface segregation
when in contact with nonpolar probe liquid such
as hexane. Essentially, a different surface is being
probed with each probe liquid. Nevertheless, the

values of the solid surface energy obtained by the
two methods, "/(s) and /VOCG, were surprisingly
in agreement with each other. More importantly,
the values of ys (lower than 19 mN/m) for poly-
mers containing Sz units were consistent with the
low surface energy expected of these fluorinated
polymers. It should be noted that diblock copoly-
mers of polystyrene and para-substituted per-
fluorodecyloxymethyl styrene are known to ex-
hibit much lower surface energies (~11 mN/m),’
which did not increase even when a para-substi-
tuted polyethyleneoxymethyl styrene block'® was
inserted as a central or terminal third block in tri-
block copolymers. In the case of the side-chain
amphiphilic polymers of the present study, how-
ever, the presence of the PEGylated segment
directly linked to the fluorinated chain leads to an
increase in surface energy.

As expected of nonpolar, nonhydrogen bonding
surfaces such as fluorinated surfaces, the disper-
sion contribution (73 ~ 12-15 mN/m) to y§VK was
largely dominant, with y§ being minimal (§ ~ 1-
4 mN/m). However, the polar component was sig-
nificantly higher than that calculated for other
fluorinated block copolymers,'® likely because
PEG segments of Sz units participate in polar
hydrogen-bonding interactions. Similarly, the
nonpolar parameter 7V provided the major con-
tribution to y"OCG with respect to the acid—base
components y5. The Lewis acid contribution Was
found to be insignificant (y{ ~ 1.4 10~ 3t01.510° 1
mN/m), owing to the small number of electron
acceptor —CH,CFy— groups on the surfaces of
these materials. On the other hand, the electron-
donor (Lewis base) component was high (yg ~ 2—
9 mN/m), mainly because of the ability of the
oxygen atoms in the ethylene glycol group
(—OCH5CHs—) to form hydrogen bonds. The
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influence of the PEG content on the wettability in
general, and on the basic component in particular,
of a fluorinated surface has also been shown for
crosslinked hyperbranched fluoropolymer-poly
(ethylene glycol) amphiphilic network coatings.*?
In fact, the basic contribution increased by in-
creasing the amount of PEG in the polymer net-
work and thus by decreasing the hydrophobic/
hydrophilic balance. In the present copolymers, it
was not possible to establish a monotonic trend of
7s with the nominal content of PEG units. The
hydrophobic/hydrophilic balance mostly depends
on the ratio of tetrafluoroethylene and oxyethylene
segment lengths, which was the same per repeat
unit, independent of the length of the Sz block.

From Table 4, it may appear that the overall
surface energy, ngK or y‘S’OCG, showed no correla-
tion with the block copolymer composition or
microphase formation. For example, using the
OWK method, the block copolymer S81Sz6, which
has a lamellar morphology in thin films (cf. section
on microphase structure) is estimated to have the
same surface energy as the block copolymer
S81Sz19, which has a cylindrical morphology. We
believe that the apparent inconsistency is because
of the fact that both methods are not strictly appli-
cable for yg determination of surfaces that exhibit
environment-dependent surface composition. The
values of surface energy estimated using these
methods are inadequate in characterizing the
influence of block copolymer architecture on sur-
face composition and surface segregation. Detailed
comparison of homopolymer, block copolymer, and
random copolymer surfaces, using X-ray absorp-
tion spectroscopic techniques, will be reported in a
separate paper.** It may be argued that dynamic
contact angles should be used for the determina-
tion of solid surface tensions, as discussed by Kwok
et al.*> We found that dynamic contact angle val-
ues themselves depended on the measurement
technique, for example, the sessile drop method or
the Wilhelmy plate method. Dynamic surface wett-
ability experiments, nevertheless, provided critical
information in understanding the time scale of sur-
face reconstruction, as will be discussed in the fol-
lowing section.

Dynamic Surface Wettability

Experiments on polymer films using water as wet-
ting liquid were carried out to assess the effect of
the wetting medium on surface stability. A 1.5 wt
% toluene solution of the block copolymers was
dip coated onto glass cover slips and dried at
120 °C for 15 h.
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Table 5. Advancing and Receding Contact Angles®
for Block Copolymer Films

Polymer Film 0, (°) 0, (°) A ()P
P(Sz) 101 + 1 34 + 2 66
S81Sz6 97 +1 54 + 1 43
S81Sz19 106 + 1 51 + 2 55
S51Sz6 102 + 2 40 £ 1 62
S518z17 106 + 1 41 + 2 65
S518220 106 + 1 41 + 1 65
S26Sz8 103 + 1 42 +1 61
S26Sz13 106 + 1 44 + 2 62

2 Calculated as an average on the three immersion cycles.
bHysteresis: A=0,— 0.

Two sets of measurements were performed.
The first experiment consisted of three immersion
cycles at 6 mm immersion depth with dwell times
between immersion and withdrawal of 10 s. In
the second experiment, the coated slide was
advanced by 6 mm and kept immersed for 1000 s.
Then the slide was reversed to the start position
and finally advanced by 12 mm, so that an addi-
tional 6 mm of fresh surface was exposed to water.
This was followed by another 12-mm immersion-
withdrawal cycle with a short dwell time of 10 s.

