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XPS, ATR-FTIR, 19F MAS solid-state NMR, and imaging TOF-SIMS have been used to
compare the depth and extent of chemical modification achieved during nonisothermal CF4
plasma fluorination of nonporous, mesoporous, and microporous polystyrene spheres. It is
shown that different depths of functionalization can be achieved by varying the polymer
pore architecture. This methodology offers scope for preparing functionalized polymer
supports and also protecting moisture-sensitive catalysts for handling in air.

1. Introduction

There is a growing interest in the use of polymers as
supports for heterogeneous catalysis.1-5 They offer
several advantages compared to conventional inorganic
oxide materials, including better control of pore archi-
tecture, processability, and inertness.5 High surface area
polystyrene supports and modified variants are par-
ticularly promising since it is possible to make these
materials with a range of physical properties and
incorporate a variety of functional groups onto the host
polymer.6 The latter is important because it is the
chemical nature of the internal pore walls that governs
the dispersion and anchoring of catalytic moieties. For
instance, polystyrene resins have been shown to be
effective at overcoming the detrimental interaction often
observed between reactive metallocene polymerization
catalysts and conventional silica supports.1-4 In this
context, fluorinated polystyrene derivatives potentially
offer additional benefits related to enhanced thermal
and chemical stability, thereby allowing highly sensitive
catalysts to be supported for application under harsher
reactor conditions.5 A number of different approaches
have been explored in the past aimed at making such
supports; these have included copolymerization with a
functionalized styrene7 followed by tethering of the
catalyst moiety1-4 and direct fluorination of porous
polystyrene spheres5,8 via exposure to a fluorine/diluent

gas mixture.9 Cost is considered to be the major limiting
factor in the former case, whereas safety, poor selectiv-
ity, and polymer degradation are drawbacks for the
latter.8,10

A potentially safer, cheaper, cleaner, and quicker
alternative is proposed comprising nonisothermal plas-
machemical functionalization of high surface area poly-
mer supports. Plasma treatment is know to be capable
of reaching down to 1 µm for impermeable sub-
strates,11,12 whereas a greater penetration depth is
possible for porous media.13 This article describes a
systematic investigation examining how polystyrene
spheres with differing degrees of porosity are affected
by CF4 plasma fluorination. The depth and nature of
chemical modification in each case has been evaluated
by using a combination of elemental analysis, XPS,
ATR-FTIR, 19F MAS solid-state NMR, and imaging
TOF-SIMS.

2. Experimental Section

Three different types of poly(styrene-co-divinylbenzene)
beads were chosen to compare how depth of fluorination is
affected by substrate porosity: nonporous beads (40-µm size,
≈2% divinylbenzene, Polyscience Inc.), mesoporous beads (30-
µm particle size, pore size <50 nm, pore volume 65%, ≈36%
divinylbenzene, Dyno Particles AS), and microporous beads
(300-800-µm particle size, pore size <2 nm, pore volume 0.75
cm3 g-1, ≈20% divinylbenzene, Aldrich). In the case of XPS
and ATR-FTIR analysis, surface sensitivity was enhanced by
grinding the large microporous beads to a size comparable to
the other types of beads (≈10 µm) prior to plasma fluorination,
whereas they were treated as a whole for bulk elemental
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analysis, 19F MAS solid-state NMR, TOF-SIMS, and gas
sorption studies.

Plasma fluorination experiments were carried out in a
capacitively coupled 13.56-MHz Bio-Rad E2000 system, which
had been fitted with a rotating powder holder controlled by a
stepper motor. The reactor was continuously pumped by a 33
dm3 h-1 Edwards E2M2 rotary pump via a liquid nitrogen cold
trap to yield a base pressure of 1 × 10-2 mbar (leak rate better
than 1 × 10-8 mol s-1).14 Prior to each experiment, the plasma
chamber was scrubbed with detergent, rinsed with isopropyl
alcohol, dried, and then cleaned further in situ using a 0.2-
mbar air plasma at 40 W. Then, 0.5 g of polymer spheres was
loaded into the reactor and evacuated down to base pressure.
Next, CF4 gas (Air Products, 99.7% purity) was introduced into
the plasma chamber at a pressure of 0.4 mbar (equivalent to
a flow rate of 8 ( 1 × 10-7 mol s-1) via a fine needle valve. At
this stage rotation of the reactor commenced and the gas
discharge was ignited at 40 W. Upon completion of plasma
treatment, the R. F. power supply was switched off, and CF4

gas was allowed to continue to pass through the reactor for
an additional 2 min, prior to evacuation back down to the
original base pressure.

