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Abstract

To investigate the effect of fluorination on the surface of polydimethylsiloxane (PDMS) film, direct
fluorination was performed under a mild condition (approx. 2,000 umol/mol F2 in nitrogen) for 120
minutes. No structural damage of PDMS films were observed on the scanning electron microscopic
images under the condition. Fourier-transform infrared/attenuated total reflectance (FTIR/ATR) and
energy dispersive X-ray spectroscopy (EDS) results showed a successful fluorine introduction
resulting in the structural change of PDMS. Surface property changes of PDMS films with respect to
the extent of direct fluorination were also examined. Contact angles of water and alcohols on the
PDMS surfaces decreased as fluorination time increased. Most alcohols showed greater decrease
than water in the contact angle as a result of long-term fluorination, which sometimes results in zero
contact angles of alcohols on the PDMS surfaces. Surface energy of PDMS films increased more

than 200% after the direct fluorination for 120 minutes.
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1. Introduction

Polydimethylsiloxane (PDMS) is one of the most widely used polymeric materials due to its low
surface tension, hydrophobic property, stability against heat and oxidation, non-inflammability, and
non-toxicity. In the field of environmental analysis, PDMS has been used as a GC column filler and
solid phase micro-extraction (SPME) probe materials, etc. It has, however, disadvantages such as
low mechanical strength, weak stability in acid, base, and organic solvents, and high gas permeability.
Alternatively, fluoropolymers have attracted an attention as potential materials to overcome the
limitations of non-fluoropolymers. Fluoropolymers have superior chemical and thermal stability, non-
adhesive property, and barrier property [1]. It is also known that the synthesis and fabrication of
fluoropolymers are difficult and they are generally expensive. Most benefit of fluoropolymers come
from their surface properties, therefore surface fluorination methods for the enhancement of surface
properties of non-fluoropolymers have been introduced to modify their thin top surfaces.

Direct fluorination is one of the most effective and promising method to fluorinate polymer
surface using elemental fluorine [2, 3]. The method introduces fluorine gas or its mixture with inert gas
(nitrogen or helium) onto the surface of polymeric materials and induces a spontaneous reaction. The
fluorination is typically rapid at room temperature without extra-heat or solvents. In addition, it is easy
to control the initiation and termination of the reaction. Excessive direct fluorination, however, may
damage polymer structure on the surface due to its high reactivity. To avoid the breakage of polymer
backbone and irreversible deformation of polymer surface and to accomplish a maximum substitution
of weakly bonded surface chemical species by fluorine, direct fluorination should be performed under
a mild condition (low partial pressure of fluorine and room temperature) at an early stage and more
forcing conditions at next stages. [4]

The direct fluorination of polymer surfaces has been extensively studied and thoroughly reviewed
by Kharitonov et al. [2, 5-11] It has been well known that fluorination gives better barrier property [12],

chemical resistance, and gas selectivity of gas separation membranes [13-15]. Most studies on the



direct fluorination have focused on the modification of the surfaces of glassy polymers such as
polyethylene [16], polystyrene [11], polysulfone [17], and poly(phenylene oxide) [18] and their
applications to date. However, no significant attention has been paid to modify the surface of rubbery
polymers such as PDMS by the direct fluorination for the enhancement of its surface properties. We
have identified the effect of direct fluorination of PDMS films on their surface properties under a mild
condition in this research. The changes of PDMS surface structure as well as its surface properties

due to the extent of direct fluorination have been observed and discussed.



2. Materials and Methods
2.1.Film fabrication
PDMS (Dow Corning Sylgard 184® dual-component system) was purchased and used without further
purification. n-Hexane (HPLC grade) was used as a solvent of PDMS polymer. PDMS base solution
(18.1 g in 100 mL Hexane) and curing agent solution (1.84 g in 100 mL Hexane) were prepared and
degassed using ultra-sonication, separately. The two solutions were mixed at a volume ratio of 1:1 in
short time before film casting. Approximately, 1 mL of the mixture was introduced to the petri-dish and
the solution was spin coated for 5 seconds at 2000 rpm. Coated films were stored in a forced
convection oven at 80 °C for more than 24 hours in a horizontal position to remove solvents and to

finish cross-linking reaction.