In the first experiment, with only 10 s dwell
time between each immersion and withdrawal,
neither the advancing angle, 0,, nor the receding
angle, 0,, changed significantly during the three
advancing and receding cycles. Thus, average val-
ues of the three cycles are reported in Table 5.

The 0, values were quite high (96° < 0,
< 107°), whereas 0, were lower and generally
below 55°. As a consequence, large values of hys-
teresis (40° < A < 70°) were found. Hysteresis of
contact angles is usually due to the existence of
metastable states at the solid—liquid—vapor inter-
face. The surface energy difference yp(cosO, —
cosf,) is attributed to the fact that the free energy
required to separate the liquid from the solid is
greater than the energy released during contact.
Contact angle hysteresis is caused by factors such
as surface roughness, chemical heterogeneity of
the topmost layer, and surface reconstruction of
the polymer film after contact with the liquid.*®
The investigated block copolymer films showed a
fairly low AFM roughness (R, = 5-7 nm) and its
effect on hysteresis would be negligible. There-
fore, the experimentally observed values of A are
most likely due to a combination of chemical het-
erogeneity and restructuring of the surface.
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The advancing water contact angles on the
block copolymer surfaces were strongly influenced
by the fluoroalkyl segments in the PEGylated flu-
oroalkyl side chains and were generally within
the range of 100 to 107°, with the exception of the
S81Sz6 surface that showed a lower 6,, of about
97°.

The advancing water contact angles on all sur-
faces were lower than that on a perfluoromethyl
terminated perfluoroalkyl surface (0, > 120°) due
to the influence of the PS block and the polar
groups in the block copolymer, including PEG.
Polystyrene has an advancing water contact angle
of 88°, which is low when compared with perfluor-
oalkyl covered surfaces.

The polymer S81Sz6 showed the lowest 0, of
about 97°. As discussed below, block copolymer
S81Sz6 has a lamellar morphology, with the
lamellae oriented parallel to the substrate. Hence,
the surface is expected to be covered by the PSz
block, and the contact angles are expected to be
close to those on the PSz homopolymer (0, = 101°
and 0, = 34°). Nevertheless, the lower advancing
water contact angle (97°) and higher receding con-
tact angle (54°) can be attributed to the fact that
the top PSz layer is fairly thin, and the underlying
PS block has a stronger influence on the wetting
behavior. The lamellar d-spacing, determined
using GISAXS, was correspondingly the lowest for
this block copolymer (equal to about 14 nm). Evi-
dently, the underlying PS layer not only lowers 0,
but also increases 0,. On the other hand, the lamel-
lar block copolymer S51Sz6, with thicker lamellae
(24 nm d-spacing), has advancing and receding
water contact angles closer to those on the homo-
polymer surface.

The higher 0, on the block copolymer surfaces,
in comparison to the PSz homopolymer surface, is
because of the PS block. The influence of the PS
block on 0, is clear when data for block copolymers
prepared from the S81 macroinitiator (S81Sz6
and S81Sz19) are compared with those for block
copolymers containing the S51 and S26 PS blocks.
The receding contact angle was higher (52 + 3°)
on the block copolymers with the longer S81 PS
blocks, and lower (42 £ 3°) on block copolymers
with the shorter S51 and S26 PS blocks.

To investigate the dependence of the contact
angle values on the film history in immersion-
withdrawal cycles a second set of measurements
was carried out. The weight versus immersion
depth plot showed that in the first 6 mm of the
second cycle (after 1000 s of immersion in water)
0, and 0, were lower than the respective contact
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Figure 2. Force-immersion depth curves for the
polymer S81Sz19: 1st cycle 6 mm depth/1000 s dwell
time, 2nd and 3rd cycles 12 mm depth/10 s dwell time.
(For the meaning of the force F, see Experimental).

angles for the second 6 mm, when fresh surface
was exposed, thereby causing a net discontinuity
in the graph. For example, in the case of S81Sz19
coating, 0, = 107° and 0, = 52° for the fresh sur-
face, and 0, = 102° and 0, = 49° for the immersed
surface (after 1000 s dwell time). Moreover, the 0,
over the top half of the second immersion cycle
were same as that for the first cycle (Fig. 2). The
0. over the top half of the immersed surface (with
only 10 s dwell time in water) was higher than
the 0, on the bottom half that was immersed in
water for 1000 s (52° versus 49°). However, it
quickly reached the 1000 s immersion value, dur-
ing the third cycle, after another short dwell time
of 10 s. These results suggest that a rearrange-
ment of the outer molecular layers happened
upon short immersion time in water.*”

