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INTRODUCTION

For many nanoscience and engineering appli-
cations, the surface chemical composition of
polymers dictates a material’s character. Con-
ducting a spatially resolved chemical analysis
of polymer thin film surfaces is therefore of
great interest. Angle-resolved X-ray photo-
electron spectroscopy has been used exten-
sively to obtain depth profiles of the chemical
composition near the polymer surface. The
analytical depth depends on the photoelec-
tron take-off angle with respect to the thin
film surface, and the photoelectron take-off
angle must be very low for an outermost
surface analysis. However, it is difficult to
limit measurements to the outermost surface
due to the elastic electron scattering effects,
the surface roughness and the finite accep-
tance angle of the spectrometer lens.!
Moreover, surface roughness substantially
reduces the total photoelectron intensity
due to X-ray or electron shading, and X-ray
reflection considerably reduces photoelectron
intensity at all wavelengths.> Synchrotron
radiation (SR) soft X-ray XPS has the
potential to overcome these problems.
A low take-off angle setup is unnecessary
for depth analysis because the inelastic mean
free path of photoelectrons is very short in
the case of a 400 eV soft X-ray source.

Here, we investigate the composition gra-
dient at the surface using thin films prepared
from diblock copolymers composed of
hydrophilic poly(ethylene glycol) (PEG) and
hydrophobic poly(perfluorooctylethyl acry-
late) (PFA-Cg). The PFA-Cg has perfluorooc-
tyl side chains (Ry) that align perpendicular
to the thin film surface and form a bilayer
lamellar structure.>* The PFA-Cg has various
Cys signatures (-CF;, —-CF,—, C=0, C-O

and hydrocarbon groups) that are observed
in a wide binding energy range. Angle-
resolved X-ray photoelectron spectroscopy
measurements provide a depth profile of the
Cis composition along the side chains.>®
The wide energy distribution of the Ci
peak makes it possible to fit these peaks
and quantitatively investigate the
composition. The diblock copolymers form
a bilayer structure with R¢ groups segregated
to the thin film surface. The PFA-Cg
segregates to the outermost layer because
the PFA-Cg blocks have lower surface-free
energy than do the PEG blocks. The PEG
blocks are organized below the PFA-Cg layer.
In this work, we investigated the chemical
composition of the outermost surface using
energy-resolved  (ER)  XPS.  Diblock
copolymers containing PEG and PFA-Cg
were prepared by atom transfer radical
polymerization. The chemical composition
of the thin film surfaces was studied using
ER-XPS based on the SR soft X-ray source.

EXPERIMENTAL PROCEDURE

The PEG(x)/PFA-Cg(y) diblock  copolymers
were synthesized using a two-step procedure
(Scheme 1). First, bromo-terminated PEG was
prepared according to a previously reported
method.” The number-average molecular weight
(M,) of the monohydroxyl-functional PEG
was 20000gmol ~!. Second, perfluorooctylethyl
arylate (FA-Cg) was polymerized from the
bromo-terminated PEG macroinitiator —using
atom transfer radical polymerization. The poly-
merization was conducted using a tris[2-(dimethyl-
amino)ethyl]amine  (MegTREN)/CuBr  catalyst
system in hexafluoro-2-propanol at 325K.
The '"H NMR spectra of the PEG/PFA-Cy diblock
copolymers were measured with a BRUKER
AV ANCE-III 400 wusing tetramethylsilane as

an internal standard in 1:1 CDCl3/AK-225
(a mixture of 1,1-dichloro-2,2,3,3,3-pentafluoro-
propane and 1,3-dichloro-1,1,2,2,3-pentafluoro-
propane, Asahi Glass, Tokyo, Japan). The M, and
volume fraction were determined by integrating the
'H NMR signals (Supplementary Figure S1). The
polydispersity index, M,/M,, was determined by
size-exclusion chromatography using a Waters
1515 HPLC system (Waters, Milford, MA, USA)
connected to three columns (Tosoh Bioscience,
Tokyo, Japan) and equipped with a refractive index
detector (Waters 2414, tungsten lamp); measure-
ments were carried out at a rate of 0.5 mlmin~! at
313K using hexafluoro-2-propanol as an eluent
(Supplementary Figure S2). Differential scanning
calorimetry measurements were performed using
an EXSTAR6000 (Seiko Instruments Industries,
Chiba, Japan) in a temperature range of
173-473K, at a heating rate of 10Kmin~! and
under dry N, gas. The M,, M,/M, and melting
temperature of the PEG/PFA-Cg diblock copoly-
mers are listed in Table 1. XPS was carried out
using a monochromatic Mg Ko X-ray source of
1253.6 eV and an SR soft X-ray source of 400 eV on
a BL12 beamline belonging to the Kyushu Syn-
chrotron Light Research Center. We measured the
survey scans and the high-resolution C;; XPS at a
photoelectron take-off angle of 54°. The PEG(34)/
PFA-Cg(66) diblock copolymer thin films for XPS
measurement were prepared by spin-coating at
2000 r.p.m. and were then annealed under reduced
pressure at 343K for 10h and then quenched to
room temperature. The thicknesses of the
spin-coated films were approximately 20 nm, as
determined by atomic force microscopy (AFM)
scanning on the scratched surfaces.