2.2. Direct Fluorination
Figure 1 shows a schematic diagram of experimental setup for the direct fluorination of PDMS films.
The direct fluorination was performed in a stainless steel chamber (27 Litre). The films were sparsely
located in the chamber so that fluorine gas introduced to the chamber could fully and directly contact
the films for an exact time period. Vacuum and nitrogen ([N2] > 99.9999%) purging were performed
more than three times to remove impurities such as dusts, water vapour, and oxygen in the chamber
and on the polymer films. Diluted fluorine gas (2021 umol/mol in nitrogen balance) was introduced
into the chamber and circulated by an internal fan to guarantee homogeneous environment. Different
fluorination times (10, 30, 60, and 120 minutes) were applied to the PDMS films to investigate an
effect of extent of fluorination on their surface properties, while temperature (25.0 °C) and fluorine
concentration were kept constant for each experimental run. Vacuum was applied after the direct
fluorination of PDMS films to terminate the reaction and nitrogen purging and vacuum were repeated
three times to ensure complete removal of residual fluorine gas. Vent gas including fluorine was

passed through a dry scrubber filled with activated alumina pellets before discard. Fluorinated PDMS



films were stored in a desiccator at room temperature.

2.3.Surface analyses

The change of chemical species on the PDMS surface was observed by an energy dispersive X-ray
spectroscopy (EDS, EDAX International Corp., Phoenix™). Chemical species on the polymer surfaces
were qualitatively and quasi-quantitatively measured at the moments of fluorine introduction and
elimination. Fourier-transform infrared spectroscopy (JASCO FTIR-4100)/attenuated total reflectance
(ATR, PIKE MIRacle™) analysis was also performed to observe the modification of PDMS film
surfaces before and after the fluorination. A Silicone/ZnSe crystal plate was used as a reflecting
element and an incident beam angle for ATR was set to 45.0 °. Surface morphology was observed by
a scanning electron microscopy (SEM, Philips XL30S FEG). The surface of PDMS film was observed
by SEM before and after the fluorination which can significantly affect physicochemical properties and
morphology of PDMS surfaces. We measured contact angles of deionised water, methanol, ethanol,
1-propanol, 2-propanol, 2- butanol, 1-pentanol, 1-octanol, and diiodomethane. Purity of alcohols used
in this experiment was higher than 99.0 %. The measurement of the contact angle was performed by
a sessile drop method using the drop shape analyser (KRUSS DSA100). Liquid droplets were
deposited on the fresh surface of PDMS films and the angles of multiple droplets were measured and
averaged. Contact angles of deionised water and diiodomethane were used to calculate the surface

energy of PDMS film before and after the direct fluorination.



3. Results and Discussion

3.1. Structural change after the direct fluorination of PDMS films
It is well known that the fluorination on the surface of polymer film induces the substitution of specific
atoms and/or functional groups on the polymer by fluorine atoms [19]. Hydrogen in methyl group on
the surface of PDMS film as well as methyl group itself are most likely to be substituted by fluorine
(i.e., C-H to C-F and/or Si-CHs to Si-F) due to the weak bond energy between Si and C (Si-C, 290
kJ/mol) during the direct fluorination of PDMS. The results of FTIR analyses of fluorinated PDMS films
shown in Figure 2(a) and 2(b) can verify the hypothesis above. Variations of IR spectra in %
reflectance were observed at 2960, 2906, 1258, and 800 cm-! under the different extent of fluorination.
The % reflectance of IR spectra increased (i.e., their band absorbance intensities decreased), as the
fluorination time increased at the wavenumbers. It has been reported that IR spectrum at 2960 and
2906 cm-! represent asymmetric and symmetric stretching of methyl groups, respectively [20] and that
at 1258 cm-! does a symmetric deformation vibration of methyl group [20-21]. The band absorbance
intensities of IR spectra in this region decreased as the fluorination time increased, implying that C-H
bonds were attacked by fluorine and transformed to C-F bonds on the PDMS film surface. It is known
that IR bands around 800 cm-' represent rocking of methyl group as well as stretching of Si-C bonds
[22]. The change of band absorbance intensities in this area under the different fluorination time also
shows the removal of methyl groups. IR bands in the range of 1000-1060 cm-' were merged as the
fluorination time increased, which represents broad and strong asymmetric Si-O-Si stretching
absorption [20]. This indicates that the introduction of fluorine atoms on the side chain of PDMS can
affect the vibration of Si-O-Si backbone on the polymer surfaces. In contrast, the decrease of %
reflectance was observed at the following positions; 1725, 1626, 1180 shoulder, 940 shoulder, 899,
760 cm-'. This may suggest the formation of novel fluorinated chemical species bound on the PDMS