It is, in general, difficult to investigate on a mo-
lecular scale how the structure of fluorinated sur-
faces may evolve upon contact with water,*® but
surface reconstruction of the present polymer
films likely occurred by a mechanism similar to
that proposed for a related amphiphilic block co-
polymer.?” The high advancing water contact
angle and low receding contact angle, even after
repeated immersion-withdrawal cycles indicates
that the mechanism of surface reconstruction con-
sists of “flipping” of the PEGylated-fluoroalkyl
side chains, that made the perfluorinated chain
segments point inwards and exposed the PEG
chain segments outwards when the surface is in
contact with water. Such a molecular reorganiza-
tion favors the chemical interaction between the
hydrophilic portions and reduces the contact with
water of the hydrophobic—lipophobic portions.
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Figure 3. Water contact angle versus immersion
time in water for S51Sz20.

Moreover, measurements of static water con-
tact angle, 0, carried out on the amphiphilic poly-
mer films completely immersed in water for vari-
ous times up to 14 days, showed that 0,, decreased
as the immersion time increased. This descending
trend was generally more pronounced initially
(typically the first 24-48 h), and more gradual
later, until 0, reached a plateau value. Although
this steady value depended on the specific copoly-
mer, 0,, remained larger than 70°-75°. Figure 3
illustrates the trend of 0,, with immersion time
for block copolymer S51Sz20.

The findings suggest that the surface under-
went another reorganization process spanning
over a longer time scale than the previous one.
Thus, molecular reorganization could indeed
occur by at least two different mechanisms: (i) the
migration of the polystyrene block away from the
water-polymer interface, and (ii) the reorientation
of the Sz chains by reversible “flipping.” The two
processes likely occur simultaneously, but with
different kinetics. Reconstruction at the macromo-
lecular level requires long immersion times (days
according to measurements of contact angle 0,,),
whereas reconstruction of the side chains
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occurred over a short time scale (seconds accord-
ing to measurements of 0, and 0,.).

Chemical Analysis by XPS

Information about the chemical composition of
the surface of the polymer films was obtained by
means of X-ray photoelectron spectroscopy (XPS).
The films were analyzed before (“dry” film) and af-
ter 9 days of immersion in water (“wet” film); the
XPS analyses were carried out at room tempera-
ture under typical high vacuum conditions. The
surface composition of the “wet” films is expected
to be that corresponding to a kinetically trapped
condition, rather than the equilibrium state when
in contact with water. However, as is evident from
Figure 3, reorganization of blocks occurs rather
slowly at room temperature. The XPS spectra of
the “wet” surface can, therefore, be considered in-
dicative of chemical composition when the surface
has equilibrated with water.

XPS spectra were acquired at different photo-
electron emission angles ¢ (the angle between the
surface normal and the path taken by the elec-
trons toward the detector) corresponding to sam-
pling depths of ~3-10 nm.***° We illustrate the
general XPS findings for the films of S51Sz20
taken here as a representative example. The sur-
vey spectra of the polymer did not show the pres-
ence of elements other than C, O, and F. The ele-
mental analysis data for the different emission
angles ¢ are summarized in Table 6, where they
are also compared with the corresponding values
calculated from the known stoichiometric ratios of
the block copolymer components.

The atomic percentage dependence on ¢
showed that there was a composition gradient
normal to the film surface into the bulk. In fact,
the experimental C atomic percentage was lower
than the stoichiometric value (67%) and increased
from 50.2% to 64.1% with increasing sampling
depth from ¢ = 70° to ¢ = 20°. By contrast, the F

Table 6. XPS Atomic Composition of the “Dry” and the “Wet” Surfaces of Block Copolymer S51Sz20

at Different Photoemission Angles ¢

“Dry” “Wet”
S51Sz20 FILM ¢ () C (%) O (%) F (%) C (%) O (%) F (%)
Stoichiometric 67 10 23 67 10 23
70 50.2 11.3 38.5 60.0 16.6 23.4
50 55.4 12.7 31.9 55.1 14.9 30.0
20 64.1 13.3 22.6 65.3 14.5 20.2
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atomic percentage was higher than the stoichio-
metric value (23%) and decreased from 38.5% at ¢
= T70° to 22.6% at ¢ = 20°. Thus, the polymer sur-
face was enriched in F content because of the
tendency of the fluorinated chains to migrate to
the surface driven by their low surface energy.
The O atomic percentage was slightly higher than
the stoichiometric percentage (10%) and increased
with increasing depth up to 13.3% at ¢ = 20°.
This finding is consistent with the increment of
oxyethylene segments in the bulk of the segre-
gated amphiphilic block copolymer film.

