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Fiber-optic evanescent wave infrared spectroscopy was used for the study of water diffusion in Teflon and
has provided valuable information about the structure of water in amorphous hydrophobic polymers. Time-
dependent absorption measurements were carried out in two spectral ranges:3800@n1?, associated

with the O—H stretching mode, and 1621670 cn1?, associated with the HO—H bending mode of water.

The results indicate that the IR spectra could be expressed as a superposition of spectra due to two species
of water molecules: strongly and weakly hydrogen-bonded. We suggest that water molecules form clusters
with strongly hydrogen-bonded molecules at the cores and with weakly hydrogen-bonded molecules at the
external parts of the clusters. A mathematical model, based on a linear diffusion equation with a moving
boundary, gave a ratio of 3.5 between the total number of molecules in a cluster and the number of water
molecules at the core of the cluster.

1. Introduction beam makes a series of total internal reflections at the
) ) ) . waveguide/sample interface. At each refraction, the electrical
Water molecules incorporated in a polymer matrix (€ven in fie|q penetrates into the sample and it decays exponentially with
small concentrations) are known to influence the properties of o gistance from the interface. When the sample absorbs
the polymer. In addition, the physical state of these water gpecific frequencies of light in the evanescent wave, the
moleclules is significantly d|ﬁer¢nt from their state in liquid refiection is attenuated at these frequencies and the guided wave
water: The structure of water in polymer systems has been a5 5 reduced intensity at these frequencies, resulting in an
extensively s;tudled by various methods, including spectroscopic 4psorption spectrum, which is the basis of EWS. This technique
techniques.> Among these, vibrational spectroscopy is @ cap pe realized by using an ATR-element which is frequently
powerful tool for the investigation of the structure of water. In placed inside an FTIR spectrometer. With the development of
particular, the vibrational modes of the-Q transitions, which  oytic4) fibers that are transparent in the mid-IR, it was realized
give rise to strong absorption in the middle infrared (Mid-IR) h4t segments of these fibers may serve as ATR elements. This
rangee, have been useful for the analysis of the structure Ofgave rise to fiberoptic evanescent wave spectroscopy (FEWS).
water. The FEWS method in the mid-IR range can be successfully

Infrared absorption measurements can be performed duringadapte#? 25 for the study of the diffusion of liquids in polymers.
the penetration of water molecules into a polymer matrix. The

time-dependent changes of the frequencies, intensities, and the2
shapes of water bands have been associated with changes in’
the structure of water in the polymefs? Unfortunately, the For the FTIR-FEWS measurements, we used silver halide
high absorption of water in the mid-IR has limited the use of fipers which have been developed in our laboratory. These
transmission spectroscopy in this spectral range. fiberst6.17are flexible and nonhygroscopic and they have a wide
One of the methods proposed to overcome these difficulties transmission window in the range of-20 um. A segment of

is attenuated total reflectance (ATR) spectroscHgy,also an uncladAgCIBrfiber coated with a desirable polymer served
called evanescent wave spectroscopy (EWS). ATR spectroscopyas a sensor element. The polymer used in this study was Teflon
is based on the propagation of a beam of light inside a AF 1600, a copolymer of TFE with 2,2-bistrifluoromethyl-4,5-
waveguide of index of refractiomy, which is surrounded by a  difluoro-1,3-dioxole, made by Dupont. The perfluorinated
medium (the sample) with a lower index of refraction, The structure renders the polymer hydrophobic in character. Silver-
halide fiber segments of a diameter 0.9 mm and length of 10
* Corresponding author phone:972-3-6408301; fax:+972-3-6415850; ~ c¢m were dip-coated, and the thickness of the coating was

Experimental Section

e-mail: katzir@post.tau.ac.il. estimated to b& = 7 um
T Tel Aviv University. . .
tci,”e;'ev ofr}xggsg“gnd Samaria. The experimental FEWS set up consisted of an FTIR
8 |srael Institute for Biological Research. spectrometer (Bruker, model Vector 22) with a homemade cell
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Figure 1. Evanescent wave at the interface between two media, under '3700 T 3400 3270 " 3100

total internal reflection. 1
Wavenumber (cm )
designed for liquid measurements. Radiation from the IR source Figure 2. The evolution of the stretching band of water in the Teflon
of the spectrometer was focused on the input end of the sensomatrix during the first 500 s of the diffusion process (the interval
element, using &nSelens of a focal length 1 in. Radiation between measurements was 30 s).
collected from the output end of the fiber was focused, using a ~
similar lens, onto the nitrogen-cooled MCT detector of the 0.02 - /151
spectrometer. The FTIR spectrometer was kept at a constant 152 A
temperature and was purged with dry nitrogen to eliminate water
vapor absorption. Measurements on this fiber revealed the
absorption spectrum of the polymer coating, and the result of
these measurements served as a background for further mea-
surements.