Bulk carbon, hydrogen, and nitrogen concentrations for each
type of polymer bead were determined using an Exeter
Analytical Inc. CE 440 elemental analyzer; this employed
oxygen as the combustion gas and helium as the diluent. The
level of fluorine incorporation achieved during plasma treat-
ment was measured by carrying out sample combustion in an
oxygen bomb, followed by dissolving the remains in aqueous
solution and analyzing using a Dionex DX500 ion chromato-
gram.

The outer 2-5 nm of the polymer spheres were character-
ized by X-ray photoelectron spectroscopy (XPS)15 using a VG
ESCALAB MKII spectrometer fitted with an unmonochroma-
tized Mg KR X-ray source (1253.6 eV) and a hemispherical
analyzer operating in the CAE mode (20-eV pass energy). The
photoemitted core level electrons were collected at a takeoff
angle of 30° from the substrate normal. Instrumentally
determined sensitivity factors for unit stoichiometery were
taken as C(1s):F(1s) ) 1.00:0.23 (this assumes a homogeneous
layer of uniform composition). For this technique, the poly-
styrene beads were embedded into indium foil (Aldrich,
99.99%) and then mounted onto the sample manipulator.

Attenuated total reflectance (ATR) FTIR spectroscopy was
used to probe down to ≈4-5 µm below the surface.16 Infrared
absorption spectra were acquired using a Mattson Polaris
spectrometer fitted with a Greasby Specac Golden Gate ATR
accessory. The scan range was 600-4000 cm-1 at a resolution
of 4 cm-1; typically, 32 scans were averaged and the back-
ground was subtracted.

The overall chemical nature of the CF4 plasma fluorinated
polymer beads was determined by 19F magic angle spinning
(MAS) solid-state NMR spectroscopy. This was performed on
a Varian Unity Plus 300-MHz spectrometer. Two hundred
sixty transients were acquired using a 90° pulse, 5-s recycle
delay, 200.0-kHz spectral width, and a magic angle spinning
speed in excess of 16 kHz.

Cross-sectional microtoming required the polystyrene beads
to be mounted in one of two ways: nonporous and microporous
spheres were embedded into a thermoplastic adhesive (Temp-
fix, Agar scientific) at 383 K, while the smaller mesoporous
spheres were fixed between a double layer of adhesive tape
(3M, type 666). The samples were then sliced at 243 K using
a cryogenic microtoming apparatus (Leica RM 2165).

Uncut and fractured beads were examined by optical
microscopy and also coated with a thin layer of gold to enable
characterization by a CamsScan Series 2 scanning electron
microscope.

TOF-SIMS analysis was carried out with a Physical
Electronics 7200 instrument, which has been described previ-
ously.17 A liquid metal ion gun was used for imaging (25 keV
of Ga+) with a submicron spot size (≈0.5 µm). The total dose
was kept well under 1013 ions cm-2 (static conditions).

The porosity of the polystyrene beads before and after CF4

plasma treatment was determined by nitrogen gas sorption
measurements carried out at liquid nitrogen temperature
using a PMI sorptometer. Only the mesoporous beads were
found to obey the BET relationship18 by showing a constant
BET gradient over the range 0.04 < p/po < 0.25.

3. Results

Nitrogen gas absorption characterization confirmed
that no loss of porosity occurred during CF4 plasma
treatment of the microporous and mesoporous spheres
(Table 1).

Bulk elemental analysis of the untreated polystyrene
beads yielded hydrogen-to-carbon ratios approximately
equal to the expected theoretical value of 1.0, based on
the polymer structure (Table 2). The overall level of bulk
fluorination obtained by CF4 plasma treatment was
found to correlate to the porosity of the polystyrene
spheres as follows: nonporous < microporous < meso-
porous.

Surface elemental composition calculated from the
XPS peak areas gave similar F:C ratios for all three
types of beads (no other elements were detected by this
technique) (Table 2). Comparison with the bulk elemen-
tal analysis data suggests that in all cases the extent
of fluorination is greater in the surface region relative
to the bulk. The corresponding C(1s) XPS spectra of the
untreated polystyrene spheres showed the presence of
only CxHy groups at 285.0 eV, together with a weak
π-π* shake-up satellite at 291.6 eV19 (Figure 1). CF4
plasma fluorination gave rise to a significant shift of
the C(1s) envelope toward higher binding energies,
indicating the formation of C-CFn (286.6 eV), CF (287.6
eV), CF-CFn (289.3 eV), CF2 (291.2 eV), and CF3 (293.3
eV) environments (additional Mg KR3,4 satellite features
were displaced from their parent peaks by ≈9 eV toward
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Table 1. BET Surface Area of the Polymer Beads

sample untreated/m2 g-1 fluorinated/m2 g-1

nonporousa

mesoporous 271.3 ( 2 268.2 ( 2
microporousb

a Below nitrogen adsorption detection limit. b Microporous sub-
strates do not fit the BET equation due to micropore filling.43

However, the nitrogen gas absorption profile did not change.