In the “wet” samples the F atomic percentage
was significantly lower as compared to the corre-
sponding “dry” samples, 23.4% at ¢ = 70° (i.e., at
the lower sampling depth). On the contrary, the O
atomic percentage rose in passing from “dry” to
“wet” surface, 16.6% at ¢ = 70°. Therefore, the
concentration of PEG segments at the surface
was higher after exposure to water, as a conse-
quence of the rearrangement of the amphiphilic
side chains. Moreover, one can also note that the
C atomic percentage increased in changing “dry”
to “wet” samples, being 50.2% and 60.0% at ¢
= 70°, respectively. This increase likely was
affected by a greater population of both the PEGy-
lated chains and the styrene backbone in the Sz
block, which became more exposed at the outer
surface as a consequence of the flipping process,
rather than by the polystyrene block, which
instead tended to migrate into the bulk because of
its hydrophobic nature. All these findings agreed
very well with the results obtained from contact
angle measurements and were supported by
NEXAFS analyses, see below.

The C(1s) peak revealed a complex shape and
the fitting procedure indicated the presence of at
least five main contributions: those at 292 eV and
294 eV corresponded to the —CFo;— and —CFj;
moieties of the perfluorinated chains, respec-
tively; the peak at 289 eV was attributed to the
C=0 of the ester group, and the partially
resolved peaks at 285 eV and 287 eV were due to
the sum of more components. In particular, the
former was attributed to C atoms in the aromatic
rings and in the polymer backbone, whereas the
latter depended on several carbons of the oxyethy-
lene units. Figure 4 shows the C(1s) XPS spectra
of surfaces before and after immersion in water,
detected using a photoelectron emission angle of
70°. The results show a depletion of —CFo— and
—CF5 carbon atoms of the amphiphilic side chains
from 21.6% and 4.1%, respectively, for the “dry”
samples to 14.9% and 1.5% for the “wet” samples.
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Figure 4. Area-normalized C(1s) XPS signals for
“dry” and “wet” surfaces of S515z20 at ¢ = 70°.

Consistently, the perfluorinated segments had
turned inwards in the “wet” films, the terminal
—CF3 groups being more hidden and barely de-
tectable.

Analysis by NEXAFS

Near-edge X-ray absorption fine structure spec-
troscopy (NEXAF'S) was also used to probe molec-
ular reconstruction at the surface of the block co-
polymer after immersion in water. Polymer thin
films were prepared by spin coating a 3% (w/v) so-
lution of the amphiphilic block copolymer in
CHCI; on Si wafers, drying in a vacuum oven at
60 °C and further annealing at 120 °C for 12 h.
These films are referred to as “dry” surfaces. To
study under-water surface reconstruction, the
thermally annealed surfaces were immersed in
distilled water for 3 days at room temperature
and then for 12 h at 70 °C. The surfaces were
kept immersed in water at room temperature
until NEXAFS measurement, whereupon they
were removed from water and dried under vac-
uum at room temperature. These surfaces are
referred to as “wet.” NEXAFS spectra obtained at
X-ray incident angles, 0, of 50° and 130° (with
respect to the sample surface) were compared.
Spectra for the “dry” and “wet” block copolymer
films were also compared notably at the C K-edge
(Fig. 5). The NEXAF'S spectra were qualitatively
similar to the XPS spectra, and the most signifi-
cant resonance peaks were identified individually.
Moreover, the resonance peak of the phenyl ring
carbons was highly resolved at 285 €V, in contrast
to XPS that normally does not allow for such a re-
solution and quantitative analysis. The C 1s-0¢_p
resonance intensities did not show a monotonic
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Figure 5. C(1s) NEXAFS spectra of “dry” and “wet” films of the block copolymer
S51Sz20, obtained at X-ray incident angles 0 of (a) 50° and (b) 130°. “D” denotes the

channeltron electron detector.

dependence on sin?0, indicating that the fluo-
roalkyl segments of the side chains were not ori-
ented at the surface.’® This is in accord with the
behavior of previous acrylic amphiphilic poly-
mers.?” This is expected of the polydisperse fluo-
roalkyl segments that were moreover decoupled
from the polymer main chain by polydisperse
PEG spacer segments. By contrast, block copoly-
mers of a closely related polystyrene block carry-
ing 1H,1H,2H,2H-perfluorodecyl chain side
groups were found to present a relatively high ori-
entational order of the fluoroalkyl chains that
self-assembled in a smectic surface mesophase.®?
The orientation of the side chains is, however, of
no consequence to the discussion that follows,
because the X-ray incident angle of 50° is close to
the “magic angle” of 51.2° (for a X-ray degree of
polarization equal to 0.85) at which the measured
intensity is independent of molecular orientation.
The same is true for the supplementary incident
angle of 130°. The incident angles of 50° and 130°
correspond to photoelectron emission angles, ¢, of
about 4° and 76°, respectively. Thus, the spectra
acquired at 50° incidence probe deeper into the
film, whereas those obtained at 130° are highly
surface sensitive. Figure 5 shows the partial elec-
tron yield (PEY) NEXAFS spectra in the C(1s)
region for the amphiphilic block copolymer
S51Sz20.