At time t=0, the coated sensor was immersed in water.
Molecules of water penetrated into the polymer and reached
the evanescent field region (see Figure 1). Measurements were
taken continuously, and the background was subtracted from »
the results of each measurement. The difference between the  0.00 =
results and the background showed the absorption due to water.

Absorbance (a.u.)

1750 " 1670 1635 1590 1550
Wavenumber (cm!)

X

3. Spectral Measurements Figure 3. The evolution of the bending band of water in the Teflon
) matrix during the first 400 s of the diffusion process (the interval
We carried out spectral measurements of a polymer-coatedbetween measurements was 30 s).

fiber in water over a spectral range of 466800 cnt?, but we

were particularly interested in three narrower spectral regions: o.ofM N
(1) The region of the stretching modes of water molecules 5 = A
(3800-3200 cntl); (2) The region of the bending modes of p- 081 yt =
the water molecules (176A.500 cntY); (3) The “fingerprint 2074 . Fi . -~
region” of the vibrational modes of Teflon (1050350 cn?). S 0.6 e "

The amplitudes of the absorption spectra of water increased é ' vl - o«
during the diffusion process, as more and more water penetrated 0.5- - o™
the polymer and reached the evanescent wave region near the % 0.44 o ,.“"
silver-halide fiber. On the other hand, the amplitudes of the % G
absorption spectra of the polymer itself decreased during the £ 0.34 .

f = X

diffusion process. 024 4 *°

The time-dependent changes in the spectra of water during 01> S
the diffusion process are shown in Figures 2 and 3. Each of the 5 10 15 20 25
absorption peaks exhibited a low-frequency and a high- F‘ (W}

frequency shoulder, and in each peak the shoulders showed a_, .
different time dependence Figure 4. The dependence of nor_mallzed absorbance of the four
L . components on the square root of time.
In order to study the time-dependent behavior, we expanded

each of the curves to two Gaussians. The stretching mode bandf®mpPonent of the bending mode. Also, the time dependence of

was expanded to a low-frequency component centered at athe low-frequency component of the stretching mode is similar

wavenumbef,; = 3260 cnr* and a high-frequency component to that_of thg h?gh-freqyency component of the bending moo!e.
centered at a wavenumb&p = 3400 cnl. The bending mode There is a significant difference in the time-dependent behavior

band was expanded to a low-frequency component centered aP! e two groups of modes. In Figure 5, we display the
absorption spectra of the Teflon itself, in the “fingerprint region”,

a wavenumbefs; = 1635 cnt! and a high-frequency compo- . R

nent centered at a wavenumbgs, = 1670 cml. The during the diffusion process.
dependence of the normalized amplitudes of the four compo-
nents on the square root of time is shown in Figure 4. One can
see that the time dependence of the high-frequency component According to the mixture model of the structure of water?

of the stretching mode is similar to that of the low-frequency molecules of water which exhibit a high-frequency stretching

4. Discussion
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wherec is the concentration of Water | molecules in the polymer
0.00 layer, D is the diffusion coefficient, and the axisis normal to
-0.01 the surface of the fiber. We define= 0 at the water-polymer
interface,x = L at the polymer-fiber interface (see Figure 1),
5 -0.02 andx = ¢ at the border of the clusters.
& -0.03 The diffusion equation is solved for the region<Ox < ¢
¢ 0.04 and forx = e:
]
E -0.05 _pdc _ de
% -0.06 ' dt_. " dt
-0.07 7 is the concentration of the clusters in the polymer. The
1350 1300 1250 1200 1150 1100 1050 boundary conditions are = ¢, for x = 0 (the border between

polymer and water) and = 0 for x = .