Table 2. Bulk versus Surface Elemental Analysis

bulk analysis XPS

substrate H:C F:C F:C

nonporous 1.0 0 0
nonporous CF4 treated 1.0 0.002 ( 0.001 0.78 ( 0.03

mesoporous 1.1 0 0
mesoporous CF4 treated 1.1 0.061 ( 0.006 0.84 ( 0.04

microporous 1.0 0 0
microporous CF4 treated 1.0 0.014 ( 0.001 0.76 ( 0.05
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lower binding energy20). These surfaces were found to
be stable over a period of 6 months.

Contrary to XPS, no change could be detected follow-
ing plasma fluorination for the nonporous beads by
ATR-FTIR (Figure 2), whereas the mesoporous and
ground microporous polymer beads gave rise to a new
absorption feature in the 1200-1400-cm-1 range as-
sociated with (C-Fx) functionalities21 (Table 3). How-
ever, it is difficult to distinguish between the CF, CF2,
and CF3 environments because of band overlap.22 On
this basis, it is clear that fluorination occurs at least down to the sampling depth of ATR-FTIR (4-5 µm)16

for the mesoporous and microporous polystyrene spheres.
The low overall level of fluorination previously seen

by bulk elemental analysis and ATR-FTIR for the
nonporous beads was confirmed by the absence of any
signal during solid-state 19F magic angle spinning NMR
analysis, whereas both the mesoporous and microporous
polymer spheres display three distinct regions: a broad
feature between -30 and -90 ppm associated with CF3
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Figure 1. C(1s) XPS spectra of polystyrene beads: (a)
untreated and (b) following CF4 plasma treatment. Where the
different types of bead are (i) nonporous, (ii) mesoporous, and
(iii) microporous. (NB the solid lines represent the fitted data.)

Figure 2. ATR-FTIR spectra of polystyrene beads: (a)
untreated and (b) following CF4 plasma treatment. Where the
different types of bead are (i) nonporous, (ii) mesoporous, and
(iii) microporous. (The CO2 absorption band is attributed to
background CO2 gas contained within the pores.)

Table 3. Assignment of the IR Spectra44

vibrational mode wavenumber/cm-1

phenyl ring C-H stretching modes 3029, 3138
symmetric CH2 stretching mode 2923
antisymmetric CH2 stretching mode 2851
ring skeleton in-plane bend or stretch 1606, 1493, 1450
symmetric C-F stretching mode 1400-1200
ring in-plane C-C-H bending 1154, 1070, 1027
ring out-of-plane deformation 906, 842, 760, 700
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groups,23-25 a band between -100 and -130 ppm due
to CF2 groups,23,26 and a resonance around -150 ppm
attributed to aromatic CF groups,27,28 Figure 3. The CF3
and CF2 signals appear to be more intense for the
mesoporous beads than for the microporous beads.

Optical microscopy was used to verify that the larger
microporous and nonporous beads could be fractured
open by cryogenic microtoming. Scanning electron mi-
croscopy confirmed that this was also possible for the
smaller mesoporous particles (Figure 4).

19F- TOF-SIMS images of the untreated polystyrene
beads taken after microtoming confirmed the absence
of any fluorine within the bulk. Cross-sectioning of the
plasma fluorinated nonporous polystyrene spheres
showed fluorination at the surface only. Chemical
modification was evident down to a depth of ≈5 µm for
the microporous beads (Figure 5), while fluorination was
discernible throughout the whole bulk of the mesoporous
spheres (Figure 6).

4. Discussion

Chemistry at the plasma-solid interface comprises
reaction of the substrate with ions, free radicals, excited
species, electrons, and electromagnetic radiation con-
tained in the plasma.29 The high concentration of
fluorine atoms present in a CF4 plasma,30-32 (together
with a small number of CF, CF2, and CF3 radicals) can
readily react with a polymer surface to yield CF, CF2,

and CF3 functionalities.33,34 Deposition is not a compli-
cation under these circumstances.30,35 The observed
absence of bulk fluorination for the nonporous polysty-
rene beads is consistent with previous studies using
fluidized bed plasma reactors, which showed that only
the surface is modified in the case of nonporous poly-
ethylene and polystyrene beads.12,36,37 However, plasma
fluorination of the subsurface region readily occurs for
the mesoporous and microporous polystyrene spheres.
Plasma ignition throughout the bulk of such materials
is unlikely because their pore dimensions (microporous
<2 nm and mesoporous <50 nm) are much smaller
compared to the characteristic plasma Debye length (2
µm < λD < 7 mm) of the electrical discharge.29,38

Chemical reaction with the internal pore wall surfaces
must therefore be occurring via diffusion of reactive
species across the plasma-solid interface. Ion and
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Figure 3. 19F MAS NMR spectra of the fluorinated beads:
(a) nonporous; (b) mesoporous; (c) microporous.