The effect of water immersion on molecular
composition at the block copolymer surface is
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clearly evident from the spectra in Figure 5(a).
The “wet” surface showed a lower intensity of the
C 1s-ny, resonance at 285 eV indicating that water
immersion resulted in a migration of phenyl
rings, in the backbones of the amphiphilic styrene
block and those in the styrene block, away from
the polymer surface. There was a similar decrease
in the intensity of the C 1s-¢;_p resonance at 292
eV, indicating that the hydrophobic fluoroalkyl
segments migrated as expected away from the
surface. An increase in the C 1s-_y; resonance
at 287 eV is observed, which can be attributed to
the surface migration of the hydrophilic PEG seg-
ments, or the alkyl backbone, after contact with
water. Figure 5(b) compares the C(1s) NEXAFS
spectra of the “dry” and “wet” surfaces acquired at
an X-ray incident angle of 130° (¢ = 76°). The
weak intensity of the C 1s-rj, resonance is imme-
diately evident, indicating that the surface of the
block copolymer thin film is predominantly popu-
lated by the amphiphilic side chains, in both the
“dry” and the “wet” samples. The phenyl rings,
including those in the styrenic backbone of the
amphiphilic block, are buried below the PEGy-
lated-fluoroalkyl segments. The C 1s-o;_p and C
1s-0(,_y; resonances are prominent in these spec-
tra, with the former diminishing in intensity and
the latter increasing in intensity after the surface
has contacted water. Block copolymer thin films of
S51Sz20 have a spherical microstructure. Compo-
sitional depth  profiling wusing NEXAFS
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Figure 6. 2-Dimensional GISAXS map of block copolymer S51Sz6 acquired at an
X-ray incidence angle of (a) 0.12° and (b) 0.135°; a.p = 0.115°.

spectroscopy was used to investigate molecular
composition and molecular reconstruction in block
copolymer films with different microstructures.
These results will be discussed separately in
future.**

Microphase Structure by GISAXS and AFM

The surface microphase structure in amphiphilic
block copolymers was investigated using grazing
incidence small angle X-ray scattering (GISAXS)
and corroborated by atomic force microscopy
(AFM). Thin films of fluorinated block copolymers
were prepared on silicon wafers by spin coating
3% (w/v) solutions of the polymers in chloroform.
The films were dried at 60 °C in a vacuum oven
overnight and annealed at 120 °C for 12 h.

Figure 6(a) shows a 2-dimensional GISAXS
image of block copolymer S51Sz6 at an X-ray inci-
dence angle o; of 0.12°. The scattering pattern
along the ¢, axis is clearly indicative of a lamellar
morphology in which the lamellae are oriented
parallel to the substrate.

To determine the lamellar spacing, D, along
with the critical angle (for total external reflec-
tion), a.p, the GISAXS images were acquired at a
series of X-ray incidence angles ranging from
0.06° to 0.22°. Line slices were taken along the q.
axis as close to the beam stop as possible. When ¢;
> o.p the peak in scattering intensity appears as
a doublet [Fig. 6(b)], and is modeled using the dis-

torted-wave Born approximation®®:

2

. ni . .
—k\/sm2 oep + (D + \/sz o — sin? occp) (5)

lam

where, g} is the z-component of the scattering vec-
tor at which the scattering intensity is a maxi-
mum, A is the wavelength of the incident X-rays,
and n is a positive integer. At X-ray incidence
angles that were significantly below the critical
angle, the scattering peaks were very weak. Fig-
ure 7 shows the experimental values of g} (first
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Figure 7. Experimental peak positions versus angle
of X-ray incidence for S51Sz6. Data were fitted using
eq 5 to determine the critical angle and lamellar spacing.
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Figure 8. 2-Dimensional GISAXS map of polymer S51Sz17 acquired at an X-ray
incident angle of (a) 0.11° and (b) 0.15°. The hexagonal cylinder lattice is indicated in
(a). At higher incident angles diffraction spots are split up due to reflection from the
substrate. The sharp spots clearly indicate a well-aligned hexagonal lattice with a (10)
plane parallel to the substrate. (For more detail see text and Table 7). [Color figure
can be viewed in the online issue, which is available at www.interscience.wiley.com. ]

1000

order peak) as a function of «;. The data were fit-
ted using eq 5 to obtain o.p = 0.115° and Di,p,
= 13.5 nm.