film surface by the substitution by fluorine. IR bands observed in the range of 1000-800 cm-' have



been typically known as an existence of Si-F bonds [21][23]. However, no further efforts have been
made for the identification of the novel fluorinated functional groups bound on the PDMS film surface
in this research.

Figure 3 shows EDS spectra of virgin and fluorinated PDMS films. No fluorine peak was
observed on the surface of virgin PDMS film, while the intensity of fluorine peaks of fluorinated PDMS
films remarkably increased as the increase of fluorination time. The variation of atomic percentile of
fluorine with respect to the fluorination time is shown in Figure 4. This quantitative result shows a
direct evidence that fluorine was introduced to the surface of PDMS films during the direct fluorination.
Atomic percentile of fluorine increased as the increase of fluorination time but showed the tendency of
saturation during the fluorination on the PDMS films. The fluorination of PDMS film surface is likely to
reach saturated in which no further substitution by fluorine occurs on the PDMS film surface. The
experimental results by EDS analyses are suitable to interpret the extent of fluorination because they
give elemental analyses data of PDMS film surface with the depth of ~10 micron which can be
significantly influenced by the direct fluorination. Atomic percentile values from the spectra were a
little bit biased by gold for the coating of PDMS film surface and the baseline of spectra was relatively
unstable, therefore the values need to be considered and handled with caution for a certain

application purpose.

3.2. Surface properties
It has been known that excessive fluorination can cause an irreversible deformation of polymer
surfaces [24]. However, no irreversible deformation on the PDMS film surfaces occurred under
different fluorination times in this research. Figure 5 shows SEM images of PDMS film surfaces before
and after the direct fluorination. The SEM images showed no particular change in the PDMS film
topology under the different fluorination times when they were compared to that of virgin PDMS film
surface. We can conclude that the fluorination condition applied to this research were proper to

enhance the surface properties of PDMS films without any damage.



Contact angles of water and several alcohols on the PDMS film surfaces were measured before
and after the direct fluorination. They were summarised in Table 1 and illustrated in Figure 6. No
significant measurements for the contact angles of a variety of alcohols on the surface of long-term
fluorinated PDMS films have been reported to date. The contact angles of water and 1-octanol
decreased as the fluorination time increased. Those of other alcohols measured in this research also
deceased but became zero after the fluorination time of 30 minutes, indicating that droplets of the
alcohols spread over and wet the fluorinated PDMS film surfaces immediately after they were
deposited on the surfaces. This may be due to the increase of polarity of PDMS film surfaces by the
substitution of surfaces by fluorine. Virgin PDMS film surfaces were relatively non-polar but changed
to less non-polar surfaces by the substitution so that the contact angles of polar water and mid-polar
alcohols could decrease as the extent of fluorination increased (i.e., surface polarity increased).
However, we cannot observe any chemical structural effect of alcohols on the variation of their
contact angles on the fluorinated PDMS film surfaces.