RESULTS AND DISCUSSION

Differential scanning calorimetry thermo-
grams of the PEG(34)/PFA-Cg(66) diblock
copolymer are shown in Figure 1. Two
melting endothermic peaks can clearly be
observed, which indicates that the PEG and
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Scheme 1 Synthesis of PEG/PFA-Cg diblock copolymers by atom transfer radical polymerization of FA-
Cg with a PEG macroinitiator. PEG, poly(ethylene glycol); PFA-Cg, poly(perfluorooctylethyl acrylate).

Table 1 Characterization data of the synthesized poly(ethylene glycol) (PEG)/
poly(perfluorooctylethyl acrylate) (PFA-Cg) diblock copolymers

Copolymer FA-Cg/PEG® M, (kDa) ~ My/MS  feeacs (v0l%)  Trmpect (K) Topeacs (K)
PEG(44)/PFA-Cg(56) 152 58.3 1.39 56 333 348
PEG(34)/PFA-Cg(66) 152 78.9 1.33 66 333 349

@Molar ratio of FA-Cg monomer/PEG macroinitiator.

PNumber-average molecular weight determined by 'H NMR (CDCI3/AK-225 = 50/50 (vol/vol)).
CPolydispersity index determined by size-exclusion chromatography (hexafluoro-2-propanol, poly(methyl methacrylate) (PMMA)

standards).

dMelting temperature of the PEG block determined by differential scanning calorimetry (DSC) measurement.
©Melting temperature of the PFA-Cg block determined by DSC measurement.
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Figure 1 Differential scanning calorimetry thermograms of (a) PEG(34)/PFA-Cg(66) diblock copolymer,
(b) PFA-Cg homopolymer and (c) PEG macroinitiator during the heating process at 10 Kmin—1. PEG,
poly(ethylene glycol); PFA-Cg, poly(perfluorooctylethyl acrylate). A full color version of this figure is

available at Polymer Journal online.

PFA-Cg blocks form a phase-separated struc-
ture with segregated PEG and PFA-Cg phases.
The melting temperatures of the PEG and
PFA-Cg crystalline domains are 333 and
349K, respectively. These melting tempera-
tures are lower than those of the PEG
macroinitiator and the PFA-Cg homopoly-
mer. The enthalpy of fusion (AH,,) of the
PFA-Cg crystallite is 7.53kJmol~! in the
diblock copolymer, which is nearly equal to
the AH,, of the PFA-Cg homopolymer

(7.72kJ mol ~1). The enthalpy of fusion of
the PEG crystallite in the diblock copolymer,
4.95k] mol 1, is much smaller than for the
PEG macroinitiator, 7.35kJmol 1. In the
case of the PFA-Cg block, the melting point
reduction is attributed to the decrease in the
crystal domain size. For the PEG block, the
decrease observed in the melting temperature
and AH,, suggests that crystallization is
greatly suppressed by the confinement of
the crystallized PFA-Cg phase, which
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crystallizes at a higher temperature than does
PEG. The confined geometry of the PEG
phase inhibits lamellar growth, which results
in a decrease in crystallite size and crystalline
perfection and thereby depresses the melting
temperature of the PEG phase. The XPS
survey scan indicates that the F/C ratio of
the PEG(34)/PFA-Cg(66) diblock copolymer
thin film is 1.33, which corresponds to the
predicted FA-Cg F/C ratio of 131
(Supplementary Figure S3). The results show
that the thin film surface is covered with
PFA-Cg and that the perfluorooctyl groups
are segregated to the outermost surface. The
slight increase in F/C ratio suggests that there
is an excess of —(CF,);CF; side groups at the
outermost layer, which has a theoretical F/C
ratio of 2.13. The surface segregation of
fluorine-based species is well known and
occurs due to the minimization of overall
surface-free energy. The high-resolution XPS
Cys spectra and peak deconvolution fittings
of the PEG(34)/PFA-Cg(66) diblock copoly-
mer thin films with the Mg Ko X-ray and SR
soft X-ray sources are shown in Figure 2.
Shirley background correction and Gaussian/
Lorentzian peak fitting (50/50 ratio) were
used for the peak deconvolution. All fitted
peaks were constrained to have the same full
width at half maximum. The measurements
from the SR soft X-ray source show a larger
CF; peak area and smaller C-O and hydro-
carbon peak areas than the measurements
obtained from the Mg Ko X-ray source. The
XPS analytical depth was estimated as 3Asin
0, where 4 is the inelastic mean free path of
the photoelectrons and 0 is the photoelectron
take-off angle. The inelastic mean free path
was estimated by the equation!?