Figure 8 shows the GISAXS maps of the
S51Sz17 thin films acquired at two different X-
ray incident angles. For an X-ray incident angle
of 0.11°, which is slightly below the critical angle,
indexing of the peaks was done by modeling the
morphology as hexagonally packed cylinders lying
parallel to the substrate, as the peaks appear to
align well to an equilateral triangular grid.’**°

By defining the real space lattice vectors
towards the nearest neighboring cylinders, a com-
parison can be made between the experimental
and theoretical peak positions as shown in Table
7. A lattice parameter of 20.3 nm was used in the
calculations. The peaks R1 and R2 appear from
scattering from the (01) and (10) planes, respec-
tively. The peak R3 is assumed to originate from
scattering of cylinders rotated 30°, similar to
what was observed by Lee et al.>* Also, the R4
peak should theoretically appear below the
Yoneda band. This peak is most likely the Yoneda
enhancement of the tail of the actual peak which
is inaccessible. To determine the critical angle of
the film, a similar analysis was done for this poly-
mer as for the polymer S51Sz6. Figure 9 shows

Journal of Polymer Science: Part A: Polymer Chemistry
DOI 10.1002/pola

the experimental values of ¢,* (first order peak)
as a function of ¢;. The data were fitted using eq 5
to obtain o.p = 0.125°.

Figure 10 shows tapping mode AFM phase
image of the surface of polymer S51Sz17. The
image suggests a lying-cylinder morphology with
a nearest neighbor spacing of 20 nm, which is in
agreement with the cylinder domain size deter-
mined by GISAXS.

In contrast, polymer S51Sz6 showed a feature-
less phase image that is characteristic of a uni-
form lamellar morphology (Fig. 11), which agreed
well with GISAXS results, as the surface was

Table 7. Experimental and Theoretical Peak Values
for Block Copolymer S51Sz17 at an Incident
Angle of 0.11°

Peak Experimental  Theoretical Index
R1 (0, 0.510) (0, 0.516) 01
R2  (0.310, 0.329) (0.310, 0.337) (10)
R3  (0.360, 0.239) (0.357, 0.232) 30 deg rotated
R4  (0.623, 0.235) (0.619, 0.159) 2-1)
R5  (0.313,0.702) (0.310, 0.695) 1D
R6 (0, 0.899) (0, 0.874) (02)
R7  (0.619, 0.510) (0.619, 0.516) (20)
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Figure 9. Experimental peak positions versus angle
of X-ray incidence for S51Sz17. Data were fitted using
eq 5 to determine the critical angle. [Color figure can
be viewed in the online issue, which is available at
www.interscience.wiley.com. ]

completely and homogeneously covered by lamel-
lar phase of the fluorinated, lowest surface energy
block. The spots in the AFM phase images corre-
spond to holes or depressions in the corresponding
height images (not shown). Island or hole forma-
tion is expected for symmetric diblock copolymer
thin films when the film thickness is not an inte-
gral multiple of the lamellae spacing.?®

Thus, we identified the morphology and the
nanodomain periodicity of the films from amphi-
philic block copolymers comprised of two blocks
with differing relative compositions by a combina-
tion of GISAXS and AFM analyses. By varying
the volumetric fraction, ¢s,, of the amphiphilic
block (Table 8), diverse surface morphologies from
spherical to cylindrical and to lamellar could be
created by the macromolecular engineering of the
block copolymers, having relatively well con-
trolled molar masses and compositions of the con-
stituent blocks.

CONCLUSIONS

The phenomenon of self-assembly and self-segre-
gation is exhibited by a variety of fluorinated
polymers, blends, and crosslinked networks and
is generally regarded as a useful tool to construct
a low surface energy material. A series of block
copolymers were readily prepared from styrenic
monomers using ATRP reactions. By pairing a
nonpolar fluorinated unit with a polar ethylene
glycol unit to form an amphiphilic surface moiety,
it is possible to create a complex, dynamic surface
well suited for applications such as coatings that

0.75

10.0 °
iEO 2
0.0 °

Figure 10. AFM phase image of block copolymer
S51Sz17 surface. [Color figure can be viewed in the
online issue, which is available at www.interscience.
wiley.com.]

0
1.00

pm

can resist biofouling. Such an amphiphilic group
is delivered to the surface of a polymer film,
because surface segregation of the fluorinated
group carries it to the surface. Detailed contact
angle measurements showed the importance of
both components to the surface properties. Care-
ful XPS and NEXAFS measurements also showed
that the surface is dominated by the fluorinated
component in the dry or vacuum state with the
ethylene glycol unit located just below the surface.
The important role of the thin film structure on

40.0 ®
iZOO L
0.0°

Figure 11. AFM phase image of block copolymer
S51Sz6 surface. [Color figure can be viewed in the
online issue, which is available at www.interscience.
wiley.com.]
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Table 8. Morphological Parameters of the Surface of Block Copolymer Films

Polymer Film ¢s,” (vol %) Morphology

AFM Periodicity (nm)

GISAXS Periodicity (nm)

S51Sz6 ~37 Parallel lamellae
S51Sz17 ~63 Lying cylinders
S51Sz20 ~67 Disordered spheres
S81Sz6 ~27 Parallel lamellae
S815z19 ~b4 Lying cylinders

14
20 20
23 22
24
25 24

2 Estimated volume fraction of the amphiphilic polystyrene block.

microstructure development was demonstrated by
GISAXS and AFM measurements.