Surface energy of PDMS films were calculated using Owens-Wendt geometric theory and
shown in Table 2. The surface energy of PDMS films including dispersion component ( ys?) and polar
component (ysP) increased as a result of fluorination. Both components also increased, as the
fluorination time increased. A dramatic increase in the polar component of surface energy (1.49 to
8.77 mN/m) was observed, which indicates that the polarity of PDMS film surface increased as the
increase of fluorination time (i.e., the contact angles of alcohols decreased to zero on the long-term
fluorinated PDMS film surfaces). 1-octanol, however, showed a sessile drop on the long-term
fluorinated PDMS surface, which may be due mainly to its relatively high dispersive characteristic
compared to those of other alcohols in this research. The change of contact angles of water and 1-
octanol and a ratio of contact angles between 1-octanol and water are shown in Figure 7. The contact
angle of water decreased to 77.1° as the fluorination time increased, while that of 1-octanol abruptly
decreased to 4.7°. The contact angle ratio decreased as the fluorination time increased. The results

confirm that the polarity of PDMS film surfaces increased by the fluorine substitution again. A



decrease in the contact angle of water and increase in the surface energy of PDMS film has been
known as an indicator for the change of hydrophobic surfaces to hydrophilic. However, based on our
experimental results, it is hard to agree that the decrease in the contact angle of water on the

fluorinated PDMS film surface simply indicates the change of hydrophobic surface to more hydrophilic.



4. Summary

Direct fluorination of spin-coated PDMS films were performed in different condition and the change of
their properties were investigated. Considerable level of fluorination reactions were achieved on the
PDMS surfaces under the mild condition without any significant damage on the surfaces. The
fluorination time and fluorine concentration used in this research were proper resulting in the
proportional and controllable extent of fluorination. Spectroscopic results showed that methyl groups
and/or hydrogen atoms of the methyl groups were removed and substituted by fluorine. The contact
angles of water and several alcohols on the long-term fluorinated PDMS film surfaces were measured
and reported. Contact angles of water and alcohols on the PDMS film surfaces decreased as the
fluorination time increased. Except 1-octanol, the contact angles of alcohols decreased to zero after
the fluorination time of 30 minutes. The surface energy of PDMS films estimated by Owens-Wendt
geometric theory demonstrated that the polar component of the surface energy increased by 5.9
times resulting in a better affinity to mid-polar alcohols. Using the enhanced properties of fluorinated
PDMS obtained from this research, we can apply this material for the multiple purposes. For an
example in the fields of environmental science and analytical chemistry, the fluorinated PDMS can be
applied to the development of novel passive organic sampler material such as a solid-phase micro-

extraction sampler due to their higher affinity to organic compounds than to water.
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Captions

Figure 1

Schematic diagram of experimental setup for direct fluorination

Figure 2

FTIR/ATR spectra before and after direct fluorination of PDMS surfaces

Figure 3

Energy dispersive X-ray spectra before and after direct fluorination of PDMS surfaces

Figure 4
Quantitative analysis result of atomic percentile of fluorine on the surface of PDMS with respect to the

fluorination time

Figure 5
Scanning electron microscopy images of PDMS surfaces of (a) virgin, (b) 10 minutes, (c) 30 minutes,

(d) 60 minutes and (e) 120 minutes of fluorination

Figure 6
Contact angle of water, methanol and 2-propanol before fluorination (top row), after 10 minutes of

fluorination (middle row), and after 120 minutes of fluorination (bottom row)

Figure 7
The change of contact angles of water and 1-octanol with respect to the fluorination time. Bar graphs

in the figure illustrate the ratio of contact angles between 1-octanol and water.



Table 1

Contact angle (°) of water and various alcohols measured by sessile drop method.

Fluorination Time

water methanol ethanol 1-Propanol 2-Propanol 2-Buthanol 1-Pentanol 1-octanol
(min)

0 109.5 37.5 43.2 35.5 24.3 28.4 39.5 29.9
10 91.9 24.8 24.3 18.6 6.7 16.0 25.6 19.0
30 88.3 n.d.! n.d. n.d. n.d. n.d. n.d. 10.4
60 81.3 n.d. n.d. n.d. n.d. n.d. n.d. 8.3

120 77.1 n.d. n.d. n.d. n.d. n.d. n.d. 4.7

1. n.d. = not detected



Table 2

Contact angle data and surface energy results calculated using Owens-Wendt geometric theory.