. 49 0.11 - (KE)*?
10-3 - p - (KE)* 1073 p

where p is the density of organic material
(kgm —3) and KE is the photoelectron kinetic
energy (eV). The densities of the PEG block
and PFA-Cg block were estimated to be 1200
and 2200 kg m ~3, respectively.!! The inelastic
mean free path for the PFA-Cg Ci;
photoelectrons (285eV binding energy) was
calculated to be 1.56 nm for the Mg Ko X-ray
(1253.6 eV) and 0.54nm for the SR soft
X-ray (400eV). The analytical depth for the
PFA-Cg Cy photoelectrons was 3.78 nm for
the Mg Kot X-ray source and 1.31 nm for the
SR soft X-ray source. The fraction of the peak
area corresponding to fluorinated carbons
(-=CF,— and —CF;, in Figure 2) was 0.56 for
the Mg Ka X-ray, which is lower than the
theoretical value of 8/13 =0.62 for the FA-Cg
monomer. This result indicates that both the
R¢ groups of the PFA-Cg at the outermost
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Figure 2 High-resolution Cys X-ray photoelectron spectroscopy spectra and peak deconvolution fittings of PEG(34)/PFA-Cg(66) diblock copolymer thin films
(@) with the Mg Ko X-ray source (1253.6eV) and (b) with the synchrotron radiation soft X-ray source (400eV). Peak assignments are shown in c. a.u.,
arbitrary unit; PEG, poly(ethylene glycol); PFA-Cg, poly(perfluorooctylethyl acrylate). A full color version of this figure is available at Polymer Journal online.

surface and the PEG at the interior are within
the XPS analytical depth for Mg Ko X-ray
source measurements. The single bilayer
length of PFA-Cg was determined to be
~3.3nm by the grazing incidence X-ray
diffraction measurement, and the length of
a fully extended —(CF,);CF; chain in its
helical conformation was ~ 1.1 nm.>*1213
This length is shorter than the penetration
depth of the Mg Ko X-ray. Conversely, the
fraction of the peak area corresponding to
fluorinated carbons was 0.68 for the SR soft
X-ray, which is larger than the calculated
value for the FA-Cg monomer. This result
indicates that the thin film surface is covered
with PFA-Cg and that the measurements
obtained using the SR soft X-ray source
detected only the single bilayer of PFA-Cg.
The —CF3/(—CF; +—CF,~) peak area ratio
was 0.15 for the Mg Ko X-ray and 0.17 for
the SR soft X-ray. Both measurements gave a
higher magnitude than the anticipated stoi-
chiometric value of 1/8 = 0.125, which shows
that the —CF; groups are segregated at the
surface due to low surface-free energy. Given
that XPS intensity decays exponentially with
depth, this result confirms the proposed
anisotropic orientation structure of the per-
fluorooctyl chains at the thin film surface.
The fraction of peak area corresponding to
ether carbons (C-O peaks in Figure 2) was
0.091 for the Mg Ko X-ray, which is higher
than the theoretical value of 1/13=0.077
calculated for the FA-Cg monomer. This
result also indicates that the PEG phase is
within the XPS analytical depth for the Mg
Ko X-ray source. The ether carbon fraction
was 0.065 for the SR soft X-ray, which is

lower than the theoretical value calculated for
the FA-Cg monomer. The photoelectrons
from the C-O carbon atoms are attenuated
to a greater extent than are those from the
fluorocarbon atoms because C-O carbons
are located deeper than the fluorocarbons,
which are segregated to the surface. Grazing
incidence X-ray diffraction and grazing inci-
dence small-angle X-ray scattering studies are
currently underway to investigate the surface
molecular aggregation states of the PEG/PFA-
Cg diblock copolymer thin film to confirm
the accuracy of the Ci chemical analysis by
ER-XPS.

CONCLUSIONS

We  successfully prepared PEG/PFA-Cg
diblock copolymers by atom transfer radical
polymerization of FA-Cg with a PEG macro-
initiator, and the outermost chemical com-
position of the thin film was evaluated by
ER-XPS using an SR soft X-ray source. The
ER-XPS deconvolution peak fitting demon-
strates that the PEG/PFA-Cg diblock copoly-
mer thin films build lamellar structure at the
surface with R¢ groups oriented perpendicu-
lar to the substrate. ER-XPS with an SR soft
X-ray source is a powerful tool for the
chemical analysis of the outermost region of
polymer thin films.
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