The authors thank Professor Emo Chiellini for helpful
discussions and Professor Edward J. Kramer and Dr.
Karen E. Sohn for their support in conducting the NEX-
AFS experiments. The Cornell High Energy Synchro-
tron Source (CHESS), used in these studies, is a
national user facility, which is supported by the
National Science Foundation (NSF) under award DMR
0225180. The thin film processing and surface imaging
facilities at the Cornell Center for Materials Research
(CCMR) are supported by the National Science Founda-
tion Materials Research Science and Engineering Cen-
ters (MRSEC) award DMR-0079992. The work was
financially supported by the EU (NMP4-2005-011827-2
“AMBIO”) and the Italian MiUR (Fondi PRIN). As well,
research was partially supported by the Office of Naval
Research grant N00014-02-1-0170 to C.K.O. and the
SERDP Program both of which are gratefully acknowl-
edged. Additional support from the National Science
Foundation Division of Materials Research (Grant No.
DMR-0518785) is also appreciated.

REFERENCES AND NOTES

1. Tsibouklis, J.; Nevell, T. G. Adv Mater 2003, 15,
647-650.

2. Bennis, N.; Spadlo, A.; Dabrowski, R.; Martinelli,
E.; Galli, G.; Quintana, X.; Oton, J. M.; Geday, M.
A. Opto Electron Rev 2006, 14, 281-285.

3. Miyata, T.; Yamada, H.; Uragami, T. Macromole-
cules 2001, 34, 8026-8033.

4. Verweire, 1.; Schacht, E.; Qiang, B. P.; Wang, K.;
De Scheerder, 1. J Mater Sci: Mater Med 2000, 11,
207-212.

5. Percec, V.; Lee, M. S. J Macromol Sci Pure Appl
Chem 1992, 29, 723-740.

6. Iyengar, D. R.; Perutz, S. M.; Dai, C. A.; Ober, C. K,;
Kramer, E. J. Macromolecules 1996, 29, 1229-1234.

7. Krupers, M. J.; Sheiko, S. S.; Moller, M. Polym
Bull 1998, 40, 211-217.

8. Boker, A.; Herweg, T.; Reihs, K. Macromolecules
2002, 35, 4929-4937.

Journal of Polymer Science: Part A: Polymer Chemistry
DOI 10.1002/pola

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

. Andruzzi, L.; Chiellini, E.; Galli, G.; Li, X. F;

Kang, S. H.; Ober, C. K. J Mater Chem 2002, 12,
1684-1692.

Galli, G.; Martinelli, E.; Chiellini, E.; Ober, C. K;
Glisenti, A. Mol Cryst Liq Cryst 2005, 441, 211-226.
Qiu, J.; Matyjaszewski, K. Macromolecules 1997,
30, 5643-5648.

Hikita, M.; Tanaka, K.; Nakamura, T.; Kajiyama,
T.; Takahara, A. Langmuir 2004, 20, 5304-5310.
Jankova, K.; Hvilsted, S. Macromolecules 2003,
36, 1753-1758.

Lining, J.; Stohr, J.; Song, K. Y.; Hawker, C. J.;
Todice, P.; Nguyen, C. V.; Yoon, D. Y. Macromole-
cules 2001, 34, 1128-1130.

Radhakrishnan, K.; Switek, K. A.; Hillmyer, M. A. J
Polym Sci Part A: Polym Chem 2004, 42, 853-861.
Krupers, M.; Slangen, P.-J.; Moller, M. Macromo-
lecules 1998, 31, 2552—2558.

Cheng, C.; Wooley, K. L.; Khoshdel, E. J Polym
Sci Part A: Polym Chem 2005, 43, 4754-4770.
Granville, A. M.; Boyes, S. G.; Akgun, B.; Foster,
M. D.; Brittain, W. J. Macromolecules 2004, 37,
2790-2796.

Xia, J. H.; Johnson, T.; Gaynor, S. G.; Matyjas-
zewski, K.; De Simone, J. Macromolecules 1999,
32, 4802-4805.

Li, H.; Bin Zhang, Z.; Hu, C. P,; Ying, S. K.; Sen Wu,
S.; Xu, X. D. React Funct Polym 2003, 56, 189-197.
Lim, K. T.; Lee, M. Y.; Moon, M. J.; Lee, G. D.;
Hong, S. S.; Dickson, J. L.; Johnston, K. P. Poly-
mer 2002, 43, 7043-7049.

Hussain, H.; Busse, K.; Kressler, J. Macromol
Chem Phys 2003, 204, 936-946.

Amado, E.; Kressler, J. Macromol Chem Phys
2005, 206, 850—859.

Jannasch, P. Macromolecules 1998, 31, 1341-1347.
Perrier, S.; Jackson, S. G.; Haddleton, D. M.,
Ameduri, B.; Boutevin, B. Macromolecules 2003,
36, 9042-9049.

Shemper, B. S.; Mathias, L. J. Eur Polym J 2004,
40, 651-665.