Fluorination Time Contact Angle (0) Surface energy’ (mN/m)
(min) deionised water Diiodomethane Total (vys) Dispersion ( ysd) Polar ( ysP)
0 109.5 914 12.54 11.05 1.49
10 91.9 80.4 20.49 14.58 5.91
30 88.3 64.6 27.62 23.22 4.40
60 81.3 62.2 30.84 23.60 7.25
120 77.1 58.7 33.83 25.06 8.77

1. Calculated by Owens-Wendt geometric theory (ys = ysd+ ysP)
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Contact Angle (°)

120 0.35
. - 0.30
- 0.25
80 -
== Ratio (o) | [ 920
50 —&— water
--O-- n-octanol - 0.15
40 ]
- 0.10
20 . - 0.05
Ol Of- oo
............... O
0 T T T T I I 0.00
20 40 60 80 100 120

Time of Fluorination (min)

Ratio (o/w)



References

[11 N.M.L. Hansen, K. Jankova, and S. Hvilsted, European Polymer Journal, 43 (2007) 255-293.

[2] A.P. Kharitonov, Progr. in Org. Coatings, 2008. 61: p. 192-204.

[3] Organofluorine Chemistry, ed. R.E. Banks, B.E. Smart, J.C. Tatlow. 1994: Plenum Press.

[4] J.L. Adcock, in: M.H. Hudlicky, A.E. Pavlath (Eds.). Chemistry of Organic Fluorine Compounds II,
A Critical Review, American Chemical Society, 1995, p. 97

[5] A.P. Kharitonov, Progress in Organic Coatings, 61 (2008) 192-204.

[6] J. Maity, et al., Polymer Composites, 28 (2007) 462-469.

[7]1 A. Tressaud, et al., Journal of Fluorine Chemistry, 128 (2007) 378-391.

[8] A.P. Kharitonov, et al., Journal of Fluorine Chemistry, 126 (2005) 251-263.

[9] D.A. Syrtsova, et al., Desalination, 163 (2004) 273-279

[10] A.P. Kharitonov, 103 (2000) 123-127

[11] A.P. Kharitonov, and Y.L. Moskvin, Journal of Fluorine Chemistry, 91 (1998) 87-93

[12] J.P. Hobbs, M.A., Eng. Plastics, 5 (1992) 247

[13] J.D. Le Roux, D.R. Paul, J. Kampa, R.J. Lagow, J. Membr. Sci., 94 (1994) 121-141

[14] J.M. Mohr, D.R. Paul, I. Pinnau, W.J. Koros, J. Membr. Sci, 56 (1991) 77-98

[15] D.A. Syrtsova, A.P. Kharitonov, V.V. Teplyakov, G.H. Koops, Desalination, 163 (2004) 273-279

[16] S.J. Park, S.Y. Song, J.S. Shin, J.M. Rhee, Journal of Colloid and Interface Science 283 (2005)
190-195

[17] J.D. Le Roux, D.R. Paul, J. Kampa and R.J. Lagow, J. Membr. Sci., 94 (1994) 121-141

[18] J.D. Le Roux, D.R. Paul, J. Kampa, R.J. Lagow, J. Membr. Sci., 90 (1994) 21-35

[19] S. Smith, in: R.E. Banks (Eds.). Preparation, Properties, and Industrial Application of
Organofluorine Compounds, John Wiley and Sons, 1982, p. 273

[20] C.G.L. Khoo and Johan Liu, Circuit World 24 (1998) 11-24

[21] G. Socrates, Infrared Characteristic Group Frequencies, John Wiley and Sons, 1980



[22] A.L. Smith, Spectrochim. Acta 16 (1960)
[23] N.B. Colthup, L.H. Daly, S.E. Wiberley, Introduction to Infrared and Raman Spectroscopy, 3rd Ed.,
Academic Press 1990

[24] R.J. Lagow, J.L. Margrave, Prog. Inorg. Chem. 26 (1979) 162-210