Figure 4. SEM images of 30-µm mesoporous polystyrene
beads: (a) whole and (b) microtomed. (Scale bar ) 20 µm.)
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electron penetration will be restricted to the near-
surface region due to rapid loss of kinetic energy during
collisions with the outer pore walls. This leaves atomic

fluorine to diffuse into the subsurface via Knudsen flow
since the pore diameters are smaller than the mean free

Figure 5. 19F- TOF imaging SIMS of microporous polystyrene
beads: (a) total ion image of fractured untreated spheres; (b)
F- ion image corresponding to (a); (c) F- ion image of fractured
plasma-treated spheres (fluorination is observable down to a
depth of 5 µm, which corresponds to the narrowest region of
the white rim). (Scale ) 500 µm.)

Figure 6. 19F- TOF imaging SIMS of mesoporous polystyrene
beads: (a) F- ion image of unfractured plasma-treated spheres;
(b) total ion image of fractured plasma-treated spheres (the
tape on either side of the particles is visible); (c) F- ion image
corresponding to (b) where fluorination can be observed
throughout the particle cross sections located between the two
pieces of tape. (Scale ) 200 µm.)
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path of the excited plasma gas (≈100 µm).39,40 Previous
studies support this explanation since it has been shown
that atomic fluorine can penetrate through multiple
layers of fabric.13 Therefore, the predominant mecha-
nism for subsurface fluorination of the porous polymer
spheres is via atomic fluorine attack.

The divinylbenzene linkages are effectively part of the
polystyrene chain network (Structure 1); hence, the

thermodynamically favored reaction pathways will be
substitution of C-H bonds to form C-F linkages,
together with fluorine addition across carbon-carbon
double bonds located in the phenyl centers.11,41,42

A quantitative evaluation of the bulk and surface CFx
environments can be made by comparing the 19F magic

angle spinning NMR and XPS data (Table 4). The
outermost 2-nm sampling depth of XPS consists prima-
rily of CF2 functionalities, whereas the bulk contains
predominantly CF groups in the case of the microporous
spheres and a mixture of CF, CF2, and CF3 groups for
the mesoporous material. The greater level of fluorina-
tion at the surface can be explained in terms of a higher
flux of reactive species in this region as well as the scope
for additional reactions to proceed at the plasma-solid
interface involving ions, electrons, and VUV photons.
The greater depth and level of chemical modification
measured for the mesoporous beads compared to its
microporous counterpart can be attributed to the pore
size of the former being ≈25 times wider as well as the
plasma-solid interface being nearly 100 times greater
in magnitude due to its smaller overall size.

The observed limited depth of plasma fluorination
associated with the microporous polystyrene beads could
potentially find application for the preparation of poly-
mer-supported moisture-sensitive catalysts, where the
outer fluorinated region of the polymer bead is formed
after catalyst impregnation. This would prevent any
subsequent permeation of moisture toward the “soft
center”, that is, provide a means for the storage and
transportation in air of moisture-sensitive supported
catalysts. Each polymer bead “capsule” could then be
opened up by solvent swelling under reactor conditions.

5. Conclusions

The size and porosity of polystyrene spheres govern
their susceptibility toward plasma fluorination. Mi-
croporous beads can be functionalized to a depth of ≈5
µm, whereas mesoporous polystyrene particles are
chemically modified throughout the bulk.
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Structure 1: Divinylbenzene crosslinkages in the polystyrene
beads

Table 4. Comparison between 19F MAS NMR and XPS
C(1s) Spectra of CF4 Plasma Fluorinated Mesoporous

and Microporous Beads

% fluorinated carbon

substrate technique (CF + CF-CFn) CF2 CF3

mesoporous 19F MAS NMR 67 ( 2 10 ( 3 23 ( 3
XPS 37 ( 2 50 ( 3 13 ( 2

microporous 19F MAS NMR 85 ( 2 12 ( 2 3 ( 1
XPS 38 ( 3 47 ( 5 15 ( 3
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