Krishnan, S.; Ayothi, R.; Hexemer, A.; Finlay, J.
A.; Sohn, K. E.; Perry, R.; Ober, C. K.; Kramer, E.
dJ.; Callow, M. E.; Callow, J. A.; Fischer, D. A.
Langmuir 2006, 22, 5075-5086.

Wang, J.; Mao, G.; Ober, C. K.; Kramer, E. J.
Macromolecules 1997, 30, 1906-1914.



284

29.

30.

31

32.
33.

34.

35.

36.

37.

38.

39.
40.

41.

42.
43.

MARTINELLI ET AL.

Senaratne, W.; Andruzzi, L.; Ober, C. K. Bioma-
cromolecules 2005, 6, 2427-2448.

Al-Hussein, M.; Serero, Y.; Konovalov, O.; Mour-
ran, A.; Moller, M.; de Jeu, W. H. Macromolecules
2005, 38, 9610-9616.

Carre, A.; Woehl, P. Langmuir 2006, 22, 134-139.
Shirley, D. A. Phys Rev B 1972, 5, 4709-4714.
Moulder, J. F.; Stickle, W. F.; Sobol, P. E.; Bomben,
K. D. Handbook of X-ray Photoelectron Spectros-
copy; Physical Electronics: Eden Prairie (MN), 1995.
Busch, P.; Krishnan, S.; Paik, M.; Toombes, G. E.
S.; Smilgies, D. M.; Gruner, S. M.; Ober, C. K.
Macromolecules 2007, 40, 81-89.

Tsibouklis, J.; Graham, P.; Eaton, P. J.; Smith, J.
R.; Nevell, T. G.; Smart, J. D.; Ewen, R. J. Macro-
molecules 2000, 33, 8460-8465.

Saidi, S.; Guittard, F.; Guimon, C.; Geribaldi, S.
Macromol Chem Phys 2005, 206, 1098-1105.
Della Volpe, C.; Maniglio, D.; Brugnara, M.
Siboni, S.; Morra, M. J Colloid Interface Sci 2004,
271, 434-453.

Owens, D. K.; Wendt, R. C. J Appl Polym Sci
1969, 13, 1741-1747.

Kaelble, D. H. J Adhes 1970, 2, 66-81.

Good, R. J.; Chaudhury, M. K.; Oss, C. J. V. J Col-
loid Interface Sci 1986, 111, 378-390.

Good, R. J.; Chaudhury, M. K.; Oss, C. J. V. Lang-
muir 1988, 4, 884-891.

Fowkes, F. M. Ind Eng Chem 1964, 56, 40-52.
Gudipati, C. S.; Finlay, J. A.; Callow, J. A.; Cal-
low, M. E.; Wooley, K. L. Langmuir 2005, 21,
3044-3053.

44.

45.

46.

47.

48.

49.
50.

51.

52.

53.

54.

55.

56.

Krishnan, S.; Paik, M. Y.; Ober, C. K.; Martinelli,
E.; Galli, G.; Sohn, K. E.; Kramer, E. J.; Fischer,
D. A,; in press.

Kwok, D. Y.; Lam, C. N. C.; Li, A.; Zhu, K.; Wu,
R.; Neumann, A. W. Polym Eng Sci 1998, 38,
1675-1683.

Good, R. J. J Adhes Sci Technol 1992, 6, 1269—
1302.

Bertolucci, M.; Galli, G.; Chiellini, E.; Wynne, K.
J. Macromolecules 2004, 37, 3666—-3672.

Makal, U.; Uslu, N.; Wynne, K. J. Langmuir
2007, 23, 209-216.

Fadley, C. S. Prog Surf Sci 1984, 16, 275-388.
Seah, M. P.; Dench, W. A. Surf Interface Anal
1979, 1, 2-11.

Liining, J.; Yoon, D. Y.; Stohr, J. J Electron Spec-
trosc 2001, 121, 265-279.

Li, X. F.; Andruzzi, L.; Chiellini, E.; Galli, G,
Ober, C. K.; Hexemer, A.; Kramer, E. J.; Fi-
scher, D. A. Macromolecules 2002, 35, 8078-
8087.

Busch, P.; Rauscher, M.; Smilgies, D. M.; Posselt,
D.; Papadakis, C. M. J Appl Crystallogr 2006, 39,
433-442.

Lee, B.; Park, I.; Yoon, J.; Park, S.; Kim, J.; Kim,
K. W.; Chang, T.; Ree, M. Macromolecules 2005,
38, 4311-4323.

Ruland, W.; Smarsly, B. J Appl Crystallogr 2005,
38, 78-86.

Smith, A. P.; Douglas, J. F.; Meredith, J. C.; Amis,
E. J.; Karim, A. J Polym Sci Part B: Polym Phys
2001, 39, 2141-2158.

Journal of Polymer Science: Part A: Polymer Chemistry

DOI 10.1002/pola