. -1
Wavenumber (cm ) The solution of the diffusion equation is

Figure 5. Time dependence of the absorption spectrum of Teflon
during the diffusion process. The first 400 s are shown and measure- B [ ~ erf(x/2 ﬁ)

ments were carried out every 30 s.
erf(B)
mode (and a low-frequency bending mode) are weakly H- ) .
bonded water molecules and molecules of water which exhibit # i @ parameter that can be determined from the following
a low-frequency stretching mode (and high-frequency bending €duation:
mode) are strongly H-bonded. The appearance of two species 2
of water molecules with different rates of diffusion can be exp( p )_zﬂﬂ
explained in the following way: water molecules form clusters. Jr erf(3) o
The strongly bonded species (which we called Water I), are
situated at the cores of clusters, while the species with weakly The moving coordinate of the cluster’s border is given by
bonded molecules (which we called Water 1) form the external
layers of the clusters. The diffusion rate of Water | should be €e=26 VDt
slower than that of Water II, and this is indeed shown in Figures . L
4 and 5. The weakly H-bonded molecules are able to break their 1€ flux of water molecules into the polymer layer is given by
bonds with the cluster and execute individual diffusion motions.
These molecules may become centers of new clusters formation. J=-D ac _ np / 4D
The wavenumber at 1590 cthat the shoulder of the bending M=o 2expcp) VY t

band (see Figure 3) can be attributed to the free water ) o
molecule€! This component increases significantly in the initial  The mass of water that penetrates into the polymer layer within

stages of the diffusion. a timet can be expressed as
The “negative” bands of Teflon, shown in Figure 5, are ; ,
probably due to a strong swelling of the polymer matrix, which M= jg Jdt= 2yp exp(B?) VDt

is as a result of the water-diffusion process. It is unlikely that
the small water molecules will cause such strong swelling of For this time, the mass of Water | in the polymer is calculated
the polymer, especially at the very early stages of the diffusion to be

process. Swelling was probably due to an aggregation of water

molecules which penetrated into the Teflon, and this is additional M' = ye = 258 VDt

evidence that water molecules did form clusters. As will be

shown later, the absorption of IR-radiation is proportional to and the mass of Water Il in the polymer is therefore

the mass of the molecules, which penetrate into the measurement " | )

area (i.e., the evanescent field area). The experiment shows a M" =M — M' = 2;8{exp(®) — 1} VDt

good linear dependence between the absorption signal and th
square root of time, for the initial diffusion stage (the first 500
s). The kinetics of the diffusion process can be described in
such a case either by Fick’s law with a fixed coefficient of

Eft can be showH that evanescent field in the polymer (see
Figure 1) can be expressediB&) = E(L) exp(x—L)/d,, where
dp, the penetration depth, is given by the expression

diffusion or by Fick’s law for the case of a moving border. The q 2
first option can be ruled out because of the swelling of the b=
polymer (see Figure 5). The diffusion of Water | molecules at 27, «/sinze - n212

the cluster core should, therefore, be described by means of a

diffusion equation with a moving border (i.e., the moving of Wherel is the wavelength of the light ang, = no/m;. Typically,

the clusters bordef? Fick’s law is termed one-dimensional in ~ dp is on the order of the wavelength of the light in the sample.
situations where the thickness of the polymer layer is much The absorption of IR radiation in fiber-optic evanescent wave
smaller than the radius of the fiber. In our case, the thickness Spectroscopy is given by

of the polymer layer is indeed much smaller than the fiber radius

(the ratio is 103). Therefore, we can write A=K ex;{— %) fo c(X) ex;{z—x)dx
YA dy
dc_ o : . _
—=D— K is a coefficient that depends on several factors: the total

ot x internal reflection of IR radiation at the fiber surface, the
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electrical field of the evanescent field at the fiber surface and form of the cluster is a tetrahedral cluster with four water
the excitation coefficient of the molecular absorption mode.  molecules at its core. The results of our studies make it possible

During the early stages of the diffusier< d, and the integral ~ to investigate the state of water in a hydrophobic amorphous
in the equation foA is proportional to the madd. Therefore, polymer such as Teflon.

Ais also proportional td/ and we can write Acknowledgment. The help of Dr. Dan Grinstein is grate-

| | fully acknowledged.
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